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Hydrogen and natural gas offer a promising avenue towards reducing greenhouse 

gas emissions in the transportation sector; however, storage poses a non-trivial challenge, 

with current systems requiring prohibitively large and bulky hardware.  Adsorbent media, 

notably nanoporous activated carbons, have seen significant development towards making 

such solutions viable, but none have yet to demonstrate the performance necessary to 

supplant existing technologies.  

Presented here is the synthesis and optimization of two materials designed to be 

especially competitive, as well as the techniques implemented to characterize them. Boron 

doping of nanoporous carbons, with the incorporation of carrier gas assisted deposition, is 

proposed to enhance the surfaceôs binding potential while maintaining the integrity of the 

inherent pore space.  This process explicitly demonstrates complete infiltration of the 

carbonôs internal volume and facilitates boron substitution to a greater extent relative to 

other similarly-produced materials. Carbon nitrides, specifically the graphitic isomer g-

C3N4, are theorized to produce adsorbents with surface areas and binding energy in excess 

of activated carbons via facile synthesis. Crystallographic investigation reveals the 

previously-reported synthesis methods instead produce a polymeric structure; this results 

in a highly-aggregating bulk that strongly resists exfoliation.

ABSTRACT 
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Man-made climate change has emerged as an existential threat to the survival and 

long-term well-being of our species.  The dramatic rise in global temperature, which has 

seen steady year-over-year increases since the industrial era, is subsequently well 

correlated with CO2 emissions associated with fossil fuel consumption (Fig 1.1); this has 

contributed to atmospheric CO2 levels that well exceed anything recorded within the last 

800,000 years[1]. 

 

Fig 1.1. (left) Global temperature anomaly relative to 1951-1980[2], [3]. (right) Cumulative yearly global 

CO2 emissions for the predominant sources, during the same time period[4], [5]. 

The United Nationsô Paris Agreement[6] seeks to limit the rise in global 

temperature to 2°C above preindustrial levels, a benchmark level thatôs considered to 

herald catastrophic consequences to global ecosystems.  Already at three-quarters this 

limit, it may be unavoidable given current consumption and policies[7].  Indeed, some of 
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the less optimistic models predict global temperature increases as high as 4.8 °C by 

2100[8]; to put this figure in perspective, this is similar to the warming that superseded the 

Last Glacial Maximum over the period 20-10,000 BCE[9], whereby global ice coverage 

was reduced by 60% and resulting in a 120 m rise in sea level[10].     

The implementation of greener energy sources, such as nuclear, solar, wind, etc, 

have made strides towards addressing this.  However, while these renewables continue to 

account for an increasing share in global energy production, they currently only comprise 

just over 15% altogether.  Further, the transportation sector, which makes up 28% of total 

U.S. energy consumption (and 25% globally), is especially reliant on fossil fuels, with 

biofuels constituting the only meaningful contribution from renewable sources (~5% of 

transportation sector consumption[11]). 

 

Fig 1.2. Left: Evolution of global energy consumption by source[12].  Right: Global (ca. 2012,[13]) and 

U.S. (ca. 2019,[11]) energy consumption across the major sectors. Approximately 5% of the U.S.ôs 

transportation-sector fuel is generated via renewable sources. 

Hydrogen and natural gas powered vehicles provide one pathway towards a greener 

transportation infrastructure, with natural gas currently accounting for 3% of the 
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transportation sector consumption[11].  Vehicles running on natural gas generate 6-11% 

lower levels of greenhouse gasses compared to traditional gasoline[14]; hydrogen fuel cells 

offer an even more attractive incentive in that the only direct byproducts consist of water 

and heat. 

While examples of consumer-grade natural gas vehicles can be found (e.g. Honda 

Civic GX), the vast majority exist at the industrial and municipal level: long-haul trucks, 

city busses, refuse trucks, etc.  This is a direct result of the challenges associated with 

storage.  As a gas, the gasoline-gallon equivalent (GGE) of methane, i.e. the quantity of 

methane required to equal the energy content of one gallon of gasoline, occupies 3.6 m3 of 

volume (~950 gallons) at STP[15].  This is naturally compounded for hydrogen ï 1 GGE 

is 10.1 m3 (~2700 gallons).  Overcoming this constraint involves extensive modifications 

to existing storage systems; as such, current vehicles store natural gas either as highly 

compressed (CNG), requiring large, bulky cylinders that reduce cargo/passenger space, or 

as liquified (LNG), which necessitates the incorporation of cryogenic instrumentation both 

onboard and from the filling station.  In the previously mentioned Honda Civic GX, the 

storage tank occupies a significant amount of what would otherwise be available trunk 

space.  Contrast this with current electric vehicles, whereby the absence of a traditional 

combustion engine produces additional storage space for the consumer (Fig 1.3).  
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Fig 1.3. Left: Trunk space of the CNG Honda Civic GX is severely reduced by the large storage tank[16], 

[17].  Right: Without the need for a conventional combustion engine, EVôs such as the Tesla Model Y are 

capable of providing additional storage space[18]. 

In order to make natural gas (and ultimately hydrogen) vehicles viable in the 

consumer market, it is imperative to address the issues involved with storage.  The U.S. 

Department of Energyôs Office of Energy Efficiency & Renewable Energy (DOE-EERE) 

is spearheading one such initiative.  As part of this, they have outlined a number of targets 

regarding system cost, H2 delivery, and storage efficiency: in particular are the mandates 

of 65 g H2 per kg system mass and 50 g H2 per L system volume[19].  Such goals require 

densification to levels approaching liquid H2 (ɟ = 71 g/L) under the constraint of a not-

unlimited total system mass.  For instance, to achieve 25 GGE requires 25 kg H2[20], which 

must then be stored by a system not exceeding 360 kg in mass and 0.5 m3 in total volume. 

Adsorption provides one such means towards potentially meeting these goals.  

During adsorption, the molecules of a gas or liquid adsorbate adhere to the surface of a 

solid adsorbent; this results in a high density film of the adsorbed material.  Impressively, 

it has been shown that a number of C-based substrates are capable of generating adsorbed 

films significantly in excess of liquid H2 (>100 g H2/L sorbent at 77K[21]).  When coupled 
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with the exceptionally high surface area native to many materials, adsorption proves 

exceptionally competitive. 

In the H2 storage community, metal-organic frameworks (MOFs) have been the 

subject of particularly intense interest[22].  MOFs are coordination polymers comprised of 

metallic clusters linked via organic ligands; these systems are highly tunable, generating 

inter-connected 3D skeletons whose unique structures result from the particular precursor 

materials used.  MOFs are notable for their extraordinary surface areas, with values as high 

as 7000 m2/g reported and upwards of 14000 m2/g theorized[23].  However, the labor and 

cost involved in the synthesis currently limits production to the laboratory scale, posing a 

significant challenge to any industrial implementation[24].  Further, despite considerable 

study, MOF materials have been unable to consistently meet DOE H2 storage 

benchmarks[25]. 

Activated carbons do not suffer from the same drawbacks.  For one, they can be 

readily produced from a number of organic precursors; notably, this includes several that 

are otherwise considered waste materials, such as olive stones[26], coconut shells[27], 

peach pits[28], and corncob[29].  Further, the processing of such materials typically 

requires simple and inexpensive exfoliation and activation treatments, making them quite 

amenable to industrial scaling. 

Chahineôs rule demonstrates that the adsorption performance in carbonaceous 

materials improves directly with surface area[30]; given that activated carbons are 

renowned for their naturally high surface areas, they would be expected to be 

correspondingly competitive storage media.  However, high surface area activated carbons 

have consistently failed to meet the aforementioned targets[31].  As activated carbons can 
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be characterized as disordered individual graphene sheets[32], (with a known ideal surface 

area, 2965 m2/g[33]), this may imply a maximum uptake threshold. 

Thus, to improve the storage capabilities of graphene-based materials requires 

augmentation of the H2-solid interaction, resulting increased density within the adsorbed 

film.  Such an effect may be induced via surface functionalization[34]ï[36], and the 

efficacy of two such attempts will be described here. 
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2.1. Basic metrics of porous media 

The most analytically simple model of a porous material is binary, with constituent 

solid and void phases (Vsolid and Vpore, respectively).  Various volume fractions provide the 

natural language upon which the groundwork of more refined analyses will be built.   

First, the bulk density ɟbulk assumes the traditional definition of total mass to total 

occupied volume: 

 ” ḳ
ά

ὠ ὠ
 (2.1) 

This density varies based on the specific morphology of the material.  The absolute 

density of the material itself (the so-called óskeletalô density ɟskel) excludes any available 

intrastitial void space within a unit: 

 ” ḳ
ά

ὠ
 (2.2) 

By and large, the skeletal density is function of the particular chemistry and 

crystalline basis present. Various graphene-based structures have been reliably measured 

via He pycnometry in-house to ɟskel = 2.0 g/cm3[37], consistent with the values associated 
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with amorphous carbon (1.8-2.1 g/cm3) and lower than pure graphite (2.3 g/cm3)[38].  This 

difference is due to including gas-inaccessible voids (óclosed poresô) intrinsic to the 

definition of the bulk solid. 

The total volume of the pore space contained within a sample, normalized to sample 

mass, is a crucial characteristic of porous media and is measured directly via N2 uptake at 

just below the saturation pressure P0 (specifically, 0.995 P/P0) at 77K.  Under these 

conditions, liquid N2 fills the entire pore space via capillary condensation.  Analytically, 

the specific total pore volume (TPV) represents the quantity: 

 Ὕὖὠḳ
ὠ

ά
 (2.3) 

Or, in terms of the previously defined densities: 

 Ὕὖὠḳ
ρ

”

ρ

”
 (2.4) 

The gravimetric dependence inherent to the total pore volume constrains universal 

comparison.  Thus, the porosity (or pore fraction)  ʟis introduced: 

 ‰ḳ
ὠ

ὠ ὠ
 (2.5) 

This value, which represents a structurally- and compositionally-independent 

characteristic quantity, reflects the fraction of the individual unit medium (particle, grain, 

sheet, etc) consisting of voids available to gas and naturally is constrained to the domain 0 

Ò ◖ Ò 1.  ◖ is determined analytically from TPV measurements via:  



9 
 

 ‰ḳ
ρ

ρ Ὕὖὠz”
 (2.6) 

The porosity serves as one of the paramount quantities in the characterization of 

porous media as it represents the space physically accessible to a gas.  However, adsorption 

is ultimately a surface-based phenomenon and thus relies on the availability of sample 

surface as well.  This characteristic is quantified via the specific surface area, Ɇ, which is 

determined by applying the Brunauer-Emett-Teller (BET) theory[39] to N2 sorption 

measurements in the pressure range 0.01-0.03 P/P0.   

Porosity and surface area are the associated characteristics of the phases that define 

the binary sorbent system: pore and solid, respectively.  As such, they are largely 

independent.  However, both are crucial towards the development of a material capable of 

storing sufficient quantities of gas: too low of a porosity and gas is unable to adequately 

permeate the sorbent, while too low of a surface area yields minimal adsorption (Fig 2.1).  

 

Fig 2.1. Illustration highlighting the independence of porosity and surface area.  Removing large sections of 

volume results in increased ◖ with minimal change to Ɇ, while removing many smaller non-continuous 

sections yields the inverse. 

2.2. Van der Waals Interactions 

The gas solid interaction is mediated by two opposing interactions: 

1. A steep, Pauli-like repulsive potential 

2. A smoother, attractive London dispersion (dipole-dipole) potential 
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The net of these forces is known as the Van der Waals interaction.  Many 

mathematical models exist to describe this phenomenon, perhaps most notably the 12-6 

Lennard-Jones potential.  While computationally and analytically accessible, it holds up 

less well under especially rigorous scrutiny when applied to specific systems above 

monomolecular ones in complexity [9]; Steeleôs 10-4 potential (eq. 2.7) has been 

demonstrated to more reliably describe the short-range repulsion of a solid-fluid 

interaction, particularly with regards to methane adsorbed onto graphite [10]. 

 ɮ Ὁᶻ
„

ὶ

„

ὶ
 (2.7) 

Here, Eb (the binding energy of the system) refers to the depth of the potential well 

(minima) (Fig 2.2) formed via the superposition of the repulsive and attractive interactions; 

a particle found at this position (Req) is in equilibrium.  ů represents the distance at which 

the net potential is zero, equivalent to the sum of the van der Walls radii of the interacting 

atoms. 

 

Fig 2.2. Potential schematic of a representative system, using Eb = -6.5 kJ/mol, ů = 2.5 ¡, and equilibrium 

distance Req = 2.9 Å.  This demonstrates the limited range of the Van der Waal interaction, as the potential 

is essentially nonexistent by 1 nm. 
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The preceding detailed the interaction of a gas molecule with a single solid surface; 

however, a gas molecule residing in a 3-dimensional sorbent will naturally be subject to 

contributions from multiple sources.  A graphite-like material is assumed to consist of slit 

shaped pores, i.e. a geometry defined by two ~infinite parallel sheets.  The total binding 

potential in this configuration is thus calculated as the sum of the contributions from each 

opposing sheet (Fig 2.3). 

 

Fig 2.3. Simulated potential plots from a left (black) and right (blue) pore wall along with the net (red), 

calculated using the 10-4 Steele potential[40] for a system with Eb=6.5 kJ/mol.  Physical locations for each 

wall are represented by the y-axis and the vertical blue line, respectively.  As the walls are brought closer 

together, the contributions from each will begin to superimpose, yielding a net binding energy that grows 

up to double each wallôs individual binding energy (at a separation of twice the equilibrium distance Req). 

For large pores (width >> 2*Req), the walls act essentially independently as the 

potential for each quickly decays for large r.  As the walls close in, the potentials begin to 

overlap, ultimately yielding a value double that of the individual walls for a pore width 

double that of the equilibrium distance.  In this scenario, the superpositioned equilibrium 

positions will cause gas molecules to form an ultra-dense monolayer in the center of the 

pore. 

2.3. Excess Adsorption 

The binding energy ultimately serves as the impetus driving the adsorption 

mechanism, whereby gas molecules attracted to the sorbent will overcome the 

intermolecular repulsive forces that mediate the gasôs bulk density.  This generates a dense 
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adsorbed film (ɟads Ó ɟbulk) along the surface of the solid; the precise density of this film 

will vary by sample and isnôt readily determined by any available analytical technique[21].  

Because of this non-characterized second phase in the system (along with the bulk gas that 

matches the inlet pressure), measurement of adsorbed gas storage is notably non-

straightforward. 

Quantified characterization of the pore structure facilitates this analysis.  

Theoretically, determination of the pore space available to the gas (via measurement of the 

specific total pore volume using N2
 sorption) allows for the calculation of gas molecules 

contained in a non-adsorptive system using basic principles: any quantity of gas molecules 

detected above this expected value is thus a reflection of the extent of adsorptive effects 

present.  This quantity is referred to as the Gibbs excess adsorption, and is the only 

adsorption metric capable of direct measurement[41].  Normalization to the sample mass, 

as would be required for an apples-to-apples comparison between samples, returns the 

gravimetric excess adsorption (Gex). 

              
Fig 2.4. Cartoon depicting arrangement of gas molecules in a typical compressed system (left) and in a 

sorbent-based system (right).  In the compressed tank, gas molecules fill the volume uniformly at the 

prescribed inlet pressure.  In the adsorbed tank, the adsorbent occupies some volume; however, this loss in 

accessible volume may be offset by the formation of an adsorbed film (yellow) that stores gas at a much 

higher density than the bulk.  The mass of gas molecules in this film above what the bulk gas density 

predicts is defined as the excess adsorption (red). 

There are two techniques commonly used to determine excess adsorption: 

1. Gravimetrically: A sample with a known pore structure is outgassed and weighed.  

It is then exposed to a gas source at a given pressure, allowed to equilibrate, and 
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weighed.  The difference in the two masses represents the total gas contained in 

the sample; subtracting the calculated gas uptake from this yields the excess. 

2. Volumetrically: A sample with a known pore structure is outgassed in a cell of 

known volume and weighed.  Next, a second known volume is filled with gas and 

isolated from the source.  The sample is then exposed to this dosing volume, 

allowed to equilibrate, and isolated again.  Pressure and temperature 

measurements collected before and after dosing allow for calculation of the 

number of gas molecules transferred to the sample; comparing this to the 

calculated gas uptake yields the excess. 

 

 

Fig 2.5. Sorption instrumentation in the ALL-CRAFT lab: gravimetric instrument (left), and manual 

(middle) and automated (right) volumetric instruments. 

The gravimetric method has the advantage of measuring excess adsorption with 

minimal assumptions, but the mass measurements required for each data point is non-

trivially user/time intensive.  In addition, it is typically not capable of measuring H2 

reliably, as the small mass of H2 relative to the sorbent (as well as the vessel) introduces 

prohibitive error in the measurement. 

The volumetric method has the advantage of being readily automated, as all 

measurements may be digitally collected.  However, because the measurements are 

successive, errors continuously propagate and become quite large at high pressures.  

Further, due to the nature of the measurement, it is not possible to determine uptake at a 

particular pressure of interest; instead, data is fitted to a model and interpolated to the 

desired value. 
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The principle of excess adsorption hinges on the adsorbed film existing at a higher 

density than the bulk gas.  However, at high enough pressures, the pressure of the gas is 

able to oppose the intermolecular repulsions more effectively than the binding energy with 

the solid, and the density of the gas of the bulk matches that in the film.  At this point, the 

system is said to be in saturation, which coincides with the plot of excess adsorption vs 

pressure dropping to zero (Fig 2.6).   

Recently, it has been demonstrated that the saturation density of several different 

carbon-based samples of varying morphologies were universally similar (100-115 g H2/L 

sorbent at 77K), and remarkably, greater than that of liquid hydrogen (71 g/L at 20K)[21]; 

this can be interpreted as support for the integral role the unique Hydrogen-Carbon London 

dispersion interaction plays in mediating the adsorption process. 

Excess adsorption measurements yield invaluable insight into the storage properties 

of a material.  Adsorption, as a surface phenomenon, is mediated by two main material 

properties: the total surface available (Ɇ) and the strength of the surface-gas interaction 

(Eb).  It has been well documented that excess adsorption scales linearly with surface area 

(1 wt% maximum H2 excess adsorption per 500 m2/g at 77K[30]), so normalization of an 

excess adsorption plot to the surface area (aerial excess adsorption) thus represents an 

indirect measure of a sampleôs effective binding energy.   

Ultimately though, while tremendously useful in characterizing and comparing 

sample uptake properties, excess adsorption on its own ultimately gives little information 

regarding its true capability as a storage medium. 
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2.4. Gravimetric and Volumetric Storage Capacity 

Total uptake of a material, which gives more applicable information from an 

engineering standpoint, requires quantification of both gas phases: excess and bulk.  

Therefore, the total gravimetric storage capacity (Gst) is calculated through the addition of 

the quantity of gas in the bulk non-adsorbed phase to the previously determined gravimetric 

excess.  While the excess has been previously defined as the quantity of gas molecules 

found in the adsorbed film above what would exist in a raw, compressed state, it may be 

extrapolated to incorporate any arbitrary (but consistent) volume.  For this purpose, the 

total pore volume may be conveniently applied, with the total mass of gas in the bulk state 

within the pores represented by the product of the specific total pore volume and the gas 

density.  In general, ◖ is a more preferable metric as it defines the pore space independent 

of sample structure and composition.  Therefore, after applying eq 2.6, the gravimetric 

storage capacity may be expressed as: 

 Ὃ Ὃ
”

”

‰

ρ ‰
 (2.8) 

Similarly, the total uptake may be normalized to the total volume of the system, 

rather than the mass of the sorbent, resulting in a quantity known as the volumetric storage 

capacity (Vst).  The volumetric storage capacity is often the preferred reported value over 

the gravimetric for a number of reasons, among them:  

¶ In automotive applications, the addition of additional tank mass is generally not an 

issue.  However, as space is a finite commodity (particularly in personal vehicles), 

volumetric efficiency is paramount. 
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¶ While Gst is a quantity that may only be compared to other sorbent materials, Vst, 

representing uptake having been normalized to a given storage tank, may be readily 

plotted against and compared to analogous systems, notably the raw compressed 

gas.  

The volumetric storage capacity Vst is expressed thus: 

 ὠ ” ρ ‰Ὃ ‰”  (2.9) 

     
Fig 2.6. Plots of gravimetric excess adsorption (left), gravimetric storage capacity (Gst, middle), and 

volumetric storage capacity (Vst, right) of representative MU nanoporous carbon 3K-0079 at 77K.  Data are 

represented by black squares, with applied Ono-Kondo fits in red.  Plotted along Vst is the bulk gas density 

reported from NIST[42].  

As an analogue to the total storage capacity of a material, the total amount of gas 

in the adsorbed phase can be calculated in a similar fashion.  This quantity can yield unique 

insights into the nature of the kinematics within adsorbed films.  However, determination 

of the total adsorption within a material is a non-trivial endeavor as it relies on precise 

knowledge of film thickness, a characteristic which isnôt robustly understood and is 

subsequently up to significant debate[21], [37].  Various methodologies exist which 

attempt to resolve this question, each with their own set of assumptions, and often 

culminating in conflicting results.  Because this work isnôt dedicated to the study of the 

aforementioned nanoscale kinematics, total adsorption as a storage metric will not be 

discussed further here. 
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2.5. Adsorptive vs Compressed Storage 

At first glance, one might be tempted to deem an adsorbent system superior to 

compression in the domain of nonzero excess adsorption.  However, this fails to take into 

account volume occupied by the sorbent, which would otherwise be available to the gas.  

Therefore, the objective by which a sorbent system may be ultimately judged is given by 

Vst > ɟgas.  Past this limit, compression becomes a more efficient storage technique.  

Applying this metric to eq. 2.9 yields the following, rather satisfying relation: 

 Ὃ
”

”
 (2.11) 

Simultaneous plotting of ɟgas/ɟskel, the quantity of gas displaced by the sorbent 

material, subsequently yields the effective domain in which adsorptive storage exceeds that 

of compressed gas. 

 

Fig 2.7. Gex (CH4) of MU carbon monolith Br-0311 with high pressure linear extrapolation.  Simultaneous 

plotting of eq. 2.11 (using ɟskel = 2.0 g/mL) yields the domain in which adsorptive storage performance 

exceeds compressed gas capabilities. 
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2.6 Powder packing fraction 

As defined, each of the aforementioned storage metrics relied, in some way, on the 

porosity determined from N2 sorption.  This value reflects the fraction of void space within 

a grain of material, explicitly excluding any interparticle voids that exist.  While useful 

from a materials standpoint, it fails to accurately represent true behavior within a tank 

where these interparticle voids account for a significant portion of the available volumes.  

To this end, the packing fraction f (analogous to the formal crystallographic definition) is 

introduced: 

 Ὢḳ
ὠ

ὠ
 (2.12) 

In this formulation, Vocc (the volume occupied within a tank) includes all 

intraparticle volumes (solid, as well as open and closed pores) ï sorbent grains are each 

considered uniformly space-filling.  From here, a new porosity ʟf that represents the true 

void fraction of a tank, is generated: 

 ‰ Ὢz ‰ ρ Ὢ (2.13) 

The first term refers to the tank void volume contributed by intraparticle pores, with 

1ʟ representing the ñcrystalline porosityò of the material, i.e. the porosity of the grains as 

determined by N2 sorption.  The second term then refers to interparticle void space.  In this 

representation, using f = 1 returns the crystalline porosity (useful for applications regarding 

storage efficiency of the material itself, or for consideration of truly completely space 

filling materials such as monoliths), while f = 0 gives a tank porosity corresponding to an 
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empty (compressed) tank.  For a filled tank, constituent grains may be approximated as 

monodisperse spheres, random close packing of which gives f = 0.63; this value represents 

the highest possible particulate density, as the theoretical maximum of f = 0.74 

(coordination number 12) is unattainable for powders[43]. 

The tank porosity (eq. 2.13) may be implemented within eqôs 1.8 and 1.9 to yield 

the gravimetric and volumetric storage capacities within a packed sorbent tank.  Through 

the additional void volume now accounted for, ◖f Ò ◖1; because of this, the tank gravimetric 

storage is expected to be greater than that within the individual grains, while the volumetric 

would be expected to demonstrate a decrease. 

      
Fig 2.8. Tank gravimetric and volumetric CH4 storage capacities (open squares) calculated from the 

crystalline values (closed squares) using a packing fraction associated with random close packing of 

uniform spheres (f = 0.63) for representative MU powder 3K-0046 (◖1=0.82, Ɇ=2700 m2/g). 

Using Gex,f = Gex,1 (as additional void space has no effect on excess adsorption), 

these quantities, relative to the performance within individual grains, can be analytically 

expressed via: 

 

Ὃ ȟ Ὃ ȟ Ὢ ρ
”

”
  

ὠȟ Ὢz ὠȟ ρ Ὢ”  

(2.14) 

 

 

(2.15) 
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Gst,f and Vst,f represent the gravimetric and volumetric storage capacities of a packed 

tank at some packing fraction f; Gst,1 and Vst,1 are the analogous intragranular values.   

The tank Gst features an additive term that corresponds to surplus gas storage for a 

fixed sorbent mass, the effect of which is greater for greater ɟgas.  As expected, this value 

increases to Ð in the limit fŸ0, the case of an empty, compressed tank.   

The tank Vst is composed of two terms: f*Vst,1 corresponds to adsorptive storage 

within grains, while (1-f)ɟgas corresponds to nonadsorptive storage between grains.  Vst,f 

decreases with f due to the increased contribution of storage within this ódead volumeô, 

ultimately mirroring ɟgas in the limit fŸ0.  At sufficiently high pressure (as dictated by eq. 

2.11) and for all f, Vst,f equals and is subsequently exceeded by ɟgas.  

Table 2.1. CH4 tank vs crystalline storage capacities of 3K-0046 at 24°C (from Fig 1.8) 

Pressure Gst,f / Gst,1 Vst,f / Vst,1 

35 bar 1.15 0.72 

100 bar 1.30 0.81 

250 bar 1.52 0.96 
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3.1 Chemical activation of biomass 

Activated carbons are nanoporous materials synthesized via chemical and/or 

physical treatment of various biomass media.  They are attractive for a number of reasons, 

not least of all because of the ultra-high surface areas (approaching 3000 m2/g) that are 

attainable via processes that are both inexpensive and labor non-intensive.  Relative to 

other nanoporous media (metal-organic frameworks, zeolites, etc), activated carbons 

represent exceptional efficiency in the yield per cost. 

Integral to this is the range of available starting materials, as essentially any 

carbonaceous biomasses are capable of generating activated carbons.  This includes 

products that are otherwise considered waste: olive stones[26], coconut shells[27], and 

peach pits[28], just to name a few.  The US-midwest-based ALL-CRAFT team 

subsequently selected corncob as a precursor material[29]. 

The optimal synthesis determined by the MU team involves two distinct steps: 

carbonization and activation.  During carbonization, the parent biomass is soaked in 

phosphoric acid (H3PO4) to isolate and break down the major organic components; 

CHAPTER 3 ï Morphological and Chemical 

Characterization of Activated Carbons and their 

Precursors 
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subsequent pyrolysis and washing yields a graphitic-like material, designated as Char.  

This step alone dramatically augments the pore space (Fig 3.1 and Table 3.1)   

Further pore development occurs during potassium hydroxide (KOH) activation.  

Here, hydroxl groups react with non-graphitized carbon to generate new porosity, while 

intercalation of metallic potassium expands existing pores.  This process has been shown 

to be exceptionally controllable, with variations in temperature and KOH concentration 

offering tunability to particular pore modalities. 

 

Fig 3.1. Evolution of the nanoporous space of biomass corncob as native, after acid charring, and after 

chemical activation[44].  With each step, the total pore volume increases dramatically, propagated via the 

introduction of distinct 7 and 15 Å pore populations.  

Table 3.1. Quantitative pore space comparison during each stage of activated carbon production 

Lot # Ɇ (m2/g) ◖  

Corncob 7 0.04 

Charred Biomass 1200 0.59 

Activated Carbon 2500 0.78 
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3.2 Corncob precursor 

The starting material for MUôs activated carbon synthesis is Grit-OôCobs 4060, 

produced by The Andersons corporation.  This series is produced from the woody ring of 

the corncob, which comprises its bulk by mass, yielding a high density, granular material 

thatôs highly sorbent, durable and contains a low ash content[45].   

 

Fig 3.2. Diagram of the different parts of the corncob[45].  MU activated carbons are produced via the 

woody ring portion, which generates higher density grains, as opposed to the flakes produced by the pith 

and the chaff. 

This particular grade (4060) is so named due to being comprised primarily (~85%) 

of grains sieved between 40 and 60 mesh (425 ɛm and 250 ɛm, respectively)[45].  SEM 

analysis (Fig 3.3) confirms this: rudimentary size analysis finds that the short dimension 

of almost all grains (n=52) to be between 200-500 ɛm.  There is wide variability in the 

aspect ratio, with the longer dimensions ranging from square to double (A.R. 1.00-0.5); 

some were even longer, with several grains approaching 1 mm in length. 
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Fig 3.3. Particle analysis of the raw corncob material used in production of MUôs activated carbons.  

Particle sizes are in line with the manufacturer specifications (250-425 ɛm sieve) 

EDS chemical analysis (Fig 3.4 and Table 3.2) confirms a product that is largely 

free of significant unwanted contaminants.  Measurement across several grains returns a 

minimum of 96 wt% of C and O (and implicitly, H).  There are a number of additional 

elements clearly visible in the spectra that are consistent with components expected of 

corncob ash[46]; with the exception of K, all of which comprise well below 1 wt% in the 

sample.   
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Fig 3.4. EDS chemical analysis of several grains of raw corncob; quantification given in Table 3.2.  Each 

location was predominantly C & O with similar contaminants that are consistent with ash. 

Table 3.2 Composition of raw corncob precursor, as indicated in Fig 3.4. 

Wt% #1 #2 #3 #4 

C 50 51 52 53 

O 47 48 44 45 

K 1.5 0.5 2.3 1.6 

Cl 0.5 0.2 0.2 0.5 

P 0.1 0.1 0.6 0.3 

Si 0.1 0.1 0.5 0.1 

Cu 0.2 0.2 0.1 0.2 

Mg 0.1 - 0.4 0.1 

Al  0.1 0.1 0.1 0.1 

 

SEM imaging of the surface reveals a porous, cellulose-like microstructure.  This 

is inline with what would be expected, given its reduced listed density (0.35 g/cm3) relative 

to granular activated carbons (ɟcrys=2.00 g/cm3, ɟpack=1.26 g/cm3).  



26 
 

 

Fig 3.5. Cellulose-like microstructure representative of precursor corncob. 

3.3 Charring and Activation 

Each step in the activation process (corncob, char, and activated carbon) is 

compared below in Figs 3.6-8.  Along the reaction pathway, the average size of a ólargeô 

grain decreases from approximately 450 ɛm Ÿ 350 ɛm Ÿ 250 ɛm.  In addition, while the 

char appears largely relatively uniform, the activated carbon exhibits a significant variance, 

including diameters well below 100 ɛm. 

The considerable porosity of activated carbons is most immediately evident via the 

large (~10-50 ɛm) macropores that riddle individual grains.  Examination of the precursor 

reveals these to be products of the initial charring.  While certainly not negligible, the N2 

results reported in Fig 3.1 and Table 3.1 indicate them to be far from the sole contributors 

to the exceptional pore space of activated carbons. 
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Fig 3.6. Macrostructure comparison of corncob precursor (left), its product after charring (middle), and 

final activated carbon (right).  Each stage is shown to result in a decreasing particulate size; representative 

markers for 450 ɛm, 350 ɛm, and 250 ɛm help demonstrate this. 

 

 

Fig 3.7. Microstructure comparison of a char before and after activation.  The large (~10-50 ɛm) voids 

observed in MU activated carbons are demonstrated to form during the initial carbonization process. 
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Fig 3.8. Nanostructure comparison of the three stages of activation, at 10kx (left) and 40kx (right).  At 

these length scales, the effects of the chemical activation are apparent via the increased surface roughness 

of the final product. 
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Higher magnification imaging (Fig 3.8) facilitates differentiation of the charring 

and activation products.  Upon examination, the surface of the char is very smooth and not 

especially unlike the corncob.  In contrast, the surface of the activated carbon is much more 

textured, representative of the significant disruption of the matrix induced by the KOH 

intercalation and consumption. 

3.4 Fe contamination during activation 

Backscattered (BSE) imaging reveals further information.  The intensity of the BSE 

signal is dependent on local chemistry: regions of higher density will appear brighter.  

Thus, it would be expected that BSE imaging of activated carbons would yield very little 

contrast, especially when mounted to carbon tape.  However, BSE imaging of 3K-0079 

demonstrates a remarkable amount of high contrast.  In addition to sporadic particulates, 

which may be attributed to contamination introduced anytime between synthesis to 

imaging, there are discrete regions within otherwise normal individual grains that generate 

high backscatter contrast (Fig 3.9). 
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Fig 3.9. In addition to minor contamination via sporadic high-density particulates, backscattered electron 

(BSE) images of 3K-0079 show large regions of chemical alteration of the grains themselves. 

This feature is examined further via EDS in Fig 3.10.  Aside from the expected C 

and O signals, the only other significant element present is Fe.  Interestingly enough, 

analysis of the opposite end of the same grain returns a much reduced, but still present Fe 

signal; a scan of a separate grain that is free from this localized incursion returns an 

essentially indistinguishable spectrum, suggesting this presence to be potentially wide-

spread, if not ubiquitous.  
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Fig 3.10. (Top) Chemical analysis of a contaminated grain indicate a strong inclusion of iron; this is shown 

to persist past where it is visible, albeit to a more limited extent.  (Bottom) This same signal is present in an 

otherwise visibly-clean grain.  This indicates potentially wide-scale contamination, most likely from the 

reaction vessel. 

This then elicits the query as to whether the iron is introduced during activation or 

charring; both the acid wash (H3PO4) and basic activation (KOH) are similarly aggressive 

to stainless steel, especially at elevated temperatures[47], [48].  A similar analysis is carried 

out on a grain from the precursor char-0069, with the backscatter imaging exhibiting 

uniform contrast throughout the observed grains.  Furthermore, EDS from the bare surface 

(Fig 3.11) is devoid of any Fe.  Similar high-density particulates can be seen throughout, 

with EDS confirming them to be stainless steel.   
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Fig 3.11. EDS chemical analysis of char-0069 (the precursor of 3K-0079 from Fig 3.12) is devoid of Fe, 

indicating contamination likely occurred during activation. 

This also helps to provide some additional context into the nature of the 

contamination, as all instances from the activated carbon yielded solely Fe, as opposed to 

the Ni, Cr, etc that would be expected to be accompanying in the case of stainless steel.  It 

can thus be reasonably concluded that the observed contamination may be most likely 

attributed to leaching iron from the walls of the stainless steel reaction vessel ï an issue 

that would be expected to compound, with each successive óetchingô continually 

weakening the material.  

During large-scale production, discrete steel particulates could be fairly easily 

separated out by sieving or a magnetic trap; a reacted product that has interacted with an 

unknown quantity of material poses a much more significant concern.  In addition to the 

unpredictable effect this would have on the adsorption potential, this would likely result in 

a sorbent that is considerably more susceptible to oxidation, contributing to a hastened 

degradation across sequential fill cycles.    
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To this end, the MU team explored alternative materials.  Monel, a nickel copper 

alloy, has been long touted for its corrosion resistance[49], and has thus found emergent 

applications in refining and marine engineering.  Charring and activation vessels were 

produced from monel; samples produced in these vessels were indistinguishable from those 

using the ótraditionalô stainless steel vessels in both pore space measurements and 

morphological characterization.   

Crucially, BSE imaging reveals a consistently uniform granular contrast (Fig 3.12), 

with the only high-density regions constrained to discrete particulates.  This is confirmed 

via EDS, with both the char and the activated carbon consisting solely of C and O.  Analysis 

of the particulates are consistent with typical byproducts of a large-scale processing of 

biomass material (steel, silicates, etc). 

 

Fig 3.12. Backscattered electron (BSE) images of a char (left) and subsequent activated carbon (right), both 

produced in monel reaction vessels; dashed boxes indicate the regions used for EDS analysis (Fig 3.13). 

While both contain sporadic high-density particulates, none demonstrate the intragranular Fe contamination 

seen with the steel-synthesized samples (Fig 3.9). 
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Fig 3.13. EDS analysis of 1.6K-0081 activated carbon (bottom) and its precursor Char-0070 (top), both of 

which were synthesized in monel reaction vessels and subsequently devoid of the previously observed iron 

contamination.  Higher density areas from BSE imaging are shown to be discrete silica and steel 

particulates. 
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4.1 Background 

Motivation  

In an adsorbed gas system, storage is predicated by a number of surface phenomena.  

Its ultimate efficacy is thus mainly contingent on two main factors: 

1. The total surface area available to the gas  

2. The strength of the gas-solid interaction 

The large surface areas and microporosities generated through the activation 

process have long made activated carbons an attractive medium for various applications, 

such as water filtration[50] and as a medical treatment for ingested poisons[51].  Due to 

the carbonôs native ability to reversibly trap materials within its porous network, many 

groups have investigated its potential as a hydrogen and methane fuel storage system[31], 

[52], [53].  A major advantage is the ability to tune the parameters of the pore space through 

varying activation parameters to achieve desired porosities, pore size modalities, etc[54], 

[55] (Fig 4.1). 

CHAPTER 4 ï Boron Doping via Flow Deposition 
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Fig 4.1. The porous structure of carbons is highly controllable via the various activation parameters.  Here, 

itôs shown that the pore modality, and consequently the total porosity, increases with the concentration of 

the activation agent (potassium hydroxide, KOH); the sample name is indicative of the initial mass ratio of 

KOH to C[55].  

Despite this controllability, carbonaceous-based sorbent systems have been unable 

to meet requisite storage targets outlined by the U.S. Department of Energy for on-board 

systems[56].  To that end, significant efforts have been directed toward improving the 

binding energy of the material via surface functionalization[31].  One such approach has 

focused on the direct incorporation of boron into the graphitic lattice; Monte Carlo 

simulations for systems impregnated with 5-10 wt% B predict an increase in H2 binding 

energies from 4-8 kJ/mol[57] to as high as 13.5 kJ/mol and storage capable of meeting 

2010 DOE goals[36]. 
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Fig 4.2. Left: Graphical representation of the theoretical binding energy landscape of carbonaceous systems 

doped to 1 and 5 wt% B.  Right: Calculated gravimetric and volumetric storage capacities of hydrogen in 

B-doped carbon systems to various concentrations in room and cryogenic temperatures.  Both figures taken 

from[36]. 

Initi al doping efforts 

The MU team have undertaken extensive studies on the efficacy of such a 

procedure.  Decaborane (B10H14) was has been utilized as the doping agent as it contains a 

large quantity of boron with a relatively small volumetric footprint, making it a good 

candidate for infiltrating the microporous network of the activated carbons.  Further, it is 

very volatile, decomposing into diborane (B2H6) and elemental boron at 300 °C[58]. 

 

Fig 4.3. Chemical structure of decaborane (B10H14)[59].  Itôs compact octadecahedral structure makes it an 

efficient B carrier to the micropores of activated carbons. 

There are two main components to the doping procedure[37], [60].  First, crystalline 

decaborane is vaporized and allowed to fill the pore space.  This is carried out by loading 
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requisite quantities of decaborane and carbon into an alumina reaction vessel under argon 

atmosphere, and heating the mixture to 120 °C at 2 °C/min.  This rate was based on the 

manufacturerôs recommendation: alumina is capable of withstanding high temperatures (up 

to around 1750 °C), but is susceptible to cracking under thermal shock[61].  Finally, the 

sample is heated to high temperatures (600 °C or 1000 °C, typically) to decompose the 

decaborane for incorporation into the matrix.  Initial methods allowed the system to cool 

to room temperature after deposition[60], while later iterations proceeded immediately to 

annealing[37]. 

A selection of results are shown below in Table 4.1 and Fig 4.4.  The concentration 

of boron in each produced sample is determined via prompt gamma neutron activation 

analysis (PGAA).  The ease of analysis and the remarkable sensitivity to boron, allowing 

for detection as low as 10 ppb, make it an ideal technique for routine characterization. 

The aforementioned doping methods are shown to be effective in delivering boron 

to the carbon, with concentrations between 5 and 10 wt% repeatedly achieved.    Elevated 

concentrations (as high as 30 wt%) have been measured in samples produced with 

increased quantities of initial decaborane.  However, this uptake is revealed to not be 

without cost: as the concentration of boron increases, the surface area from N2 sorption is 

shown to have a corresponding decrease of about 50 m2/g for each weight percent added 

(Fig 4.4). 
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Table 4.1. Comparison of surface areas from precursor and liquid-doped carbons 

Precursor 

Doped Samp 
B Conc [wt%] Ɇ [m2/g] ȹ Ɇ [m2/g] ȹH [kJ/mol] 

2K-0286 

2K-0248 

n/a 

1.7 

1940 

1670 

n/a 

-270 

Ƅ 

Ƅ 

3K-250C 

3K-H30(I,A) 

n/a 

8.4 

2700 

2300 

n/a 

-400 

Ƅ 

Ƅ 

3K-600C 

3K-H60(I,A) 

3K-H60(I,B) 

3K-H75(I,A) 

n/a 

8.6 

6.7 

1.8 

2600 

2100 

2100 

2400 

n/a 

-500 

-500 

-200 

Ƅ 

Ƅ 

Ƅ 

Ƅ 

3K-0079 

3K-0201 

3K-0202 

3K-0205 

3K-0207 

3K-0208 

3K-0209 

3K-0211 

3K-0212 

3K-0226 

3K-0227 

n/a 

8.0 

5.8 

9.7 

12.4 

13.7 

14.8 

6.2 

7.4 

3.4 

4.0 

2660 

2030 

2300 

2260 

2000 

1950 

1700 

2180 

2100 

2300 

2400 

n/a 

-630 

-360 

-400 

-660 

-710 

-960 

-480 

-560 

-360 

-260 

7.42 

8.38 

Ƅ 

7.76 

Ƅ 

Ƅ 

Ƅ 

7.76 

Ƅ 

Ƅ 

Ƅ 

3K-0285 

3K-0219 

n/a 

8.7 

2590 

1980 

n/a 

-610 

Ƅ 

Ƅ 

4K-0288 

4K-0240 

4K-0244 

4K-0245 

4K-0246 

4K-0747 

4K-0748 

4K-0749 

4K-0750 

4K-0751 

4K-0752 

n/a 

1.5 

1.6 

3.9 

4.1 

3.6 

5.6 

5.9 

6.9 

5.9 

9.1 

2790 

2530 

2460 

2490 

2370 

2350 

2390 

2250 

2190 

2490 

2060 

n/a 

-260 

-330 

-300 

-420 

-440 

-400 

-540 

-600 

-300 

-730 

Ƅ 

7.32 

7.61 

7.62 

7.38 

7.07 

8.27 

7.22 

8.09 

7.38 

7.24 

5K-0280 

5K-0215 

5K-0742 

n/a 

8.0 

3.9 

2700 

1950 

2350 

n/a 

-750 

-350 

Ƅ 

9.64 

Ƅ 
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Fig 4.4. Results of boron doping via liquid deposition of decaborane (B10H14). Left, Bottom: Surface area is 

shown to decrease by around 50 m2/g for each wt% boron added to the sample.  Left, Top: The same 

samples (where available) demonstrate a negligible increase to the enthalpy of adsorption, well short of the 

13.5 kJ/mol predicted at 10 wt%. Right: Pore size distribution of doped samples shows that the decrease in 

surface area is correlated to a reduction in the nanoporous volume. 

A brief examination of the corresponding pore size distributions demonstrates a 

reduction in the nanoporous volumes within the samples as boron concentration increases.  

This decrease can thus be most likely attributed to pore blockage.  As the decaborane melts, 

it may condense at pore entrances, preventing uniform deposition.  This is supported by 

the marginal increases in enthalpy of adsorption observed for most doped samples, 

indicating the lack of widespread boron substitution throughout the sample.     

To avoid this, samples were produced in which the decaborane was kept separate 

from the carbon, mitigating any direct incidence of liquid decaborane on the pore space.  

This method proved to be ineffective, yielding only a small fraction of the boron 

concentration found in samples doped via the original procedure.  Itôs possible that some 

quantity of decaborane deposited on the reaction vessel, but as there is considerably more 

available surface area within the sample, this effect is likely minimal. 
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Table 4.2. Comparison of samples doped with and without exposure to liquid decaborane.  All samples 

produced from sample 3K-0079 preoutgassed to 600 °C and using a quantity of decaborane equivalent to 

6.6 wt% B. 

Sample Deposition Method Outgas Temp 
B conc 

(PGAA) 

3K-0201 Liquid (Stationary) 600 °C 8.0 wt% 

3K-0202 Liquid (Stationary) 1000 °C 5.8 wt% 

3K-0203 Vapor (Stationary) 600 °C 0.3 wt% 

As will be discussed in the following section, decaborane is strongly interacting 

with carbon; the more likely candidate is adsorption to the immediate (i.e. top) carbon 

surface, prior to infiltration of the pore space.  Thus, after annealing, the bulk of the boron 

would have either outgassed from the system or been highly localized.    

To overcome this, a carrier gas will be introduced to aid diffusion.  Ar was selected 

as it is highly inert and matches the glovebox storage environment of both the precursor 

and produced samples.  As with gas chromatography, the performance of a carrier gas 

depends on a number of different factors: temperature, flow rate, etc.  These will be 

discussed below. 

Flow Deposition Viability 

As has been shown, the initial deposition of decaborane into the pore space is 

crucial to the doping mechanism.  In stationary doping, crystalline decaborane is mixed 

directly with powdered carbon.  This proximity facilitates decaborane uptake within the 

pore space, something that flow doping lacks by design. 

Instead, with vaporized decaborane limited to flowing across the surface of the 

carbon, the deposition relies on its active adsorption.  The decaborane-graphene interaction 

is quite strong, on the order of ~70 kJ/mol[62]; when considered along with the much 
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weaker decaborane-decaborane interaction and relatively small molecular footprint, it is 

expected to generate strong uptake. 

This uptake can be modeled using theoretical Langmuir isotherms[63], which are 

viable in the low-pressure regime expected for strong adsorbers.  The curve is described 

by: 

 —Ὕȟὴ
…Ὕ ὴz

ρ …Ὕ ὴz
 (4.1) 

where ɢ[T] is the localized Langmuir constant: 
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The Langmuir model describes molecular interactions in terms of surface coverage, 

i.e. the fraction of available ósitesô occupied by the adsorbed molecule.  To express this in 

terms of gravimetric adsorption Gads: 
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Finally, converting to the weight percent of boron: 
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(4.4) 

Langmuir curves using temperatures 100-150 °C are shown Fig 4.5, expressed in 

units of gravimetric adsorption of decaborane as well as boron weight percent.  As 
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expected, the strong decaborane-carbon interaction produces large uptakes at low 

pressures.  Further, phase information can be incorporated via decaboraneôs liquid-gas 

coexistence curve[60], given by:  

  ÌÎÐ4 ωȢσψzρπὝ πȢπφὝ ψȢψω (4.5) 

For a given isotherm, pressures above the coexistence limit yields liquid 

decaborane.  Thus, consideration of this behavior helps define the upper limit of uptake 

possible within the sample.  As demonstrated in Fig 4.5, at 120 °C (the temperature used 

for deposition during both stationary and flow doping) a porous carbon with a surface area 

of 2700 m2/g (a typical value for MU-produced ó3Kô activated carbons) allows for up to 

the equivalent of ~70 wt% B to be deposited on the surface before liquefication.  Indeed, 

it is apparent that 10 wt% B is readily achievable across all temperatures. 

 

Fig 4.5. Adsorption curves for decaborane on carbon, based on the Langmuir model.  The right axis 

displays the conversion to weight percent boron.  The liquid-gas coexistence point is plotted for each curve, 

which correlates to the upper bound of decaborane that may be deposited in the gas phase.  The dashed 

green line indicates the adsorption required for 10 wt% B uptake to be well below the point of liquification. 
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Table 4.3. Values incorporated as parameters in Equations 4.1-5 when generating Fig 4.5[62] 

ɜx/y [Hz]  ɜz [Hz] Eb [kJ/mol] Ŭ [m2] Ɇ [m2/g] 

6.59 x 1012 11.9 x 1012 -71.3 12.25 x 10-20 2700 

 

4.2 Experimental Setup 

Hardware 

A custom apparatus was developed and built in-house to perform this synthesis. 

(Fig 4.6).  Then central component is a long (Ó40 cm) quartz tube (1 in. OD) that serves as 

the reaction vessel.  The tube houses two quartz boats (10cm long) that to hold the 

decaborane and carbon in the upstream and downstream ends, respectively. The 

decaborane section of the tube is heated via heating tape; an initial design had the carbon 

encased within a bead bath (ó2-step flowô), but this was eventually replaced with a split 

tube furnace to facilitate immediate annealing (ó1-step flowô).  Both heating elements are 

regulated with programmable temperature controllers to specific rates. An alumina block 

sits at the far downstream end of the tube to protect the gaskets from radiant heat damaging 

the gasket.  

From upstream, an Ar source is fed directly into an analog flowmeter which 

modulates the incoming flowrate of the carrier gas. The flowmeter is fed into the common 

port of a T-valve; this allows the line to be purged prior to directing flow into towards the 

reaction vessel, which is isolated by a second valve.  An analog pressure gauge monitors 

the pressure of the carrier gas immediately prior to the decaborane.  A ball valve isolates 

the reaction vessel on the downstream side, which leads to a dry ice cold trap to prevent 

any escaping decaborane.  Finally, an analog pressure regulator is used to modulate the 

pressure in the reaction vessel (measured via the upstream gauge). 
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Fig. 4.6. ALL-CRAFT-designed and -constructed instrument to produce boron doped samples under Ar 

flow.  Flow direction is left to right. B10H14 and C are loaded into separate quartz boats and placed inside 

the reaction vessel, with the entirety of the hardware between the hoses assembled and sealed inside the 

glovebox. 

Procedure 

Appropriate quantities of B10H14 and C are measured and loaded into the reaction 

vessel, and the adjoining valves are assembled and sealed inside the glovebox so as not to 

introduce atmospheric contamination.  The vessel is transferred to the fumehood where the 

reaction will take place, and the peripheral components attached.  With the t-valve venting 

to the hood, Ar flow is initiated and the upstream pressure set with the flowmeter; this also 

serves to flush the line.  The t-valve is then reversed, with flow incident upon the closed 

valve. 

To begin the reaction, the carbon boat is first brought to temperature (120 °C) and 

allowed to equilibrate; during this time, the decaborane is cooled with a dry ice bath.  This 

serves to eliminate any thermal gradient within the bulk carbon that the vaporized B10H14 

might condense onto.  After 30 minutes, the dry ice bath is replaced with heat tape and 
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flow is initiated.  The desired pressure, measured with the upstream gauge, is adjusted with 

the backpressure regulator to the desired level.  The decaborane is heated at 2 °C/min (so 

as to be consistent with the stationary doping) and held for 1 hour.  For ó1-stepô doping, 

the furnace is directly ramped to the annealing temperature; for ó2-stepô doping, the system 

is cooled, sealed, transferred into the glovebox, and annealed in a separate vessel. 

 

Fig. 4.7. Temperature and pressure profiles used for the flow doping apparatus.  The dotted line at ~500 

min. in the 2-step annealing process references the unspecified time to transfer the system to a separate 

annealing vessel in the glovebox. 

As will be discussed further, boron was eventually discovered to substitute into the 

matrix (as designed) at a fairly poor rate, with generally over 90% of deposited boron found 

to exist as unreacted species.  To combat this, an additional ómassive annealingô was 

implemented, whereby samples would be ramped to 1200 °C in alumina (at 2 °C/min), held 

at that temperature for 16 hours, and ramped back down at the same rate.  The product of 

this treatment was subsequently assigned a separate, unique lot number. 
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Parameters 

The following parameters offer variability within the reaction procedure: 

a. Reaction temperature, via the tube furnace 

b. Carrier gas flow rate, via the upstream flowmeter 

c. Ambient pressure, via the downstream regulator 

d. Initial B content, via the included mass of decaborane 

 

Of the customizable parameters, the temperature is perhaps the most critical as it 

most directly governs the resulting gas kinetics; however, all syntheses were performed 

120 °C (and using a ramp rate of 2 °C/min) so as to be consistent with prior methods 

(óstationaryô doping).   

Of the remaining, flow rate and pressure most directly contribute to the decaborane 

evaporation rate and, along with the initial quantity used, the overall exposure time. 

Evaporation Rate 

Calculation of a materialôs evaporation rate depends on a large number of 

parameters, many of which are dynamic, non-uniform, and/or interconnected; thus, reliable 

analyses are typically constrained to empirical observation[64].  One estimate, derived for 

the release of hazardous materials[65], approximates the evaporation rate E by 

 Ὁ
Ὣ
ί

ρψ
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ὓ

ὙὝ
ὃz ὖz όzȢ  (4.6) 

where M is the molar mass, R=83.14 barĀcm3/molẗK  is the gas constant, T is the 

reaction temperature in K, A is the surface area of the material in cm2, Pvap is its vapor 

pressure in bar, and u is the ambient air velocity in cm/s.  Under this formulation, the power 

law of the air velocity u is indicative of the reduction of the mean due to turbulent flow[66]. 

The open face of the quartz boats containing the decaborane serves as the area 

(100mm×17mm=17cm2).  Using Matthew Becknerôs decaborane phase model[60], the 
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vapor pressure of decaborane at 120°C is determined to be 59.16 mbar.  With these values, 

the evaporation rate can be given by 

 Ὁ
άὫ
άὭὲ ςωȢψz ό

Ȣ  (4.7) 

Prior to the reaction vessel, the N2 gas flow is governed by the analog flowmeter.  

The outgoing rate is measured in standard cubic feet per hour (SCF), the flow rate of the 

gas under IUPAC standard conditions: Tstd=273.15 K and Pstd=105 Pa=1 bar[67].  

Converting to the elevated temperature and pressure of the reaction volume (i.e., the 

óactualô cubic feet per hour): 
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(4.8) 

Normalizing this volumetric flow rate to the reaction vesselôs cross section (ID=20 

mm) gives the Ar carrier gas flow velocity: 
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Combining this with 4.7 gives the net result: 
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Samples Produced 

The installed flowmeter is capable of measuring output between 0.4-5.0 scfh.  

Higher flow rates are certainly possible, but not employed so as to avoid significant 

turbulence and displacement of the powder.  0.5 and 2.0 scfh were selected for this study. 
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Assuming all fittings and accessories are suitably rated, the pressure is limited by 

the overpressure allowable by the quartz reaction vessel.  Using a design strength of 1000 

Pa[68], this limitation, via the hoop strength[69], can be expressed as: 

 
ὕὈ ὸ ὸ

ὕὈ ὸ

ὖ

ςὸ

ὍὈὸ ὸ

ὍὈὸ

ὖ

ςὸ
χπ ὦὥὶ (4.11) 

where OD/ID are the outer/inner diameters, t is the tubeôs wall thickness, and P the 

absolute pressure inside the tube.  With OD = 25.4 mm and t = 1.5 mm, the maximum 

allowable pressure is 8.75 bar.  1.2 and 2.5 bar were selected for this study, with the latter 

listed as the maximum pressure measurable by the gauge included with the cell assembly. 

Lastly, 1 g of carbon (specifically, 3K-0079) was used for each sample to maintain 

a constant volume for the dopant to interact with.  0.125 and 0.5 g of decaborane were 

selected; these values correspond to ultimate boron concentrations of 10 and 30 wt%, 

respectively and assuming perfect efficiency.  

Altogether, 4 samples were produced to study the effect of the various conditions; 

these are summarized below. 

Table 4.4.  Conditions utilized to deposit decaborane using Ar flow 

Lot # gDB/gC SCF Pabs[bar] E[mg/min] 

0230 0.125/1 2 2.5 68 

0231 0.125/1 0.5 2.5 23 

0234 0.125/1 0.5 1.2 41 

0235 0.5/1 0.5 2.5 23 

Sample 3K-0231 used a low flow rate and high cell pressure, thus serving as 

minimal evaporation baseline.  Evaporation rate was increased via flow rate and pressure 

in samples 3K-0230 and 3K-0234, respectively.  Finally, sample 3K-0235 used identical 

flow conditions as 3K-0231, but a greater amount of decaborane, thereby increasing the 
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carbonôs total exposure.  The normalized results for both evaporation rate and exposure 

time across all samples are summarized below.   

 

Fig 4.8. Normalized evaporation rates and times for the parametric study of flow doping conditions.  

Minimum evaporation rate (and subsequently maximum exposure time) is represented by sample 0231, 

with an increasing rate provided by through increased flow rate and decreased ambient pressure for samples 

0230 and 0234, respectively.  Sample 0235 used the same conditions as 0231, but a greater initial 

decaborane mass, thereby increasing exposure time.    

4.3 Results 

Boron doping results 

The results of the deposition are shown below in Table 4.5, and are compared to 

stationary doping in Fig 4.9.  As shown, the ultimate B uptake of flow doped samples is 

significantly less than that of liquid doped samples; whereas the former routinely exhibits 

nearly perfect uptake efficiency (i.e., the measured B concentration relative to the 

stoichiometrically predicted value), the highest performing flow doped sample was about 

half.  However, even the lowest measured flow-doping sample demonstrated significant 

improvement over the stationary-doping vapor counterpart.  Further, there appears to be 

some consistency: samples 3K-0231 and 3K-0235 were produced under identical 

conditions, with varying degrees of initial decaborane content, and exhibited similar uptake 
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efficiency.  This would seem to suggest the uptake is process-dependent (likely related to 

the aforementioned evaporation rates), with preference towards lower flow rates and cell 

pressures. 

Table 4.5. B uptake of samples produced for parametric study of flow doping conditions 

Lot # Bconc (pred) Flow Pressure Annealing  Bconc (PGAA) Efficiency 

0230 10 wt% High High 1000 °C  1.6 wt% 0.16 

0231 10 wt% Low High 1000 °C 3.0 wt% 0.30 

0234 10 wt% Low Low 1000 °C 5.2 wt% 0.52 

0235 30 wt% Low High 1000 °C 10.8 wt% 0.35 
 

 

 

Fig 4.9. Samples doped via flow-assisted vapor deposition (red hatched) under different conditions all 

demonstrate markedly improved deposition quantities compared to the non-flow-assisted (blue hatched).  

B diffusion into C pore space 

The above PGAA results confirm the successful delivery and deposition of 

decaborane to the carbon; however, in order to be considered a more effective doping 

method than stationary, it must be demonstrated to have efficiently diffused throughout the 

pore space.  Vapor deposition of monolithic carbons (as explored in Chapter 5) is shown 

to be diffusion-limited, albeit on the ~cm scale whereas MU activated carbons feature 
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diameters well below 1 mm (and often 100 ɛm) across their narrowest dimension.  Further, 

those samples were produced without preheating the carbon surface, providing a ócoldô 

surface upon which the decaborane could readily condense, especially given the now-

quantified affinity between the materials. 

     Focused ion beam (FIB) milling provides a method for exploring this.  Generally 

coupled within an SEM, the technique involves the impingement of high energy metallic 

ions onto a given surface.  This is a naturally destructive procedure that is capable of 

milling to nm-level resolution. 

Sample 3K-0235 was chosen for study because of its high B content (10.8 wt%, as 

measured by PGAA).  As B is at the low end of the detection limits for even modern EDS 

systems, a higher concentration improves the likelihood of being able to deconvolute the 

B signal from the nearby C.  Upon selecting a suitable particle and site, a 2 ɛm thick 

protective layer of Pt is deposited.  This serves to protect the integrity of the milled face by 

minimized ócurtainingô by stray ions.  A cross section is exposed first by high-current 

milling to remove the bulk material, followed by a lower current milling that polishes the 

face for analysis.  This process can be seen in Fig 4.10. 
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Fig 4.10. Preparation of a analyzable cross-sectional face from a single grain of sample 3K-0235.  A layer 

of Pt is deposited directly above the section to be exposed to serve as a protective barrier.  Bulk material is 

then removed by high-current Ga ion milling.  Finally, a low-current polishing yields a bulk face suitable 

for analysis.  

Imaging of the exposed cross-section (Fig 4.11) reveals an amorphous structure 

with areas of varying visible porosity, the diameters of which range from ~10-100nm.  EDS 

hypermapping exhibits, in addition to uniform C throughout the face, a high concentration 

of B located uniformly at the periphery.  This indicates a large degree of the deposition 

occurs on the surface of the grains.   

However, a significant amount of B is also detected across the face itself, and 

specifically in regions correlated to the visible porosity.  This result confirms that the 

vaporized decaborane has full access to the carbonôs porous network and deposits 

throughout.  Further, the localization of the observed B serves to mitigate the concern of 

the detected counts resulting from surface-deposited B having been displaced during the 

milling process. 
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Fig 4.11. Boron diffusion through the bulk.  Top left: Cross-section of a single grain of B-doped sample 

3K-0235 (10.8 wt% B, via PGAA), prepared via FIB-SEM milling.  Right: Inset demonstrating regions of 

localized exposed porosity.  Bottom left: B elemental map (via EDS) of the interior ï the regions of high B 

concentration correlate well with the visible porosity, providing evidence of diffusion throughout the 

entirety of the pore space.  

Observation of the surface boundary reveals an additional aspect of the doping 

mechanism.  When imaged in backscatter (bottom right in Fig 4.12), an amorphous layer 

(approximately 200-400 nm thick) is visible at the immediate boundary.  The reduced 

intensity of this area indicates that it is of lower mass density; this would seem to correlate 

well with the observed B boundary layer observed in the EDS map from Fig 4.12.  

However, a secondary image collected simultaneously (bottom left in Fig 4.12) denotes 

little distinction between the two regions, perhaps aside from somewhat reduced porosity, 

refuting that this could be a separate structure and instead possibly directly demonstrating 

B diffusion through the C matrix itself. 
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Fig 4.12. High magnification inset of FIB-exposed cross-section of 3K-0235 (10.8 wt% B, via PGAA) at 

the surface boundary under secondary and backscatter imaging (T2 and T1 detectors, respectively).  The 

high-density layered structure visible at the top of the cross-section is a protective Pt layer.  The Pt-C 

boundary (annotated in yellow) is clearly visible in the secondary image (bottom left), with the C appearing 

fairly uniform in structure.  A backscatter image (bottom right, collected simultaneously with secondary) 

shows a region of lower density extending >500 nm into the bulk.  Itôs reasonable to assign this to B (see 

the ring of B from the elemental map in Fig 4.11), and thus may serve as a measure of the extent of boron 

intercalation through the C matrix. 

Effect on pore space via N2 porosimetry and BET 

The pore space of flow-doped samples are shown to be similarly affected by the 

introduction of B as those doped via the stationary method.   In Fig 4.13, both the 

cumulative as well as differential pore volumes demonstrate an analogous, uniform 

decrease with increasing B content. 



56 
 

 

 

Fig 4.13. Cumulative (top) and differential (bottom) pore volumes for flow-doped samples 

Both the BET surface area and porosity also experience appreciable decreases with 

increasing B content (Table 4.6), with the surface area in particular exhibiting a similar 

loss rate as stationary doped samples (~50 m2/g/wt%, Fig 4.14).  The smallest pore volumes 

are perhaps the most pertinent to investigate; in addition to contributing the greatest 

absorptive potential (Fig 2.3) and thus shouldering much of the low-pressure storage, they 

would naturally be the most susceptible to clogging.  However, analysis of the sub-nm pore 

fraction, defined as the fraction of total pore volume contributed by pores of width Ò10 ¡, 

demonstrates minimal difference in reduction of these pore geometries, especially 
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compared to the effect demonstrated by the high temperature annealing alone (Fig 4.14, 

right). 

Table 4.6.  N2 porosimetry measurements for samples produced for parametric study of flow doping 

conditions 

Lot # Method 
Bconc  

[wt% B] 

ɆBET 

[m2/g] 
◖  

Vpore (<1nm)/ 

Vpore (total) 

0079 Precursor n/a 2680 0.785 0.275 

+OG 1000°C Precursor n/a 2530 0.782 0.260 

0227 Stationary 4.0 2440 0.776 0.258 

0201 Stationary 8.0 2030 0.742 0.260 

0208 Stationary 13.7 1950 0.739 0.247 

0230 Flow 1.62 2320 0.780 0.230 

0231 Flow 2.96 2230 0.753 0.273 

0234 Flow 5.2 1880 0.724 0.266 

0235 Flow 10.8 1620 0.702 0.254 

 

     

Fig 4.14.  Left: Flow doped samples exhibited a similar decrease in surface area as noted in Fig 4.3.  Right: 

Flow doped samples demonstrate a loss of sub-nm pore space at a similar rate as stationary doped samples.  

H2 binding energy 

The gas-solid interaction strength can be determined via application of the 

Clausius-Clapeyron relation to isothermal measurements at adjacent temperatures[70]: 
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In Eq 4.12, p1 and p2 represent the pressures of each isotherm at some constant 

coverage ɗ.  This presents a challenge when working with experimental data, as the 

volumetric method doesnôt allow for collection at specified pressures; rather, itôs required 

to fit one of the isotherms, which isnôt always straightforward (Appendix 3), in order to 

interpolate to an associated value from the other.  On top of this, calculation of the absolute 

adsorption from the experimentally determined excess adsorption requires knowledge of 

the absorbed film thickness, an exceptionally nontrivial endeavor[21]. 

 

Fig 4.15.  Representations of 77K and 87K H2 absolute adsorption curves across the full isotherm (left) and 

in the low-pressure (ñHenryôs Lawò) regime (right).  Calculation of the gas-solid binding energy via eq 

4.12 requires fitting a wide range of points and interpolating (left); doing so via 4.14 only requires the 

determination of the slope from the linear low pressure regime (right).  

At very low pressures (Ḻρ ÂÁÒ, gas adsorption can be modeled via the linear 

Henryôs Law: 

 Í Ὧ ὴz (4.13) 

 As the contribution from the bulk is essentially non-existent in this regime, the 

gravimetric excess is a more than suitable approximation for the absolute adsorption.  Thus, 



59 
 

upon substituting 4.13 into 4.12, the enthalpy of adsorption can be determined by linear 

fitting of low-pressure sorption data (Fig 4.15, right), and inputting the generated slopes kH 

into: 
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The results of the fitting area shown below in Fig 4.16, and summarized in Table 

4.7. 

 

Fig 4.16.  H2 isotherms of the undoped precursor (left) and boron flow-doped samples (right) in the low 

pressure limit.  In this regime, strong adsorbers demonstrate linear behavior and excess adsorption 

approximates total adsorption; analysis of the resulting slopes can be used to calculate binding energies. 

Table 4.7. Enthalpy of adsorption measurements for flow-doped samples 

Lot # Method 
Bconc  

[wt% B] 
Slope (77K) Slope (87K) 

ȹH 

[kJ/mol]  

0079 Precursor n/a 573 146 7.7 

0201 Stationary 8.0 613 93 10.6 

0230 Flow 1.62 617 131 8.7 

0231 Flow 2.96 444 119 7.4 

0234 Flow 5.2 478 89 9.4 

0235 Flow 10.8 271 94 6.0 
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Using this method, a representative stationary-doped sample (3K-0201, 8.0 wt% B) 

is determined to have an enthalpy of adsorption ȹH of 10.6 kJ/mol, a demonstrable 

improvement over the undoped precursorôs 7.7 kJ/mol.  By comparison, the samples doped 

via flow exhibit a much more modest improvement, with the greatest value, 9.4 kJ/mol, 

measured for 3K-0234 (5.2 wt% B); as uncertainties >1 kJ/mol are not uncommon[37], this 

doesnôt indicate an especially remarkable improvement.   

This is supported through high-pressure (p < 200 bar) H2 sorption measurements 

(Fig 4.17) where uptake in the doped sample is observed to be significantly reduced 

compared to its undoped precursor.  This can be most likely attributed to its dramatically 

decreased surface area: 1900 m2/g compared to 2700 m2/g in the parent material.  

Normalizing the gravimetric excess adsorption (units: g sorbate / g sorbent) to the surface 

area (units: m2 sorbent / g sorbent) yields the surface excess adsorption (units: g sorbate / 

m2 sorbent), a metric that isolates the contribution of the materialôs binding energy as it 

pertains to its potential as an adsorption medium.  The surface excess for the doped sample 

is shown to be only marginally greater than for the undoped parent, in agreement with the 

previous enthalpy measurements. 
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Fig 4.17. Gravimetric (black) and surface (blue) excess plots of flow-doped 3K-0234 versus itôs undoped 

precursor 3K-0079.  The reduction in gravimetric excess in the B-doped sample is likely due to its heavily 

reduced surface area; this is confirmed upon normalization, with a slightly increased surface excess 

concentration indicative of a marginally more attractive sorbent. 

4.4 Investigation of the B-C bonding environment 

Achieving the proposed augmentation binding energy through doping[36] requires 

the incorporation of boron into the carbon matrix itself; adsorption and surface bonding 

would not see such improvements, rather would likely be deleterious through obstruction 

of pore space and adsorption sites.  Therefore, characterization of the chemical 

environment of the deposited boron is of equal importance as its quantification. 

This substitution generates minimal structural alterations to the lattice, with effects 

as minor as >1 Å maximum out-of-plane deflection[71].  Therefore, chemically-based 

characterization techniques are required.  Many of these, while readily available for 

analyzing bulk samples, donôt offer any significant information past quantification (e.g. 

PGAA, EDX).   NMR would seem to be a natural fit given the high receptivity of 11B 

relative to 13C[72];  however, the paramagnetism native to graphitic materials, as well as 
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the presence of a number of various magnetic contaminants due to their origins as waste 

biomass, result in peak broadening and background contributions that hindered higher-

order analyses[73].  

Chemical Analysis: FTIR 

Fourier-transform infrared spectroscopy (FTIR) is a technique thatôs found 

applications across many disciplines.  This is in large part due to its distinct 

conceptualization as an interferometry-based analysis that probes the constituent bonds 

directly.  The resulting spectral data is representative of the various vibrational modes (e.g. 

stretching, bending, twisting, etc) characteristic of that bond, insight not typically attainable 

outside of synchrotron sources. 

To that end, FTIR was employed in an attempt to confirm the presence of sp2 

bonded boron groups within doped samples[74].  A trough at 1020 cm-1 is assigned to B-

C stretching vibration[75] and serves as the positive indicator.  However, this falls inside 

the so-called fingerprint region, a set of frequencies (typically between 1500-500 cm-1), 

that contain a large quantity of absorption bands for organic compounds[76]; this typically 

results in a complex spectral pattern that is characteristic of that compound as a whole, but 

wherein individual features are difficult to analyze.  An infrared microscope was 

implemented as a means to overcome this hurdle, which served to isolate the desired 

structures from the less-desirable surrounding environment.  This resulted in dramatically 

improved resolution across all bands (Fig 4.18, left). 

The results for sample 3K-H30 (8.4 wt% B via PGAA) are shown below, compared 

the undoped precursor.  The results do demonstrate evidence of a B-C bonding, but the 
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corresponding signal is much too weak to be relied upon for anything further than 

qualitative confirmation. 

      

Fig 4.18.  FTIR analysis of B-doped nanoporous carbon.  Left: the incorporation of a microscope to the 

FTIR system (green) dramatically improved the resolution compared to results from the native device 

(black/blue), allowing the signal from B-C stretching at 1020 cm-1 to become differentiable from the 

fingerprint region when analyzing boron carbide (B4C) as a reference material.  Right: measured FTIR 

absorption spectra for undoped (top) and doped (bottom) activated carbons.  

Chemical Analysis: EELS 

Electron energy loss spectroscopy (EELS) is another attractive candidate.  EELS 

spectra are generated the deconvolution of the TEM signal as the beam is modulated via 

interaction with the sampleôs electron cloud, rather than its nucleus.  As such, it is capable 

of delivering considerably more refined information.  For example, graphite and diamond 

would be indistinguishable by most chemical-based analysis methods; however, EELS can 

readily differentiate the two by a sharp absorption peak correlating to the pi bonding 

present in the former that is absent in the latter.  A similar distinction would be expected 

between the B signals of the native decaborane adsorbed to the pore wall and those 

substituted into the sp2 bonding environment of the C matrix. 

Sample 5K-0215 (8 wt% B via PGAA) was pressed into a KBr pellet as in the FTIR 

study.  This helped minimize the exposure to atmosphere during transport prior to loading 

into the Helios FIB for milling.  The pellet was loaded directly into the microscope, and a 
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partially exposed grain selected for analysis.  FIB milling and polishing (Fig 4.19) 

produced a 200 nm thin lamella supported by thick KBr posts on either end. 

 

Fig 4.19.  FIB milling utilized to produce a thinned lamella suitable for TEM analysis. a. A partially 

exposed carbon grain protruding from the pressed KBr pellet. b. One side of the FIB milling that exposed 

the grain cross-section for analysis.  c. Thinned and extracted lamella, mounted for transport. A large 

carbon cross-section can be seen in the upper left and a smaller section in the bottom right; the remaining 

material is interstitial KBr. d. Thinned lamella as seen from above. 

The lamella was transported to MU-EMC and analyzed using the Tecnai F30 TEM 

and its associated Gatan imaging filter (GIF) to generate EELS data.  Unfortunately, the 

main cross-section intended for imaging proved to be too thick to yield reliable data.  

Instead, a second, smaller particulate was analyzed; thickness mapping (Fig 4.20) 

confirmed this section was to be uniformly less than 1 electron mean free path in thickness, 

and thus suitable for analysis.  However, collected EELS spectra failed to generate B counts 

appreciably above background, much less in quantities that would afford higher-order 

analyses. 

 

Fig 4.20. a. TEM image of an electron-transparent region of the lamella.  b. EELS thickness measurements 

confirm the sample to be uniformly less than 1 mean free path (200 nm at 300 kV for carbonaceous 

materials), and thus suitable for analysis.  EELS scan of the region showed no appreciable B counts with 

which to analyze. 
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This highlights the main drawbacks native to this technique: it requires extensive 

and involved sample preparation, and is extremely localized in its scope.  As seen in Fig 

4.11, even a site confirmed to contain appreciable quantities of B demonstrated extensive 

regions of reduced concentration.  Thus, effective utilization of EELS would clearly 

necessitate fairly thorough screening on top of the already required milling and liftout.  

This would be cumbersome for a single measurement, and completely impractical as a 

routine characterization tool. 

Chemical Analysis: XPS 

X-ray photoelectron spectroscopy (XPS) is a powerful and accessible technique for 

fine probing of a sampleôs chemical environment.  A monochromated X-ray source 

impinges on the surface, with the resulting excitation generating the emission of 

photoelectrons; the measurable energy of each is subsequently representative of the 

characteristic binding energy.  This is similar to the output spectra of EDS, although the 

direct measurement of the ejected electron itself (rather than the associated secondary x-

ray emission) generates improved energy resolution: the unique bonding environment 

introduces measurable shifts in the binding energy, which may be distinguished via 

deconvolution of the resulting spectrum.  

Samples of interest were analyzed on the Kratos Axis 165 at the Advanced 

Materials Characterization laboratory on the S&T campus using a monochromated Al-kŬ 

source.  First, a wide scan was collected across the full range: 0-1100 eV, using a step size 

of 0.5 eV.  In addition to serving as a quality control check of the sample, it provides rough 

quantitative data via single-peak fitting of the features.  Higher resolution scans (step size 
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0.1 eV) were also collected in the regions corresponding to the 1s orbitals of B, C, and O 

for deconvolution (Fig 4.21). 

 

Fig 4.21. Example of XPS data collected for sample 3K-0205, doped via stationary deposition to 9.7 wt% 

B.  Top: A full spectrum reveals the elements present; simple peak fitting yields a rough quantification.  

Bottom: High-resolution scans of the regions corresponding to the 1s component of B, C, and O 

(highlighted in top) allow for more refined deconvolution. 

For this analysis, 6 unique bonding configurations are considered: C-C (graphene-

like carbon in an sp2 arrangement), B-C (boron substituted into the graphitic sheet), B-B 

(non-substituted boranes, e.g. deca-, di-, etc), C-H (terminal methyl/methylene groups from 

sheet peripheries), and miscellaneous oxides C-O and B-O.  Some configurations are 

unique to a single element, however most would naturally be expected to contribute to the 

features of both constituent elements.  This thus makes for 9 total peaks to be analyzed 

between the 3 individual elemental features: 
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Table 4.8. Peak positions and FWHMs used for deconvolution[77]ï[79] 

Signal RSF Bond Position (eV) FWHM (eV) 

B1s 0.159 

B-B 188.5 2.0 

B-C 191.0 2.5 

B-O 193.0 1.9 

C1s 0.278 

C-B 283.5 1.0 

C-C 284.4 0.8 

C-H 285.0 1.5 

C-O 286.5 1.5 

O1s 0.780 
O-B 531.8 1.8 

O-C 532.8 1.8 

 

Included in Table 4.8 are each signalsô relative sensitivity factors (RSF), empirical 

scaling terms which compensate for the variation in signal intensity from different 

transitions; their incorporation is fundamental to performing accurate quantification.  Peak 

deconvolution is remarkably non-straightforward and can yield dramatically different 

outputs for relatively minor variations in constraints.  This is apparent when considering 

the proposed deconvolution for the B1s feature: the B-C peak is the primary focus, but is 

located in between two valleys observed for virtually all B1s regions of doped samples (Fig 

4.22).  This introduces a potentially high degree of high degree of ambiguity in the ultimate 

quantification of this feature (Fig 4.22).  



68 
 

 

Fig 4.22. Two potential deconvolutions for the B1s feature of sample 3K-0205, demonstrating possible 

extrema in determined B-C concentrations. 

A set of relationships are thus established in order to aid in generating reliable 

quantification information.  They are comprised of peak areas from deconvolution in 

addition to the aforementioned sensitivity factor, and serve to generate individual feature 

weights. 

Table 4.9. Terms involved in peak deconvolution refinement 

Parameter Description 

ὥ Area for each fitted peak of bond type z in the spectrum of element y 

ὃ  Total area of element y: ὃ В ὥ 

ὼ Fraction of bond type z in the spectrum of element y: ὼ ὥȾὃ   

ὢ  
Fraction (concentration) of element y within the sample: 

 ὢ ὃȾ„ ȾВ ὃȾ„  

„ óRelative sensitivity factorô (i.e. scaling factor) of element y 

The first set, labeled the óreciprocal equationsô, require that signals from a single 

bond must comprise equal representation in each of the separate spectra: 
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The next set, labeled the óconsistency equationsô, require that the total concentration 

of each element be accounted for via the individual features.   

 ὼ ὢ
ρ

σ
ὼ ὢ ὼ ὢ ὢ  (4.18) 

 ὼ ὢ σὼ ὢ ὼ ὢ ὼ ὢ ὢ  (4.19) 

 ὼ ὢ ὼ ὢ ὢ  (4.20) 

When used in conjunction with the CasaXPS fitting software, incorporation of these 

equations to the deconvolution process allows for a quantification thatôs guided by physical 

rather than solely statistical significance.  An example of such a protocol is given in Fig 

4.23, wherein 3K-0205 is found to contain 0.9 wt% sp2 bonded boron. 
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Fig 4.23. Example deconvolution for sample 3K-0205 for the B1s (left), C1s (top right), and O1s peaks 

(bottom right) after background subtraction.  To aid in deconvolution, individual peaks are correlated 

across elements within the spectrum via the equations described in 4.15-20, e.g. the feature attributed to B-

O bonding in the B spectrum is considered in conjunction with the feature attributed to O-B bonding in the 

O spectrum for consistency. 

The results for the flow doped samples (using both standard and massive annealing) 

are shown Table 4.10 and Fig 4.24 below, along with representative stationary doped 

samples.  In addition to containing comparable overall B content, they demonstrate similar 

sp2 B content.  Further, the massive annealing process is shown to improve the óefficiencyô 

of the doping process by significantly increasing both the total yield and the ratio of sp2-

bonded B.  The former is made apparent through each sample trending towards the solid 

line in Fig 4.24, which represents 100% of B in an sp2 arrangement. 

  




























































































































































































































































































