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ABSTRACT

Hydrogen and naturglas offer a promising avent@wvards reducing greenhouse
gas emissions in the transportation sector; however, storage posefigialbchallenge,
with currentsystemgequiring prohibitivelylarge and bulkyhardware Adsorbentmedia
notably nanoporaiactivated carbons, have seen significant developioatds making
such solutions viablebut none haveet to demonstrate thgerformancenecessary to
supplant existing technologies.

Presented here is tlsgynthesisand optimization of two materials designed to be
especially competitiveas well as the technigues implemented to characterize them. Boron
doping of nanoporous carbons, with the incorporation of carrier gas assisted depissiti
proposed to enhance the surfacebds binding
inherent pore spaceThis process explicitly demonstrates complete infiltration of the
carbondés i nt daciltates borerosubstitugon @ a dreaextent relative to
other similarlyproduced materials. Carbon nitrides, specifically the graphitic isomer g
CsNg4, are theorized to produce adsorbents with surface areas and binding energy in excess
of activated carbons via facile synthesis. Crystallplgi@ investigation reveals the
previouslyreported synthesis methonhsteadproduce a polymeric structure; this results

in ahighly-aggregating bulk that strongly resists exfoliation.

Xviii



CHAPTER 17 Introduction and Motivation

Man-made climate chandeas emerged as axistential threat to the survival and
long-term welltbeing of our speciesThe dramatic ge in global temperature, which has
seen steady ye@wveryear increases since the industrial era, is subsequently well
correlated with C@emissions associated twifossil fuel consumption (Fig 1,lhis has
contributed to atmospheric G@vels that well exceed anything recorded within the last

800,000 yeafq].

Coal Consumption
Petroleum Consumption
Natural Gas Consumption
—— Cement Production

Yearly Average
—— 5-¥r Running Avg [ 8000

issions

(million metric tons)

6000

4000

Global Temperature Anomaly
(*C relative to 1951-80)
Global CO, Em

2000

1880 1900 1920 1940 1860 1980 2000 2020 01853 1900 1920 1840 1980 1980 20‘00

Fig 1.1.(left) Global temperature anomaly relative to 192B(2], [3]. (right) Cumulativeyearlyglobal
CQO, emissions for the predominant sourahsring the same time perig, [5].

The United Nat i o [6]s<keeksPta timitsthe Aisprire glaba n t
temperature to 2°C above preindustrial e | s a benchmark | evel
herald catastrophic consequences to global ecosystems. Already ajudutess this

limit, it may be unavoidable given current consumption and pojifiedndeed, some of



the less optimistic models predict global temperature increases as high as 4.8 °C by
210(8]; to put this figure in perspective, this is similar to the warming that superseded the
Last Glacial Maximum over the period-20,000 BCHE9], whereby global ice coverage
was reduced by 60% and resulting in a 120 m rise in se§liéjel

The implementation of greener energy sources, such as nuclear, solar, wind, etc,
have made strideswardsaddressing this. However, whileeserenewablegontinue to
account for an increasing share in globaérgy productionthey currentlyonly comprise
just over 15%altogether.Further, the transportation sectahich makes up &6 of total
U.S. energy consumptiofand 25% globally), is especially reliat on fossil fuels with
biofuels constituting the only meaningfobntribution fromrenewablesourceg~5% of

transportation sector consumptibh]).

Energy consumption by source, World, 1965 to 2018

Energy consumption is measured in terawatt-hours (TWh). Here an inefficiency factor has been applied for fossil
fuels, meaning the shares by each energy source give a better approximation of final energy consumption

100%

Global
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Other B
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B Industrial
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Source: BP Statistical Review of World Energy (2019) OurWorldinData.orglenergy *
Note: ‘Other renewables' includes geothermal, biomass and waste energy

Fig 1.2.Left Evolution of dobal energy consumption by souft2]. Right Global (ca. 201213]) and
U.S.(ca. 201911]) energy consumption across the major secfypproximately5%o0 f t he U. S. & s
transportatiorsector fuel is generated via renewable sources.

Hydrogen and natural gaswered vehicleprovideonepathway tevards a greener

transportation infrastructure, with natural gas currently accounting for 3% of the
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transportatiorsector consumptighl]. Vehicles running on natural gas generatEl66
lower levels of greenhouse gasses compared to traditional gébé]jtgydrogen fuel cells
offer an even more attractive imt@ve in that the only direct byproducts consist of water
and heat.

While examples of consumgrade natural gas vehicles can be found (danda
Civic GX), the vast majority exist at the industrial and municipal level:-logugl trucks,
city busses, reke trucks, etc. This is direct result ofthe challenges associated with
storage. As a gas, tlgasolinegallon equivalen{GGE) of methane, i.e. the quantity of
methane required to equal the energy content of one gallon of gasctingjes 3.6 rhof
volume (~950 gallons) at STE5]. This is naturally compounded for hydrogeth GGE
is 10.1 ni (~2700 gallons). Overcoming this constraint involves extensive modifications
to existing storage systems; as such, current vehicles store natural gas either as highly
compressed (CNGJequiring large, bulky cylinders that reduce cargo/passenger space,
as liquified (LNG), which necessitates the incorporation of cryogenic instrumentation both
onboardandfrom the filling station. In the previously mentioned Honda Civic GX, the
storage tank occupies a significant amount of what would otherwise babdedilunk
space. Contrast this with current electric vehicles, whereby the absence of a traditional

combustion engine producadditionalstorage space for the consumer (Fig 1.3).



[17]. Right Without the need for a conventional combuseémiging EV6s such as the Tesl .

capable of providing additional storage sja8g

In order to make natural gas (and ultimately hydrogen) vehicles viable in the
consumer markeit is imperative to address the issueglved with storage The U.S.
Depart me nt Ofock of Energy Effigielcy & Renewable Energy (DEHERE)
is spearheading one such initiative. As part of this, they batlmed a number dargets
regarding system costHdelivery, and storage efficiencin particular are the mandates
of 65 g B per kg system mass and 50 gper L system volunj&9]. Such goals require
densificationto levels approaching liquiddH } = )7dder ghé ¢onstraint of reot-
unlimited total system masBor instance, to achieve 25 GGE requires 25 ¥8®, which
must therbe stored by a system not exceeding 360 kg in mass and h3atal volume.

Adsorption provides one such meaasvards potentially meeting these goals.
During adsorption, the molecules of a gas or licaidorbateadhere to the surface of a
solid adsorbentthis results in a high density film of the adsorbed material. Impressively,
it has been shown that a number alb&sed substrates are capable of gimey adsorbed

films significantly in excess of liquid H>100 g H/L sorbent at 77K1]). When coupled
4



with the exceptionallyhigh surface areaative to many materiglsadsorption proves
exceptionally competitive.

In the K storage community, metakganic frameworks (MOFs) have been the
subject of particularly intense interg]. MOFs are coordination polymers comprised of
metallic clusters linked via organic ligands; these systare highly tunable, generating
inter-connected 3D skeletons whose unique structures festhe particular precursor
materials used. MOFs are notable for their extraordinary surface areas, with values as high
as 7000 rfig reported and upwards of A@0 nt/g theorizef23]. However, the labor and
cost involved in the synthesis currently limits production to the laboratory scale, posing a
significant challenge to any industrial implementafay). Further, despite considerable
study, MOF materials have been unable to mbestly meet DOE H storage
benchmarki®5].

Activated carbonslo 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 otherwiseconsideed waste materials, such as olive sg26], coconut shell27],
peach pitR28], and corncof29]. Further, the processing of such materials typically
requires simple and inexpensiggfoliation and ativation treatments, making them quite
amenable to industrial scaling.

Chahineds rule demonstrates that t he
materials improves directly with surface dBf§; given thatactivated carbons are
renowned for heir naturally high surface areashey would be expected to be
correspondinglgompetitivestorage mediaHowever, high surface area activated carbons
have consistently failed to meet the aforementioned t§8Jé¢tsAs activated carbons can

5



be characterized as disordenedividual graphene shed82], (with aknown ideal surface
area 2965m?/g[33]), this may implya maximum uptakehreshold

Thus, to improve the storage capabilities of grapHes®ed materials requires
augmentation of the #solid interactionresulting increased density within the adsorbed
film. Such an effect may be induced warfacefunctionalizatiofi34]i [36], and the

efficacy of two such attempts will be deibed here.



CHAPTER 2 7 Adsorbent Metrics and
Characterization

2.1. Basic metrics of porous media

The most analytically simple model of a porous material is binary, with constituent
solid and void phase¥{iid andVpore, respectively). Various volume fractions pide the
natural language upon which the groundwork of more refined analyses will be built.

First, the bulk densitypruk assumes the traditional definition of total mass to total

occupied volume:

" K o o (2.2)

This density varies based on the specific morphology of the material. The absolute
density of the material itself (thesoa | | ed 0 s k ja«h) excladés@any dwailaldel t y

intrastitial void space within a unit:

(2.2)

By and large, the skeletal density is function of the particular chemistry and
crystalline basis present. Various graphbased structures have been reliably measured

via He pycnometryish o us e t o } S[&kdonsistenPwitlOtheyaluesmssociated
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with amorphous carbon (:&1 g/cni) and lower than pure graphite (2.3 gfj®8]. This
difference is due to including gassnaccessi bl e voids (6closed
definition of the bulk solid.

The total volume of the pore space contaweétin a sample, normalized to sample
mass, is a crucial characteristic of porous media and is measured directhyuyitake at
just below the saturation pressure (Bpecifically, 0.995 P/} at 77K. Under these
conditions, liquid N fills the entire pre space via capillary condensation. Analytically,

the specific total pore volum@R\) represents the quantity:

YU & a (2.3)

YO & ;— (2.4)

The gravimetit dependence inherent to the total pore volume constrains universal
comparison. Thus, the porosity (or pore fracttorg introduced:
%ok ©
ook o (2.5)
This value, which represents a structuralgnd compositionalhndependent
characteristic quantity, reflects the fraction of the individual unit medium (particle, grain,

sheet, etc) consisting of voids available to gas and naturally is constrainedoontie O

O«O 1is determined analytically from TPV measurements via:



o P
%ok 0 NG & (2.6)

The porosity serves as one of the paramount quantities in the characterization of
porous media as it represents the space physically accessilgjas. However, adsorption
is ultimately a surfaceased phenomenon and thus relies on the availability of sample
surface as well. This characteristic is quantified via the specific surfacdZavelaich is
determined by applying the BrunatemettTeller (BET) theory39] to N sorption
measuremestin the pressure range 0:0D3 P/R.

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 4oss 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).

Increasmg o} Increasing 2
—
~Constant ~Constant ®

Fig 2.1. lllustration hghlighting the independence of porosity and surface area. Removing large sections of
volume results inincreasedwi t h  mi ni mal change to F,-conthiodse r emovi n
sections yields the inverse.

2.2. Van der Waals Interactions

The gas slid interaction is mediated by two opposing interactions:

1. A steep, Pauliike repulsive potential
2. A smoother, attractive London dispersion (dipdipole) potential



The net of these forces is known as the Van der Waals interaction. Many
mathematical models exist to describe this phenomenon, perhaps most notabhéthe 12
LennardJones potential. While computationally and analytically accessible, it holds up
less well under especially rigorous scrutiny when applied to specific systems abov
monomol ecul ar ones i n -4& porteptibl geq. 2.7y hag Begn; St e
demonstrated to more reliably describe the starge repulsion of a sokiduid

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

B 0z - = = (2.7)

Here,Ey (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 positioR{y) is in equilibrium.  represents the distance at which

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

atoms.
; — Attractive
44 | Repulsive
l‘ |----- Combined|
2 ‘.
o .
— 0
=
E
2 2
| -
5 < Binding energy
e
6 4
-8
-10 v T T T T T T T T 1
0 2 4 6 8 10
Distance from Wall (Angstrom)
Fig 2.2. Potential schematic of a representative system, usingfE 5 k J/ mo | , eqdilibiem 2. 5 |, a

distance ;= 2.9 A. 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 gs molecule residing in admensional sorbent will naturally be subject to
contributions from multiple sources. A grapHitee material is assumed to consist of slit
shaped pores, i.e. a geometry defined by two ~infinite parallel sheets. The tdiad) bin
potential in this configuration is thus calculated as the sum of the contributions from each
opposing sheet (Fig 2.3).

' |

|
[ \ |
54 || / N |

‘,

o I 1
MM
(VN

10 Wall Separation = 784
= from Lef

Wiall Separation = 5,84

Wall Separation = 154 | & - |
—— from Left | @ from Laft

—— @ from Fight s froen Right s & trom Right v @ from Right
Coenbined o —— Gombined & —— Combined & ) —— Combined

H, to sorbent potensal in pore limol

&
1o sarbent polontal in poro (kUmel)
H, %0 worbenil poteral in pore feimel)

i

s

=
—

H, 1o sorbant pobertisl in pese (elimel)
“

LFI T 0 2 w12 [} 2 4

4 6 8 B 8 Mmoo 14
Distance from Lef Wall {4) Distance trom Laft Wall (4)

oz 4 & & M iz 14 L]

o 4 8 8 10
Distance from Lef Wal (A) Distance from Laf Wal (A)

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

calculated using the(14 Steele potentipdQ] for a system with 6.5 kJ/mol. Physical locations for each

wall are represented by theaxis and the vertical blue line, respectively. As the waaksbrought closer

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

up to double each wall és individual bindingyg energy

For large pores (widtkr> 2*Req), the walls act essentially independently as the
potential for each quickly decays for langeAs the walls close in, the potentials begin to
overlap, ultimately yielding a value double that of the individual walls for a pore width
double thabf the equilibrium distance. In this scenario, the superpositioned equilibrium
positions will cause gas molecul@sform an ultradense 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
intermol ecul ar repul sive forces that medi a:

11



adsorbed fin ( aas OJ buk) along the surface of the solid; the precise density of this film

will vary

by

sampl e

and

snot

readi[2l]y

det e

Because of this neocharacterized second phase in the system (along with the bulk gas that

matches the inlet pressure), measurement of adsorbed gas storage is matably

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 usingzNorption) allows for the d¢eulation of gas molecules

contained in a noadsorptive 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.

adsorption metric capable of direct measurefddht Normalization to the sample mass,

This quantity is referred to as Gibbs excess adsorptipand is the only

as would be required for an applesapples comparison between samples, returns the

gravimetric excess adsorpti§ey).

O O

@)

@)

oN X JO)
@)

@) O
@

@ O

®

J

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

sorbertbased 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 lame 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 arewo 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

12



weighed. Thalifference 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 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 forlaasuof 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 AICRAFT lab: gravimetric instrumenieft), and manual
(middlg and automatedi@ht) 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 e@afe of measuring H
reliably, as the small mass ot kelative 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 digitalbpllected. 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 intege instead, data is fitted to a model and interpolated to the

desired value.

13



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
ableto 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 saturation which coincides with the plot of exe® adsorption vs
pressure dropping to zero (Fig 2.6).

Recently, it has been demonstrated that the saturation density of several different
carbonbased samples of varying morphologies were universally similar10@ H/L
sorbent at 77K), and remarkgbgreater than that of liquid hydrogen (71 g/L at J@K);
this can be interpreteas support for the integral role the unique HydreGanbon 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 sudaghenomenon, is mediated by two main material
properties: the total sur f ace -gayiatardctorb | e ( F
(Ev). It has been well documented that excess adsorption scales linearly with surface area
(1 wt% maximum H excessadsorption per 500 ffg at 77K30]), so normalization of an
excess adsorption plot to the surface apsidl excess adsorptidrthus represents an
indirect measure of a samplebs effective b

Ultimately though, while tremendously useful in characterizing and comparing
sampek 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 informatiom fan
engineering standpoint, requires quantification of both gas phases: excess and bulk.
Therefore, the totagjravimetric storage capacityGs) is calculated through the addition of
the quantity of gas in the bulk n@usorbed phase to the previoustyatmined 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 consistesitme. 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 preferablmetric 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:

o 0 " %0
0 %

(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\asuheetric storage
capacity(Vs). The volumetric storage capacity is often the preferred reported value over
the gravimetric for a number of reasons, among them:

1 In automotive applications, the addition of additional tank mass is generally not an
issue. However, as space is a fimtenmodity (particularly in personal vehicles),

volumetric efficiency is paramount.
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1 While Gstis a quantity that may only be compared to other sorbent matéfials,

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

plottedagainst and compared to analogous systems, notably the raw compressed

gas.

The volumetric storage capacity\6 expressed thus:
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Fig 2.6. Plots of gravimetric excess adsorptieft), gravimetric forage capacity (6g middle, and
volumetric storage capacity {/right) of representative MU nanoporous carbon@X9 at 77K. Data are
represented by black squares, with applied-®ando fits in red. Plotted alongsMs the bulk gas density

repored from NIST42].

As an analogue to the total storage capacity of a material, themnodaint 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 ftamial endeavor as it relies on precise

knowl edge

of

f

m

t

hi

subsequently up to significant deldatd, [37].

ckness,

a

characteri

Various methodologies exist which

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

culminating in conflicting results. Because tiu r k i

snot

dedi cated t

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

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

0o — (2.11)

Si mul t aneou gad g ltretquantity @f gasfdisplaced by the sorbent
material, subsequently yields the effective domain in which adsorptive storage exceeds that

of compressed gas.

250 |
N N = Br-0311
~ - — -High P. lin. extrap
~ PR

200+ N Pgas" Pskel
@)
[}
{V
T i
5 150
2
w
w
8 1004
x
L
=
[
O 504

T T T T T T T
0.0 0.1 0.2 0.3 04

Gas Density (g/mL)

Fig 2.7. Gx (CHa) of MU carbon monolith B311 with high pressure linear extrapolation. Simultaneous
pl otting of «e=.0g/@L)yields thewdsmain ip 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 MNsorption. This value reflects the fraction of void space within
a grain of material, explicitly excluding any interparticle voids that exfghile 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 fractidrfanalogous to the formatystallographic definition) is

introduced:

K —— (2.12)

In this formulation, Vocc (the volume occupied within a tank) includes all
intraparticle volumes (solid, as well as open and closed pbrembent grains are each
considered uniformly spaddling. From here, a new porosity that represents the true

void fraction of a tankis generated:

% E% p Q (2.13)

The first term refers to the tank void volume contributed by intraparticle pores, with
Lsrepresenting the ficrystalline porosityo
determined by Blsorption. Thesecond 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 = O gives a tank porosity corresponding to an

18
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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 valuentspres
the highest possible particulate density, as the theoretical maximum of f = 0.74
(coordination number 12) is unattainable for pow&}s

The tank porosity (eq. 2.13) may be i mp
the gravimetric and volumetric storage capacities within a packed sorbent tank. Through
the additional void volume now aaaated for,«; O «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.
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o
o
o

)

N
N
w

900 - Gravimetric storage 1 soo | Volumetric storage . -
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~

o

o
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(=]
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o
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o o

o o
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B =1 (individual particle)
O f=0.63 (close-packed bed)
—.f=.0 (compressed gas) 4

B =1 (individual particle)
O f=0.63 (close-packed bed)
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S o
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o

o
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0 50 100 150 200 250 0 50 100 150 200 250

Pressure (bar) Pressure (bar)
Fig 2.8. Tank gravimetric and volumetric CH4 stge 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 powdei0BK6 (1= 0 . 8 2 , #2700 m

Grams Methane / Kilogram Carbon (g/kg)
(2}
]

Using Gt = Gex1 (as additional void space has no effect on excess adsorption),
these quantities, relative to the performance within individual grains, can be analytically

expressed via:

0: 05 Qo (2.14)

O Fop p @ (2.15)



GsttandVstsrepresent the gravimetric and volumetric storage capacities of a packed
tank at some packing fractidnGst1 andVst,1 are the analogous intragranular values.

The tankGst features an additive term that corresponds to surplus gas storage for a
fixed sorbent mass, the effect of which is greater for grggder As expected, this value
i ncreases t¥O0,Me dase oftarheepty, compressed tank.

The tank \4 is composed of two terms: f*¥1 corresponds to adsorptive storage
within grains, while (If )ag¢corresponds to nonadsorptive storage between graigsg. V
decreases with f due to the increased cont
ultimatelymi r r ogisin thegimigfY 0. At sufficiently high pressure (as dictated by eq.

2.11) and for alf, Vstsrequals and is subsequently exceedegqhy

Table 2.1. CHtank vs crystalline storage capacities of@846 at 24°C (from Fig 1.8)

Pressure Gt/ Gsta Vstf/ Vst1
35 bar 1.15 0.72
100 bar 1.30 0.81
250 bar 1.52 0.96
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CHAPTER 3 7 Morphological and Chemical
Characterization of Activated Carbons and their
Precursors

3.1 Chemical activation of bhiomass

Activated carbons are nanoporouosaterials 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 ultih surface areas (approaching 300%ginthat are
attainable via processes thae doth inexpensive and labor niortensive. Relative to
other nanoporous media (metabanic frameworks, zeolites, etc), activated carbons
represent exceptional efficiency in the yield per cost.

Integral to this is the range of available starting mdtgrias essentially any
carbonaceous biomasses are capable of generating activated carbons. This includes
products that are otherwise considered waste: olive $&@jesoconut shell27], and
peach pitR28], just to name a few. The US8idwestbased ALLCRAFT team
subsequely selected corncob as a precursor mat@egJ

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 HsPQy) to isolate and break down the major organic components;
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subsequent pyrolysis and washing yields a graplikic material, designated a3har.

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

Further pore developmentaurs during potassium hydroxide (KOH) activation.

Here, hydroxl groups react with ngmaphitized carbon to generate new porosity, while

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

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

offering tunability to particular pore modalities.
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Fig 3.1. Evolution of the nanoporous space of biomass corncob as native, after acid charring, and after
chemical activatio@4]. With each step, the total pore volume increases dramatically, propagated via the
introduction of distinct 7 and 15 A pore populations.

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

Lot # E {gn «
Corncob 7 0.04
Charred Biomass 1200 0.59
Activated Carbon 2500 0.78
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3.2 Corncob precursor

The starting materi al for GiMO®GColmaxt 4 9@GD €
produced by The Andersowsrporation. This series is produced from the woody ring of
the corncob, which comprises its bulk by mass, yielding a high density, granular material

thatds highly sorbent, dublabl e and contain

WOODY RING

Fig 3.2. Diagram of the different parts of the corr{ddh 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 partcular grade (4060) is so named due to being comprised primarily (~85%)
of grains sieved between 40 and [46]0SEMesh ( 4
analysis (Fig 3.3) confirms this: rudimentary size analysis finds that the short dimension
of almost all grains (n=52) to be between 20 0 & m. There i1 s wide
aspect ratio, withhe longer dimensions ranging from square to double (A.R-A%)Q

some were even longer, with several grains approaching 1 mm in length.

23



500 Q_{/\;".o
¢ [ ]
_ s ° ©
g 400 4 ° oo i "
— ', /’Q
’ e %’ «?:,/QF‘)
= ’,". o%® l’,s‘//\x .
= 300 ! A o s * o )
GCJ ! ° '.’, B —':zé
5 £ e Lo RR
o 200 = ° ,,'o'. e
+ i a -~
{ < ’ ’1 —’,'
2 100 A S
(Va) /, ’f ”’«
t:a:,—"
0a2"
0 200 400 600 800 1000
Long Dimension [um]
Fig 3. 3. Particle analysis of the raw corncob mater

Particle size are in line with the manufacturer specifications (2350 5 e m si ev e)

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 asf6]; 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 @\&ral 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 4ig 3.

Twm m

Wit% #1 #2
C 50 51 52
o) 47 48 44
K 1.5 0.5 2.3
Cl 0.5 0.2 0.2
P 0.1 0.1 0.6
Si 0.1 0.1 0.5
Cu 0.2 0.2 0.1
Mg 0.1 - 0.4
Al 0.1 0.1 0.1

53
45
1.6
0.5
0.3
0.1
0.2
0.1
0.1

SEM imaging of the surface reveals a porous, celldi&@semicrostructure. This

is inline with what would be expected, given its reduced listed density (0.35) gétative

to granul ar acgst2i00gichd,epy=1c2a g/cbip n s
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400 pm

Fig 3.5. Cellulosdike 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& Along the reaction pathway, the average siz& of6 | ar ge 6
grain decreases from approximately 450 em
char appears largely relatively uniform, the activated carbon exhibits a significant variance,
includingdiametersv e | | bel ow 100 & m.

The considerable porosity activated carbons is most immediately evident via the
large (<1650 &€ m) macropores that riddle individu
reveals these to be products of the initial charring. While certainly not negligible; the N
results reportedh 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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Raw corncob [SZNg

b

Fig 3.6. Macrostructure comparison of corncob precursor (left), its product after charring (middle), and
final activated carbn (right). Each stage is shown to result in a decreasing particulate size; representative
mar kers for 450 & m, 350 & m, and 250 em help demonst

i Per Y% WS B . D} AV A
mag | HFW | det | —m™——— —— WD |mag 8| HFW | det —— 400 ym
125 x [1.02 mm|ETD 2.00kV|7.8 mm| 150 x (853 ym |ETD

Fig 3.7. Microstructure comparison of a char before and after activation. The large 0-10¢ ¥ Vv o
observed in MU activated carbons are demonstrated to form during the initial carbonization process.
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Raw corncob

Char-0069

3K-0079

Fig 3.8. Nanostructure comparison of the three stages of activation, at 10kx (left) and 40kx (right). At
these length scales, the effects of thenasltal 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 smodotbt
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 activanh

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 yigltttler
contrast, especially when mounted to carbon tape. However, BSE imaging0&f73K
demonstrates a remarkable amount of high contrast. In addition to sporadic particulates,
which may be attributed to contamination introduced anytime between signtioe
imaging, there are discrete regions within otherwise normal individual grains that generate

high backscatter contrast (Fig 3.9).
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20.00 kV|10.0 mm| 50x |2.56 mm|BSED 20.00 kV[10.0 mm| 50x [2.56 mm|BSED

Fig 3.9. In addition to minor contamination via sporadic kiginsity particulates, backscattered electron
(BSE)images of 3K0079 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 bgafiptende-

spread, if not ubiquitous.
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3K-0079: Particle #2

“m Bare grain surface
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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 signalrisiprase
otherwise visiblyclean grain. This indicates potentially wideale 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 4PQs) and basic activation (KOH) are similarly aggressive
to stainless steel, especially at elevated temperptiiiepl8]. A similar analysis is carried
out on a grain from the precorschar0069, 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 higlensity particulates can be seen throughout,

with EDS confirming tlem to be stainless steel.
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Fig 3.11.EDS chemical analysis of ch@069 (the precursor of 38079 from Fig 3.12) is devoid of Fe,
indicatingcontamination likely occurred during activation.

This also helps to provide some additional context into thereatf 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 contiamingay be most likely
attributed to leaching iron from the walls of the stainless steel reaction vemsassue
t hat woul d be expected t o compound, Wi
weakening the material.

During largescale production, disete steel particulates could be fairly easily
separated out by sieving or a magnetic trap; a reacted product that has interacted with an
unknown guantity of material poses a much more significant concern. In addition to the
unpredictable effect this waillhave 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 materitdsnel, a nickel copper
alloy, has been long touted for its corrosion resisf@®eand 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 feom thos
using the o6traditional é stainless steel
morphological characterization.

Crucially, BSE imaging reveals a consistently uniform granular contrast (Fig 3.12),
with the only highdensity regions constrained tasdiete 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-krgle processing of

biomass material (steel, silicateetc).

“HV | WD |mag@| HFW | det | —
20.00 kV|10.5 mm| 50x [2.56 mm|BSED

20.00 kVI10.7 mm| 50x |2.56 mm|BSED

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 higltensity particulates, none demonstrate the intragranular Fe contamination
seen with the stealynthesized samples (Fig 3.9).
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Fig 3.13. EDS analysis of 1.68081 activated carbon (bottom) and its precursor ©bZ0 (top), both of
which were synthesizkin 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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CHAPTER 4 7 Boron Doping via Flow Depositior

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 gasolid interaction
The large surfacaareas and microporosities generated through the activation
process have long made activated carbons an attractive medium for various applications,
such as water filtratidb0] and as a medical treatment for ingested po[&dfs Due to
the carbonds native ability to reversibly
groups have investigated its potential as a hydrogen and methane fuel storag@sjystem
[52], [53]. A major advantage is the ability to tune pla@ameters of the pore space through
varying activation parameters to achieve desired porosities, pore size modalitteq, etc

[55] (Fig 4.1).

35



Activation temperature: 700 °C

0.26
0.24 -
0.22 -
0.20 4
0.18 -
0.16 -
0.14 -
0.12 -
0.10 -
0.08 -
0.06 -
0.04 4
0.02 -
0.00 L+

20

Cumulative pore volume (cm®/g)
© 0O 0 0 O o 4 o4 oo oa
Sk > oo s O ®

N AR AP P A

Differential pore volume (cm3/(A.g))

Pore width (A)

Fig 4.1. The porous structure of carbonkighly controllable via the various activation parameters. Here,

itds shown that the pore modality, and consequently
the activation agent (potassium hydroxide, KOH); the sample name is indicatineeioitial mass ratio of

KOH to 55].

Despite this controllability, carbonaceeiased sorbent systems have been unable
to meet requisite storage targets outlined by tt& Department of Energy for droard
systemfb6]. To that end, significant efforts have been directed toward improving the
binding energy of the material via surface functionalizg8dh One such approadias
focused on the direct incorporation of boron into the graphitic lattice; Monte Carlo
simulations for systems impregnated witl® wt% B predict an increase in Hinding
energies from -8 kJ/mo[57] to as high as 13.5 kJ/mol and storage capable of meeting

2010 DOE goals6].
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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 systemsyarious 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. Decaboranei(Bl14) was has been utilized as the doping agent as it contains a

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

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

very volatile, decomposing into diboranekB) and elemental boron at 300[%8].

Fig 4.3. Chemical structure of decaboranglB4)[59].
efficient B carrier to the micropores of a@ted carbons.

It 6s

compact

octadecahedr

There are two main components to the doping procgitjr¢60]. First, crystalline

decaboane 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 babked o
manufacturero6s recommendation: alumina i s
to around 1750 °C), but is susceptible to cracking under thermal[8ipcKk-inally, 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 & depositiof60], while later iterations proceeded immediately to
annealing@7].

A selectionof 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 detecton 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
concentrions (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-fsonption is
shownto have a corresponding decrease of about 8@ for each weight percent added

(Fig 4.4).

38

(



Table 4.1. Comparison of surface areas from precursor and-tigpied carbons

Precursor

Doped SampB Conc[wt%] E fogin o E%g oH [ kJ,
2K-0286 n/a 1940 n/a b
2K-0248 1.7 1670 -270 b
3K-250C n/a 2700 n/a b
3K-H30(l,A) 8.4 2300 -400 b
3K-600C n/a 2600 n/a b
3K-H60(1,A) 8.6 2100 -500 b
3K-H60(1,B) 6.7 2100 -500 b
3K-H75(1,A) 1.8 2400 -200 b
3K-0079 n/a 2660 n/a 7.42
3K-0201 8.0 2030 -630 8.38
3K-0202 5.8 2300 -360 b
3K-0205 9.7 2260 -400 7.76
3K-0207 12.4 2000 -660 b
3K-0208 13.7 1950 -710 b
3K-0209 14.8 1700 -960 b
3K-0211 6.2 2180 -480 7.76
3K-0212 7.4 2100 -560 b
3K-0226 3.4 2300 -360 b
3K-0227 4.0 2400 -260 b
3K-0285 n/a 2590 n/a b
3K-0219 8.7 1980 -610 b
4K-0288 n/a 2790 n/a b
4K-0240 1.5 2530 -260 7.32
4K-0244 1.6 2460 -330 7.61
4K-0245 3.9 2490 -300 7.62
4K-0246 4.1 2370 -420 7.38
4K-0747 3.6 2350 -440 7.07
4K-0748 5.6 2390 -400 8.27
4K-0749 5.9 2250 -540 7.22
4K-0750 6.9 2190 -600 8.09
4K-0751 5.9 2490 -300 7.38
4K-0752 9.1 2060 -730 7.24
5K-0280 n/a 2700 n/a b
5K-0215 8.0 1950 -750 9.64
5K-0742 3.9 2350 -350 b
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Fig 4.4. Results of boron doping via liquid deposition of decaborasnkl{B. Left, Bottom: Surface area is
shown to decrease by aroundrbflg for each Wi 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 thetehsedia

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 decease 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 mehod proved to be ineffective, yielding only a small fraction of the boron
concentration found in samples doped via
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 3KI079 preoutgassed to 600 °C and using a quantity of decebegaivalent to
6.6 wt% B.

Sample  DepositionMethod  Outgas Temp (Eéz%
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 kbl lodron
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 precurso
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 depositisindecaborane 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 dopingkkaby design.

Instead, with vaporized decaborane limited to flowing across the surface of the
carbon, the deposition relies on its active adsorption. The decalypyepieene interaction

is quite strong, on the order of ~70 kJ/f6@l; when considered along with the much
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weaker decaborargecaborae interaction and relatively small molecular footprint, it is
expected to generate strong uptake.
This uptake can be modeled using theoretical Langmuir isotf@&8nsvhich are

viable in the lowpressure regime expected for strong adsorbers. The curve is described

by:

s Y20
— M p ..°Yzq (4.1)

whereg [ 16 jhe localized Langmuir constant:

'Q J "Q J
LY ——— = m — 4.2
B OEI-E 0 710 QY (4.2)

The Langmuir model describes molecular interactions in terms of surface coverage,
i.e. the fraction of available O60sitesd occ

terms of gravimetric adsorptidBads

" a ozt

0 YR - - z —"¥i) (4.3)
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Finally, converting to the weight percent of boron:

~

o a 0 "W
i - (4.4)

h
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Langmuir curves using temperatures D °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 decaboramagbon interaction produces large uptakes at low
pressures. Further, phase i nfor mafgason <cart

coexistence awe[60], given by:

1 |4 W EPp Y TG (& w (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 n¥/g (a typical value forMepr oduced 63 KO activated cat
the equivalent of ~70 wt% B to be deposited on the surface before liquefichtaeed,

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

N w R

—
¥

Decaborane Adsorption [g BigH4 / g C]
[osm][ojdwes 6 ; g 6] uonenuaosuon g

oo

Pressure [bar]

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

displays the conversion to weight percent boron. The liga&lcoexistence point is plotted for each curve,
which correlates to the upper bound of decaborane that may be deposited in the gaEhehdashed

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 Equatiorfiswitien generating Fig 462]

3wy [HZ] 3, [Hz] Ep [kJ/mol] U fIm Z fton
6.59 x 102 11.9 x 162 -71.3 12.25x 10%° 2700

4.2 Experimental Setup

Hardware

A custom apparatus was developed and builidnse to perform this synthesis.
(Fig 4.6). Then central component is a | o
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 withi-ait @ap bfela@wd®d)a,t hbt6 2t hi s was eve
tube furnace to faciisittept d |l iomdgdi atBotdnrmea
regulated with programmable temperature controllers to specific rates. An alumina block
sits at the far downstream end of the tube to protect the gaskets frant teeht 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 Fvalve; this allows the line to be purged priodicecting 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,sid@ch 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 aneconstructed instrment to produce boron doped samples under Ar
flow. Flow direction is left to right. BH14 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 sedted inside
glovebox.

Procedure

Appropriate quantities of 8H14 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 traadfey the fumehood where the
reaction will take place, and the peripheral components attached. Withaive venting
to the hood, Ar flow is initiated and the upstream pressure set with the flowmeter; this also
serves to flush the line. Therélve s 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 eliminatany thermal gradient within the bulk carbon that the vaporizeldiB

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 stsateipadn adroyp i da
the furnace is directly r anspteedp 6y, ddecysteen a n n e ¢

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

I N I ' I ! I ! I ! I M |
1000 |- Decaborane Bath < 7
Carbon Bath A%
800 | \,\‘ 4
@ 600 |- s i
S N,
E \'\_
& 400 | ~ -
E
5 .
|_
200 .
Annealing (1-step)
oL Annealing (2-step)
30 E | + } + } + =
8 a25¢ —P  =25bar ]
E; 20} P =12bar ]
? 15[ i
1] | T ]
2 10 — E
o A ]
05 1 i 1 N 1 " 1 N 1 " 1 i 1 "
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Fig. 4.7. Temperature and pressure profiles used for the flow doping apparatus. The dotted line at ~500
min. in the 2step annealing process referendesunspecified 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 depbsitaafound
to exist as unreacted species. To combat
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 sam&hatproduct of

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

The following parameters offer variability within the reaction procedure:

Reaction temperature, via the tube furnace

Carrier gas flow rate, via the upsire flowmeter
Ambient pressure, via the downstream regulator
Initial B content, via the included mass of decaborane

apop

Of the customizable parameters, the temperature is perhaps the most critical as it
most directly governs the resulting gas kinetics; howeakisyntheses were performed
120 °C (and using a ramp rate of 2 °C/min) so as to be consistent with prior methods
(6stationarydé doping).

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

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

Evaporation Rate

Cal cul ation of a material 6s evaporatio
parameters, many of which are dynamic,4omiform, and/or interconnected; thus, reliable
analyses argypically constrained to empirical observaf{iéf]. One estimate, derived for

the release of hazardous matef&8$, approximates the evaporation r&tby

0% PY¥D o425 6 (4.6)
where M is the molar masR, = 8 3 . 1 4%mobliK risAhe gas constant, T is the
reaction temperature in K, A is the surface area of the material inRegpis its vapor
pressure in bar, and u is the ambient air velocity in cm/s. Under this &dromjkthe power
law of the air velocity is indicative of the reduction of the mean due to turbulenf@6yv
The open face of the quartz boats containing the decaborane serves as the area

(L00mmx17mm=17ch) . Using Matt hew BecolefB]rtiles dec a
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vapor pressure of decaborane at 120°C is determined to be 59.16 mbar. With these values,

the ewaporation rate can be given by

o~ o Q ,
0" 408 C@z06® (4.7)

Prior to the reaction vessel, the §as flow is governed by the analog flowmeter.
The outgoing rate is measuredstandard cubic feet per ho¢8CF), the flow rate of the
gas under IUPAC standard conditionssA273.15 K and RF10° Pa=1 bd67].
Converting to the elevad temperature and pressure of the reaction volume (i.e., the

@ctual 6 cub)ic feet per hour

Y 3

§) P —v
00 0O — = z"Y0 OﬁY—YO O (4'8)
V] Y U Wl
Normali zing this vol umet rdross séction (iD=20at e
mm) gives the Ar carrier gas flow velocity:
o YO O
5 WG - = 4.9
o ql 0@ T 0 GOl ( )
Combining this with 4.7 gives the net result:
0 0 Y60 ° (4.10)
a0t VP T aw |

Samples Produced

The installed flowmeter is capable of measuring output betweeb.®.4cfh.
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

Pd68], this limitation, via the hoop strend®], can be expressed as:

b0 6 060 006 00 Bol (411
50 6 <o 006 @ X (4.11)
whereOD/ID are the outer/inner diametets,s t he t ubedsPtheal | t h

absolute pressure inside the tube. With = 25.4 mm and = 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, 38079) wasused 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 Pandbar]  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 3K0231 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 3KD230 and 3KD234, repectively. Finally, sample 3K235 used identical

flow conditions as 3KD231, but a greater amount of decaborane, thereby increasing the
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carbonés tot al exposur e. The normali zed

time across all samples arevsmarized below.

h 1 Evaporation Rate
0.8 m Evaporation Time
06

0.4

0.2

oo 1 ]

0230 0231 0234 0235

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 bydlgh 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 fpetkingbits
nearly perfectuptake 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 fiboping sample demonstrdtsignificant
improvement over the stationadpping vapor counterpart. Further, there appears to be
some consistency: samples -BR31 and 3K0235 were produced under identical

conditions, with varying degrees of initial decaborane content, and extshitdar uptake
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efficiency. This would seem to suggest the uptake is pratsgssndent (likely related to
the aforementioned evaporation rates), with preference towards lower flow rates and cell

pressures.

Table 4.5B uptake of amples produced for paratrie 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
3K-0205
No Flow I Liquid Dep. (Stationary Sys.)
10 HiPressure B3 Vapor Dep. (Stationary Sys.)
255 Vapor Dep. (Flow System)
8 - Initial B wt% for all samples: 10%
9 3K-0234
+— 6 Low Flow
é Low Pressure
e 3K-0231
g 41 Low Flow
m Hi Pressure 3K-0230
Hi Flow
24 3K-0203 Hi Pressure
No Flow
Hi Pressure
0 .

C +BygHy,(lia) b———C+ B, H,,(vap) .

Fig 4.9. Samples doped via fleassisted vapor deposition (red hatched) under different conditions all
demonstrate markedly improved deposition quantities compared to tHoneassisted (blue hatched).

B diffusion into C pore space

The above PGAA restd 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 depasit of monolithic carbons (as explored@mapter % is shown

to be diffusionlimited, albeit on the ~cm scale whereas MU activated carbons feature
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di ameters well below 1 mm (and often 100 ¢
those samples weggr oduced without preheating the c:
surface upon which the decaborane could readily condense, especially given the now
guantified affinity between the materials.

Focused ion beam (FIB) milling provides a method for expipthis. 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 nmlevel resolution.

Sample 3K0235 was chosemf 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 CUpon sel ecting a suitable par
protective layer of Pt is deposited. This serves to protect the integrity of the milled face by
mi ni mized o6écurtainingé by stray i-oorrest. A
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 crssstional face from a single grain of sample®K35. A layer

of Pt isdeposited directly above the section to be exposed to serve as a protective barrier. Bulk material is
then removed by highurrent Ga ion milling. Finally, a lowurrent polishing yields a bulk face suitable

for analysis.

Imaging of the exposed crasection (Fig 4.11) reveals an amorphous structure
with areas of varying visible porosity, the diameters of which range frori6@0m. EDS
hypermapping exhibits, in addition to uniform C throughout the face, a high concentration
of B located uniformly at th 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 resuifircos that the
vaporized decaborane has full access to
throughout. Further, the localization of the observed B serves to mitigate the concern of
the detected counts resulting from surtdeposited B having beensglaced during the

milling process.
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018 mode det dwell HV mag B HFW WD tilt
8:19:37PM A+B T2 100ps 1.00kV 12000x 17.3um 3.5mm -10.0° 3.1pA

Fig 4.11. Boron diffusion through the bulk. Top left: Crgsstion of a single grain of-Boped sample
3K-0235 (10.8 wt% B, via PGAA), prepared via FEEM milling. Right: Inset demonstrating regions of
localized &posed porosity. Bottom left: B elemental map (via EDS) of the intétloe 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 surfadeoundary reveals an additional aspect of the doping
mechanism. When imaged in backscatter (bottom right in Fig 4.12), an amorphous layer
(approximately 208100 nm thick) is visible at the immediate boundary. The reduced
intensity of this area indicatesat 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 betweenhie 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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de det dwell HV 29 W W tit  cu
M A+B_T2 20 ps 1.00 kV 2 500 x 82.9 pm 3.5 mm -10.0 * 3.1 pA

Q 8:5 :v AB 12 sou 1.00 kv xounoc 7D7um 3Smm 100 npA

Fig 4. 12 ngh magmﬂcatlon inset of Fleposed crossectlon of 3K 0235 (10 8 W% 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 esession is a protective Pt layer. The®t

bourdary (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@50nm i nt o t he bul k. Ités reason
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 Mporosimetry and BET

The pore space of flovdoped 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 withnicreasing B content.
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Fig 4.13. Cumulative (top) and differential (bottom) pore volumes for-lowed samples

Both the BET surface area and porosity also experience appreciable decreases with
increasing B content (Table 4.6), with the surface areaiticplar exhibiting a similar
loss rate as stationary doped samples (<3§/mit%, Fig 4.14). The smallest pore volumes
are perhaps the most pertinent to investigate; in addition to contributing the greatest
absorptive potential (Fig.3) and thus shoutting much of the lowpressure storage, they
would naturally be the most susceptible to clogging. However, analysis of thenspdre
fraction, defined as the fraction of total

demonstrates minimal diffemee 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 famnsples produced for parametric study of flow doping
conditions

Bconc FeeT Vpore (1nm)/
Lot # Method 1 ioeB]  [m2g Vpore (total)
0079 Precursor n/a 2680 0.785 0.275
+0G 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
2800 — : ‘ : 030 — : : . : .
2700 f ° v :o 3K-0079 / 061000C / 061200C * I
:% t w6 akozstsioa 1 S} 1
= 200 _ ‘ v v 3K-0234/1037 1 s - .
Ng'-’ 2400 ] \ 3K-0235 / 1038 ] % I .
= 2300 A.\ [ B T 026 [ ] 1
£ oo | w ‘ 1 & " .
§ 2100 [ | : B % "
E 2000 - ‘I o _ Eozr ]
g o v 1 3 - = 3K-0079
2 1e00 - 1 8 ozl| 3K-0079 OG 1000°C
D oo L J c = Stationary Doping
1600 | (-50 me/g)wtd ] ; = Flow Doping
1900 cln ; 1‘0 1I5 20 o lll ' é ' =|1 ' é ' zla ' 1|o ' 1‘2 ‘ 1‘4
B Content (wt%) B concentration (wt%)

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 ofrsulpore space at a similar rate as stationary doped samples.

H2 binding energy

The gassolid interation strength can be determined via application of the

ClausiusClapeyron relation to isothermal measurements at adjacent tempégvdtlires
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In Eq 4.12,p; and p2 represent the pressures of each isotherm at some constant
coveraged. This presents a challenge when working with experimental data, as the
volumetric method doesnodot al Iraw hfear, addldlseda
to fit one of the isother mspendwd)iincoldertosnodt a
interpolate to an associated value from the other. On top of this, calculation of the absolute
adsorption from the experimentally determinedess adsorption requires knowledge of

the absorbed film thickness, an exceptionally nontrivial endgshor
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Absolute Adsorption

[} 20 40 60 80 100 0.00 0.02 0.04 0.06 0.08 0.10
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Fig 4.15. Representations of 77K and 87KaHsolute adsorption curves across the full isotherm (left) and
inthelowpr essure (fiHenrydés Lawo) r -sajdbmding énergygih éq) . Cal ct
4.12 requires fithg 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 pressuresL(p A Ad3 adsorption can be modeled via the linear

Henryds Law:

| Qzp (4.13)

As the contribution from the bulk is essentially m@astent in this regime, the

gravimetric excess is a more than suitable approximation for the absolute adsorption. Thus,
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upon substituting 4.13 into 4.12, the enthalpy of adsorpt@onbe determined by linear

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

into:
3 YYY T*Q Y & QU | T’Q X ¥ 414
3 - o 7 o U K . 7 © .
Y Y QY aga Quy ( )
The results of the fitting area shown below in Fig 4.16, and summarized in Table
4.7.
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Fig 4.16. Hisotherms of the undoped precursor (left) and boron-flowed samples (right) in the low
pressure limit. In this regime, strong adsorbers demonsimate 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-tloped samples

Lot # Method [ME(%”CB] Slope (77K) Slope (87K) 1 J‘meol]
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 statiortyged sample (310201, 8.0 wt% B)
is determined to have an enthalpy of adso
i mprovement over the undoped precursoros 7.
via flow exhibit a much more modest improvement, with the greatest value, 9.4 kJ/mol,
measured for 3K0234 (5.2 wt% B); as uncertainties >1 kJ/mol are not uncorf8vprhis
doesndét indicate an especially remarkabl e
This is supported through Higpressure (p < 200 bar).l4orption 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: 1906/gncompared to 2700 4y in the parent material.
Normalizing the gravimetric excess adsorption (units: g sorbate / g sorbent) to the surface
area (units: rhsorbent / g sorbent) yields the surface excess adsorption (units: g sorbate /
m?sorbent), ametti t hat i sol ates the contribution o
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 ofdmyed 3k0 2 34 ver sus i tds ur
precursor 3K0079. The reduction in gravimetric excess in thedped sample is likely due to its heavily

reduced surfee 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 bonding environment

Achieving the proposed augmentation binding energyutih dopin§36] requires
the incorporation of boron into the carbon matrix itself; adsormiuh 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 asaitgification.

This substitution generates minimal structural alterations to the lattice, with effects
as minor as > maximum outof-plane deflectiofy1]. Therefore, chemicallipased
characterization techniques are required. Many of these, while readily available for
analyzing bulk sampl es, donot of fer any si
PGAA, EDX). NMR would seem to b& natural fit given the high receptivity &8

relative to'*C[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 analysgg3].

Chemical Analysis: FTIR

Fouriertransform infrared spectroscopy (FTIR) is acteni que t hat o0s
applications across many disciplines. This is in large part due to its distinct
conceptualization as an interferomebgsed analysis that probes the constituent bonds
directly. The resulting spectral data is representative of th@usavibrational 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 presencé of sp
bonded boron groupsithin doped sampl§g4]. A trough at 1020 crhis assigned to B
C stretching vibratiofr5] and serves as the positive indicator. However, this falls inside
the soecalled fingerprint region, a set of frequencies (typically between-5800cm?),
that contain a large quantitf absorption bands for organic compoyii@s, this typically
resuls 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 lesdesirable surrounding environment. This resulted in dramatically
improved resolution across all bands (Fig 4.18, left).

The results for sample 3K30 (8.4 wt% B via PGAA) are shown below, compared

the undoped precursor. The resultsdemonstrate evidence of aBbonding, but the
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corresponding signal is much too weak to be relied upon for anything further than

gualitative confirmation.
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Fig 4.18. FTIR analysis ofHoped nanoporousarbon. 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-8 stretching at 1020 cfto become differentiable fromeh
fingerprint region when analyzing boron carbide@Bas 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 anottiexciive candidate. EELS
spectra are generated the deconvolution of the TEM signal as the beam is modulated via
interaction with the samplebs electron clo
of delivering considerably more refined infortioé. For example, graphite and diamond
would be indistinguishable by most chemibaked 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 ia tatter. A similar distinction would be expected
between the B signals of the native decaborane adsorbed to the pore wall and those
substituted into the $ponding environment of the C matrix.

Sample 5K0215 (8 wt% B via PGAA) was pressed into a KBilgteds 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. FIBlimgl 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 peedsBr pellet. b. One side of the FIB milling that exposed
the grain crossection for analysis. c. Thinned and extracted lamella, mounted for transport. A large
carbon crossection can be seen in the upper left and a smaller section in the bottortheghtnaining
material is interstitial KBr. d. Thinned lamella as seen from above.

The lamella was transported to MEMC and analyzed using the Tecnai F30 TEM
and its associated Gatan imaging filter (GIF) to generate EELS data. Unfortunately, the
main cosssection 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 -bigleer

analyses.

| @ PEELS Drift corrected spectrum image

Counts

e ML.EP.

400

0.0 C. Energy (eV)

Fig 4.20. aTEM image of an electretransparent region of thenteella. 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 analye.
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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 demonsiteiesive
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 completefciiogras a

routine characterization tool.

Chemical Analysis: XPS

X-ray photoelectron spectroscopy (XPS) is a powerful and accessible technique for
fine probing of a sampleds chewraycsaitce envir
impinges on the surface, Witthe 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 thgeted 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 resiig spectrum.

Samples of interest were analyzed on the Kratos Axis 165 at the Advanced
Materials Characterization laboratory on the S&T campus using a monochromsted Al
source. First, a wide scan was collected across the full rarig€®eV, using atep size
of 0.5 eV. In addition to serving as a quality control check of the sample, it provides rough

guantitative data via singigeak fitting of the features. Higher resolution scans (step size
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0.1 eV) were also collected in the regions corresponidirige 1s orbitals of B, C, and O

for deconvolution (Fig 4.21).

3K-0205: 9.7 wt% B from PGAA
Cils
; AN
a4
(@]
O1s
O Auger Fe2p \ N1s
/ N N\ .
/
10 T 200 ) ) ) 0
o1s] B1s|

540 535 530 525 520 295 290 285 280 200 195 190 185

Fig 4.21. Example of XPS data collected for sample02R5, doped via stationary deposition to 9.7 wt%
B. Top: A full spectrum reveals the elements present; simple peak fitting yieldgtagoantification.
Bottom: Highresolution 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 consider€d(g€aphene
like carbon in an g@rrangement), B (boron substituted into the graphitic sheetB B
(nonsubstituted boranes, e.g. deah, etc), GH (terminal methyl/methylene groups from
sheet peripheries), and miscellaneous oxide3 énd BO. Some configuratns 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 positisrand FWHMSs used for deconvolut[@]i [79]

Signal RSF Bond Position (eV) FWHM (eV)
B-B 188.5 2.0
Bls 0.159 B-C 191.0 25
B-O 193.0 1.9
CB 283.5 1.0
c-C 284.4 0.8
Cls 0278 C-H 285.0 15
C-0 286.5 15
OB 531.8 18
Ols  0.780 0-C 532.8 18

Il ncluded i n Ta b/l relatide.séhsitigity factoedRS€E),lempricag nal s 0
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 nestraightforward and can yield dratically different
outputs for relatively minor variations in constraints. This is apparent when considering
the proposed deconvolution for the Bls feature: th@ eak is the primary focus, but is
located in between two valleys observed for virtuallBak regions of doped samples (Fig
4.22. This introduces a potentially high degree of high degree of ambiguity in the ultimate

guantification of this feature (Fi¢.22).
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Fig 4.22. Two potential deconvolutions for the B1s feature of sagipl@205, demonstrating possible
extrema in determined-B concentrations.

A set of relationships are thus established in order to aid in generating reliable
guantification information. They are comprised of peak areas from deconvolution in
addition to theaforementioned sensitivity factor, and serve to generate individual feature

weights.

Table 4.9. Terms involved in peak deconvolution refinement

Parameter  Description

(@) Area for each fitted peak of bond type the spectrum of element
0 Total area of elementyy B ®

W Fraction of bond typein the spectrum of elemeptw @ 70

& Fraction (concentration) of elemgnwvithin the sample:

W of1, 7B 07,
” ORel ative sensitivity factoro

The first set, | abeled the Oreciprocal

bond must comprise equal representation in each of the separate spectra:

o . po .
—w o @ (4.15)
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— — (4.16)

0 o .
—w —w (4.17)
The next set, | abeled the dédconsistency ¢

of each element be accounted for via the individual features.

o 6 g O D O B B (4.18)
O B g O b O B D 6 (4.19)
O O b & O (4.20)

When used in conjunction with the CasaX®hg software, incorporation of these
equations to the deconvolution process al |l
rather than solely statistical significance. An example of such a protocol is given in Fig

4.23, wherein 3KD205 is foun to contain 0.9 wt% gonded boron.
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Fig 4.23. Example deconvolution for sample-BR05 for the B1ls (left), C1ls (top right), and O1s peaks
(bottom right) after background subtraction. To aid in deconvolution, individual peaks are correlated
across eéments within the spectrum via the equations described ir20,1&.g. the feature attributed te B
O bonding in the B spectrum is considered in conjunction with the feature attributel8 bm@ing in the

O spectrum for consistency.

The results for thddw 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

sp’Bcontent. Fur her ,

t he

mas s

vV e

anneal

ng

process

of the doping process by significantly increasing both the total yield and the rati& of sp

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 ahapangement.

70










































































































































































































































































































































































































































