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ABSTRACT

Carbonaceous materials provide a porous, high surface area framework for the
adsorption of gases through physisorption. Physisorption operates through van der
Waals forces, resulting in highly reversible, densified gas storage. The density of
adsorbed gas species approaches the bulk liquid density, providing a method to
increase the volumetric energy density of hydrogen and natural gas at conditions
where the adsorbate is a non-liquid in the bulk phase. This dissertation explores
the tunability of the strength of gas adsorption to surfaces of carbon adsorbents,
known as the enthalpy of adsorption. Two methods are studied: modification of
the surface atomic composition and microstructural changes to the carbon porosity.

Applications are considered for both energy storage and carbon capture applications.

The first chapter presents a brief overview of the energy storage field, with em-
phasis on non-conventional methods to store gases efficiently. Chapter 2 provides the
thermodynamic and statistical mechanical derivations used throughout this work,
and the assumptions that go into the models used to analyze adsorption data. Chap-
ter 3 reports work on a copper-modified commercial carbon MSC-30 for hydrogen
storage, which exhibits an activated dissociative chemisorption desorption feature
around ambient temperature. Chapter 4 presents the densification of a novel archi-
tected carbon structure, zeolite-templated carbon, for adsorbed natural gas storage.
Through the pelletization process, the pore morphology of the underlying adsorbent

framework is compressed, resulting in increased adsorption enthalpies with applied
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pelletization pressure. Chapter 5 focuses on the tunability of pore structure through
potassium hydroxide activation, and the resulting adsorption properties pertinent to
carbon dioxide capture from a simulated flue-gas stream. The last chapter provides
insight into the work as a whole and identifies areas of future work that would

improve the fundamental understanding and broader impact of adsorbent materials.
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qst Isosteric heat of adsorption, the positive quantity of the enthalpy of
adsorption, amount of energy per mole of gas released when gas is
adsorbed to an adsorbent at constant uptake

Absolute uptake The uptake quantity of interest for thermodynamic calculations, in-
cludes all of the adsorbed gas (the excess uptake and the gas phase
contribution that is in the adsorption volume v,)

Absorption Bulk interaction of gas with material

Adsorbate (Gas) molecule that is being adsorbed

Adsorbent Material with high surface area that provides adsorption framework

Adsorption Surface interactions of gas with material

Chemisorption Chemical adsorption, chemical binding of adsorbate to adsorbent

Excess uptake The additional adsorbate measured over the gas occupied in an empty
vessel at the same thermodynamic conditions due to adsorption

Physisorption Physical adsorption, non-chemical binding of adsorbate

Total uptake The amount of gas that occupies a fixed volume completely filled by
an adsorbent. Includes the absolute uptake and the void space in the
adsorbent that can accomodate non-adsorbed gas molecules.

Symbols
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a, electric dipole polarizabilities cm’

B thermodynamic temperature (1/kg7T) 1/kJ
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I; number of non-interacting adsorption sites of site i

I; total number of non-interacting adsorption sites
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Chapter 1

INTRODUCTION

“As the saying goes, the Stone Age did not end because we ran out of stones; we
transitioned to better solutions. The same opportunity lies before us with energy efficiency

and clean energy.”
— Dr. Steven Chu

The societal demand for higher energy density fuels and energy storage leads
to an interesting set of challenges: the more densely the energy is stored, the bigger
the risk of catastrophic (and spectacular) failure. For high pressure compressed gas
systems in transportation, the DOE has required the tanks to pass bullet penetration
tests to alleviate concerns. The ultimate challenge of energy storage is: how can we
balance the competing requirements of safety and energy density for use in everyday

service?

Gases are notoriously difficult to pack efficiently in volume, however they have
the highest energy densities by mass of any conventional fuel. Most of the fuels
(hydrocarbons) used for transportation work under combinations of two extremes of

combustion reactions:

Hx(g) +0.502(g) = H20(g) AH" = -120kJ/gm> (1.1)

C(s) +01(g) = CO»(g) AH = -32.7kJ/gc. (1.2)

The second reaction involving the combustion of carbon in particular has attracted
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Figure 1.1: Gravimetric and volumetric energy density of conventional fuels plotted
with increasing carbon content.

significant interest due to concern about climate change. Fuels that are commonly
used for energy production or storage are shown in Figure 1.1, with increasing
carbon content on the x-axis. Hydrogen has the highest gravimetric energy density
of any conventional fuel, however one of the lowest volumetric energy densities at
ambient conditions. Due to the nature of hydrogen molecules, hydrogen liquefies at
much lower temperatures than other fuels, requiring high pressures to store densified
hydrogen in gas cylinders. With increasing length of the linear hydrocarbon alkane
chain, the carbon-to-hydrogen ratio approaches 2:1, reducing the gravimetric energy
density of these fuels. However, with increasing hydrocarbon chain length, the
interaction strength between molecules increases, resulting in raising the boiling
point temperature. Most fuels used for terrestrial applications are either liquids
or pressurized gases operating near their boiling point at ambient temperature (=

298 K). Both propane and butane can be liquefied at reasonable pressures under
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ambient temperature, resulting in a significant increase in volumetric energy storage
because liquids generally having three orders of magnitude higher density than
gases below the critical point. Gasoline, diesel, and kerosene are liquids under
ambient temperature and pressure, making tank design significantly easier than for

a pressurized gas, allowing ease of use for passenger vehicles.

While the higher carbon content hydrocarbons pack efficiently due to liquid
densities, there has been increased concern with CO, emissions from these fuels. To

mitigate the CO, emissions from fuels, two direct approaches can be implemented:

* Increase the energy density of lower-carbon content fuels (hydrogen, methane),

resulting in less CO, per unit energy,

* Capture CO, from high carbon content fuels to prevent its release.

This thesis explores both of these approaches through thermodynamics of an inter-

esting and versatile subset of materials: carbon adsorbents.

1.1 Adsorption for Energy-Related Applications

While hydrogen and methane suffer from low volumetric energy density in
empty tanks due to weak molecular interactions, materials can be added to increase
the volumetric packing of these fuels. Adsorption is the physical property con-
cerned with the favorable interaction of molecules (adsorbates) with the surface of
molecules (adsorbents). Some of the first recorded use of adsorbents dates back
to before 1500 B.C, for the removal of vapors from infected wounds.[1] However,

the main framework needed to describe the principles of adsorption accurately was



4

developed in the late nineteenth and early twentieth century. J. Willard Gibbs’
work on defining phase equilibria boundaries was essential in defining experimen-
tally measured adsorption uptake.[2] Irving Langmuir pioneered the thermodynamic
framework used to model gas adsorption in materials that we still use today (to vary-
ing degrees and levels of success).[3—5] Adsorption is purely a surface phenomenon
(unlike bulk diffusion processes in absorption), which means that measured ad-
sorption properties are highly sensitive to atomically thin layers of materials, their
geometric structure, and surface chemical composition. It is this sensitivity and

tunability of these porous materials which is the ultimate focus of this thesis.

Hydrogen for Renewable Energy Storage

Hydrogen has the highest gravimetric energy density of any chemical fuel, how-
ever high pressures or cryogenic temperatures are needed for vehicular applications.
Some applications justify the high cryogenic costs to liquefy hydrogen (20 K), how-
ever most vehicle technologies have settled on high pressure tanks.[6, 7] Hydrogen
is also one of the only fuels that has viable paths to being carbon neutral, includ-
ing electrolysis of water (green hydrogen) or reforming of methane with carbon
capture/utilization (blue/turquoise).[8] State-of-the-art storage mechanisms for ve-
hicles involve costly high pressure gas cylinders that are resistant to armor-piercing
bullets to ease public fears about the use of hydrogen in vehicles. Even with these
feats of engineering, volumetric energy densities are still low compared to gasoline
vehicles. Hydrogen has attracted recent interest as a sustainable clean-energy fuel

for grid-scale backup and seasonal storage to transition away from fossil fuels.[9]
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Novel adsorbent materials and metal hydrides have been studied extensively, which

improve storage characteristics of hydrogen under certain conditions.

There are many studies of solid hydrogen storage materials to enhance stor-
age densities at lower pressures than conventional pressure vessels.[10] Current
hydrogen storage materials can be broken down into two main categories: ab-
sorbents and adsorbents. Absorption occurs upon bulk diffusion of hydrogen into
the structures of materials, and has two subcategories: metal-hydrides, and chemi-
cal hydrides. Metal-hydrides systems have been shown to be reversible at ambient
conditions. However, a reversible hydride that exhibits both high capacity and low
desorption temperatures for hydrogen release has remained elusive. Iron-titanium
metal-hydride systems and rare-earth hydrides (e.g., LaNiSn) are cyclable at ambi-
ent temperature and reasonable pressures, however low gravimetric uptake (3 wt. %)
limit use to stationary applications.[11, 12] Magnesium-based hydrides have high
gravimetric hydrogen uptake (7.6 wt%) but suffer from regenerability issues and

require high desorption temperatures (700 K) due to sluggish kinetics.

Current work has focused on changing the structure and composition of magnesium-
based hydride systems to address these challenges.[13] Chemical hydrides, such as
the metastable hydride alane (AlH3) or ammonia borane complexes are irreversible,
but have high gravimetric energy densities (>10 wt% hydrogen storage) and have

rapid hydrogen release temperatures near ambient conditions.[14]
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Adsorbents, which include metal-organic frameworks (MOFs), covalent organic
frameworks (COFs), zeolites, and carbonaceous materials, mostly suffer from weak
interactions with hydrogen, limiting their use to cryogenic temperatures (77 K).
While adsorption materials show a linear trend of uptake with surface area at
low pressures (known as Chahine’s rule)[15], hydrogen uptake in adsorbents near
ambient temperature is much more sensitive to surface functionalization and pore
structure than accessible surface area.[16] Metal-organic frameworks (such as MOF-
5 and Niz(m-dobdc)) have some of the highest volumetric hydrogen uptake of any

physisorbent at 77 K and 298 K.[17, 18]

Ironically, all of the studied materials surround the conditions needed for hy-
drogen storage for mobile applications on Earth, as shown in Figure 1.2. The few
materials that do fall within the DOE system target range are either non-reversible or
are chemical systems which can poison fuel cells with ammonia or diborane. There is
aclear distinction in the plot, as adsorbents work at temperatures too low of relevance
for vehicle hydrogen storage, and absorbents require high desorption temperatures
above ambient conditions. Current work has focused on destabilization of metal
hydrides to decrease the desorption temperature in metal hydride systems,[19, 20]
or enhanced binding energy in adsorbents to increase the adsorption temperatures

towards ambient conditions.

Methane for Heavy Duty Transportation
Compressed natural gas vehicles (CNG) have been commercially available for

decades, but have much less range than their gasoline counterparts due to poor
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Figure 1.2: Plot of current hydrogen storage materials (Image courtesy of Dr.
Channing Ahn and the U.S. Department of Energy).

volumetric storage densities. A typical CNG passenger vehicle (2012 Honda Civic)
has less than half of the range of its gasoline counterpart.[21] Natural gas is in
the unique position to be a “transition” fuel between fossil fuel and more carbon-
neutral options due to the option of renewable natural gas (RNG) production.[22, 23]
Methane, the primary component in natural gas, has the least amount of carbons per
hydrogen of any hydrocarbon fuel, meaning that it releases the least amount of CO,
per mass of fuel out of all carbon-containing fuels. CNG storage suffers from the
main setbacks as hydrogen tanks: high storage pressures (250 bar) result in large
compression costs, complex tank design, and potential safety risks. Liquefied natural
gas at 111 K is more reasonable than the 20 K required for hydrogen storage, however

it is still energy intensive and is not being considered for mobile applications.[24]
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The primary issue with compressed natural gas (CNG) vehicles is the tank space
required to store sufficient amounts of natural gas (see Figure 1.3). Lowering the
fueling pressure lowers compression costs, and also reduces the size and complexity
of the tank required. Adsorbed natural gas (ANG) technology provides liquid-
like densities of methane at lower pressures than CNG and higher temperatures
than LNG. Zeolites, while having high affinity for methane molecules, have low
gravimetric micropore volume and specific surface area, as well as low volumetric
capacities due to large void volumes. Carbon materials have reasonable methane
uptake, but pore size variability, low packing density, and lack of tunability have
historically limited carbons to low volumetric uptakes.[25, 26] Zeolite-templated
carbons (ZTCs) have shown large specific surface areas and narrow distributions
of pore sizes in the right range for methane storage, but still have low volumetric
powder packing.[27, 28] MOFs have shown some of the highest adsorbed natural gas
volumetric uptake numbers, especially at pressures up to 65 bar, and hold the highest
records for methane storage, either with compacted powder monolithic pellets [29,
30] or assuming ideal crystal packing of the powder.[31, 32] However, many MOFs
exhibit instabilities in the presence of moisture, a non-negligible component of real

natural gas mixtures.[33—-36]
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Figure 1.3: Trunk of a Honda Civic showing an 8 gasoline gallon equivalent CNG
tank with remaining space. (Source: Honda) [39]

The primary metric for volumetric methane storage is the deliverable volumetric
uptake. This assumes a delivery pressure of 5 bar, meaning that any adsorbed gas
below 5 bar is unusable in an actual system (without a system compressor). [37, 31]
Research in this area of gas storage should be aimed at increasing uptake above
5 bar and minimizing uptake below this pressure. One group of novel materials
being developed include flexible metal-organic frameworks, which minimize uptake

below 5 bar through a reversible collapse of pore structure.[38]

Carbon Capture and Utilization

Due to energy consumption since the industrial revolution, carbon dioxide
content in the atmosphere has increased. This has led to increasing calls for both
the removal and sequestration of carbon dioxide to reduce atmospheric greenhouse

gases. Power plants have remained one of the main sources as 1.5 gigatons of CO,
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Figure 1.4: Overview of some of the currently investigated CO; technologies and
input gas compositions for carbon capture.[41]

were released in 2021 solely from coal and natural gas power plants.[40] While many
developed countries have focused on mitigation through cleaner energy production,
the use of coal, oil, and natural gas remains the predominant form of global energy

production.

The development of any technology at the scale required for carbon capture on a
statistically meaningful level requires the use of low cost and sustainable materials or
engineered materials that are highly reusable. Carbon dioxide is similar to hydrogen
in that there are adsorbents that can chemically or physically bond (and release) the
gas. However, the challenge is significantly different owing to the need for high CO,

uptake at very low partial pressures in the case of carbon capture.



11

Unlike other adsorption applications, carbon capture systems have the unique
challenge of requiring selective adsorption of one species in a multi-component
mixture of gases. Technologically relevant gas mixtures with CO, capture tech-
nologies are shown in Figure 1.4. Direct air capture (DAC) focuses on removing the
420 ppm of carbon dioxide from ambient conditions using such chemically selective
materials. This capture technology is some of the only commercialized systems
currently deployed for carbon capture, however it is very energy intensive due to
the high entropic penalty of concentrating such a dilute gas stream. Point sources,
such as power plants, offer much higher CO, concentrations (3-40%) over a large
range of pressures and temperatures. The trade-off is requiring technology to be
used in a specific place or setting, making adoption more challenging. Unlike dilute
atmospheric capture, point source capture has lower demands for selectivity. MOFs
are also being considered for point source capture, however due to the high water
content of the gas stream, careful selection and design of MOFs must be made to
use these materials for point source capture. Recent advances in MOFs for carbon
dioxide capture have focused on reducing water uptake, scalability, and cost, such
as CALF-20 [42] or aluminum formate [43]. While having the lowest uptake of
the adsorbents, zeolite-based materials are low cost options with high selectivity for

carbon dioxide.

Adsorption of carbon dioxide using carbon materials is much weaker than the
chemically-bonded equivalents such as amine solvents. However, amines require

significant energy input for regeneration, and activated carbon-based adsorbents
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show promising characteristics for post-combustion carbon capture applications.[44]
The interaction potential of CO, with carbon is much stronger than for other gases,
increasing the gas binding energy in carbon adsorbents. Carbon materials have the
additional benefit over other capture technologies of being potentially sustainable
(and carbon-negative) with the right starting bio-derived material. The activation
of biochar to produce porous carbon adsorbents is a very mature and well studied
field.[45] Commercial activated carbons are generally physically activated with
CO; or steam due to cost and scalability, however chemically-activated carbons
exhibit higher specific surface areas, tunable pore structure, and higher yields.[46]
Chemical activation uses activation agents such as potassium hydroxide, potassium
chloride, potassium carbonate, sodium hydroxide, or phosphoric acid to react with
the carbon to form porous materials.[47, 46] The alkali hydroxides in particular,
such as KOH, remove graphitic carbon layers through an intercalation process,[48]
allowing for the selective development and tunability of micropores with varying

activation conditions.[49]

Summary of Adsorption Applications

Due to the interaction of gases with the surfaces of materials, it is possible
to either increase the volumetric density of gases at lower pressures, or adsorb
preferentially certain gas species over others. Reducing the system pressure to store
a fixed amount of gas reduces the complexity and cost of tank design. For low-
carbon fuels such as hydrogen and methane, this directly corresponds to increased

energy densities. The selective capture of certain gas species has applications for
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carbon capture, where a dilute concentration of CO; needs to be removed from

a gas stream. The strength of the gas binding to the adsorbent affects both the

gas storage and the degree of gas selectivity. This thesis explores the tunability of

binding energy in adsorbents through metal additions and microstructural changes in

carbon to optimize gas storage and carbon capture. Improved statistical mechanical

models are developed to characterize the thermodynamic properties, and to predict

adsorption phenomena.
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Chapter 2

ADSORPTION FUNDAMENTALS

“If you want to find the secrets of the universe, think in terms of energy, frequency and

vibration.”
— Nikola Tesla

2.1 Types of Adsorption
Physisorption and Disperson Forces

The following sections on the descriptions of the two types of adsorption have
been adapted from Rouquerol.[1] The primary mechanism for physical gas adsorp-
tion (physisorption) between neutral species without a permanent dipole moment
is through London dispersion forces, which are the weakest type of van der Waals
forces. Dispersion forces result from charge interactions through induced dipoles.
These forces are the reason why noble gases can liquify without chemical reac-
tions, and many properties of physisorption have analogues to the condensation
of a gas into a liquid phase. Adsorbents provide a structural framework for gases
(adsorbates) to adhere to, providing a binding energy which generally increases the
adsorbates density and lowers the Gibbs free energy relative to the bulk fluid phase.
Physisorption always is exothermic (negative enthalpy) on adsorption, the magni-
tude of which is known as the heat of adsorption. Dispersion forces are non-local in
nature, decaying as r~® with distance, making adsorption properties highly sensitive

to the microstructure and topology of the adsorbent. The fundamental property
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of physisorption is that the adsorbate is not chemically altered on adsorption or

desorption, and as such does not chemically react with the adsorbent.

The Lennard-Jones potential (L-J), also known as the 12-6 potential, is often

used with empirical parameters to describe physisorption, and has the form

o=t (%) - (2]

where g7 ; is the adsorbate-adsorbent binding energy, o, is the effective diameter
of the adsorbate-adsorbent system, and r is distance from the surface. While the 6
term (r~°) is based on the dispersion interactions, the 12 power is not fundamentally
rigorous, and is used to account for the atomic repulsion originating from the Pauli
exclusion principle. The 12-6 potential, while empirical, sets up the basis of tunabil-
ity of the adsorption potential: repulsion acts against attraction in a characteristic

way for an adsorbent/adsorbate pair.

The direct method for increasing binding energy is to increase the polarizability
of either the adsorbent or adsorbate. For a fixed gas application, this requires
functionalization of the adsorbent with dopants. The ultimate compositional tuning
is achieved by changing the bulk composition of the adsorbing surface. An indirect
method also exists for increasing binding energy in a pore, where two overlapping
potentials from a slit pore can increase the depth of the potential well. The binding
strength of gas in adsorbents is therefore sensitive to the microstructure of the
adsorbent, especially in pores near the size of the van der Waals radius of the gas. In
Figure 2.1, several conditions with an arbitrary Lennard-Jones potential are shown

where the surface potentials completely overlap (a), mostly overlap (b), have some
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Figure 2.1: Lennard-Jones potential curves in pores of two identical infinite surfaces
with separation distance 2.507y (a), 3oy (b), 3.501y (¢), and 4.5071 5 (d).

overlap (c), and are two independent physisorption sites (d). The depth and shape

of the potential well changes with degree of overlap.

Chemisorption and Chemical Bonding
The second type of adsorption is known as chemical adsorption (chemisorp-

tion) where adsorbates chemically bind and react to surface sites in the adsorbent.
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These bonds are generally one or more orders of magnitude stronger than the weaker
forces that describe physisorption. Due to the nature of chemical bonds (and partic-
ularly with diatomic gases such as hydrogen which dissociatively bind to surfaces),
chemisorption is less reversible than physisorption and is often associated with an
activation energy required for adsorption. Chemisorption often requires enough
thermal energy to overcome this energy barrier, and results in long equilibration
times. Since physisorption can occur to some extent at all temperatures and pres-
sures, chemisorbitive systems also have some level of physisorption. If an adsorbate
needs to dissociate before chemisorbing, a potential energy barrier can exist sep-
arating the physisorption process from the chemisorption one. In this case, the
chemisorption is an activated process if this barrier is above the potential energy of
the molecule existing an infinite distance away from the surface (see Figure 2.2 for

an illustration of this phenomenon).

2.2 Statistical Mechanical Modelling of Adsorption Phenomena

Hydrogen gas is the prototypical example of an adsorbate which can both ph-
ysisorb (as molecular H;) or chemisorb (as atomic H) onto adsorbates. Generally
hydrogen adsorbs molecularly on carbonaceous materials, and atomically through
dissociation on catalytic metal surfaces. A depiction of the two types of adsorp-
tion, as applied to hydrogen on the surface of a material is shown from an energy
standpoint in Figure 2.2 and depicted in Figure 2.3. Protium and deuterium can be
used as “isotopic tracers” to identify the type of adsorption as molecular hydrogen

dissociates during chemisorption, and random recombination is observed.
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H+H
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Potential V(r)

v

Distance from Surface (A)

Figure 2.2: Diagram showing physisorption (red) and dissociative chemisorption
(blue) of hydrogen adsorption. The black dashed trace shows the overall path for
chemisorption, involving physisorption and a dissociation activation barrier. Zero
energy is defined as the potential of molecular hydrogen an infinite distance from the

surface. The offset of the blue curve at large distances is due to energy of molecular
dissociation. Adapted from Zangwill.[2]
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To extract thermodynamic information from empirical data on adsorption, it is
necessary to have a thermodynamic model which describes adsorption uptake as a
function of temperature and pressure. Irving Langmuir’s original derivation of the
Langmuir isotherm was done using kinetics arguments.[3, 4] However, adsorption
phenomena can also be derived using statistical mechanics from the grand canonical

partition function (thermodynamic derivations adapted from references). [2, 5]

Single-Site Physisorption Langmuir Model
The molecular physisorption single-site Langmuir is shown for hydrogen to
compare with the dissociative version, however the derivation is not unique for

hydrogen.

A lattice site assumption is made where each site is non-interacting with other
sites and can be either unoccupied (E=0) or occupied (E= &;), which is shown in the

left of Fig 2.3 with adsorption energy €p,. The Gibbs factor is defined as
BuNi=ei) (2.2)

with thermodynamic temperature § = kBLT, Boltzmann constant kg, temperature
T, number of particles N;, chemical potential y; and energy &;. Note that for an

unoccupied site, N; = 0 and &; = 0 such that the Gibbs factor is 1.

The following single-site grand canonical partition function is obtained by the
summation of the unoccupied and occupied Gibbs factors (including the partition

function of the adsorbed site):

Emy (1, V. T) = 1+ q,(T)e P ePiin, (23)
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Figure 2.3: Physisorption (left) of a diatomic gas molecule on a lattice site with
adsorption energy &g, relative to the unoccupied sites where energy is defined to
be 0. Chemisorption and dissociation of a diatomic molecule (right) on a lattice
site with adsorption energy €y. Note that for dissociation, the adsorbed chemical
potential is half of the gas phase chemical potential.

In the above equation, up, is the molecular hydrogen chemical potential, ep, is
the molecular hydrogen binding energy, and g,(T) is the partition function of the

physisorbed site.

For most gases near ambient conditions on carbon-based surfaces, we assume
that the partition function is that of a 2D liquid-like adsorbed state (2D translational

freedom with an out-of-plane vibrational component) such that

A kgT
qp (T) = qp.transqdp,vib = 57— (2.4)
/lads fiw
22\
Aads = (kaT) (2.5

where Ag is the binding site area of adsorption site, 7 is Planck’s constant, w is the
vibrational frequency and 4,4, 1s the thermal de Broglie wavelength of the adsorbed

molecule with mass m. Here we assume that we are in the classical vibrational
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Figure 2.4: Adsorption partition functions and the underlying dimensional assump-
tions. A 3D vibrational state with oscillations in the ground state (a) is assumed for
strongly-bound adsorption sites, particularly at low temperatures or chemisorption
systems. A 2D in-plane translational liquid-like state with an out-of-plane perpen-
dicular vibrational mode (b) is assumed for most physisorbed systems near ambient
conditions. A 3D binding volume with translational freedom and no vibrational
modes (c) is assumed for high temperature adsorption.

limit (kg7 >> hAw). The total grand partition function for an adsorbent with I}

non-interacting sites is:

B, V.T) =&, . (2.6)

The average number of adsorbed species is:

aa;lg)zr ap(DePerefi: 2.7
u

< ng>=
a ( ! 1 + qp(T)e_ﬁeHz eﬁﬂHz
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In equilibrium, the chemical potential for all adsorbates is the same. When the

bulk fluid is an ideal gas:

In(A3BP
= —n( «AP) = u8%(T) + nP (2.8)

B B
where A, is the thermal de Broglie wavelength of the bulk gas. Here we assume that
the adsorbed thermal de Broglie wavelength is equal to that of the bulk gas such that

Ag = Aags, which means that the adsorbed atoms are not trapped in a potential well

in Xx-y.
Therefore:
,60=T KpP 2.9
< >= = .

ng t zl n KpP (2.9)

Ag —ﬁé‘
K, = Ag—e 7 (2.10)

hiw

which is the single-site physisorption Langmuir isotherm where 6 is the fraction of

occupied sites and K, is known as the physisorption Langmuir constant.

Extension to Double-Site Physisorption Langmuir Model

The single-site physisorption Langmuir isotherm can be extended to a double-site
Langmuir model, which increases the goodness of fit for materials that have a
distribution of sites. The total number of sites I'; are split into two sites i = {1, 2},

each with energy &; and number of sites I';, such that Eq. 2.9 and Eq. 2.10 become:

Kp1 P Kp2P
<ng>=I0=T,((1-a) +a (2.11)
1+Ky P 1+KpoP
A .
Kpi = AB,ih jie‘ﬁst (2.12)

where « is defined such that I';y = I';(1 — @) and I; = I;a.
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Langmuir Constant Temperature Dependence
For ease of fitting to experimental data without explicit values for vibrational com-
ponents, K, ; is defined as:
A;

Kp,i = ﬁe_ﬂgi (2.13)

where K, ; is the Langmuir constant for physisorption site i and A; is the temperature-
independent Langmuir constant prefactor used for fitting. In general, the temperature
dependence of the Langmuir constant varies depending on the partition function that

is used for the adsorbed gas.

Reasonable assumptions can be made based on the temperature and pressure of
the adsorption isotherms relative to the vibrational modes of the adsorbate with the
surface (see Fig.2.4). The nature of the adsorbed phase has been known to change
with temperature and pressure,[1] and the partition function must be valid over
the thermodynamic range of isotherm measurements. Fig.2.4a shows the lowest
temperature condition (assumed for chemisorption), where the adsorbed molecule is
fixed to a specific site, with no translational freedom, in the vibrational ground state.
Fig.2.4b is the assumed case for physisorption of gases near ambient temperature,
with two-dimensional translational freedom and an out-of-plane vibrational mode
in the classical limit. Fig. 2.4¢ is similar to the previous case, except the vibrational
mode is converted into another translational degree of freedom, which is the case

for a three-dimensional adsorbed gas.

Most commonly, a % or # has been used in past studies, and both of these

assumptions have been shown to fit experimental data sufficiently. However, it
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should be noted that changing the prefactor temperature dependence will result in
changes to the temperature dependence of the isosteric heat of adsorption. De-
tailed adsorption calorimetry studies or quasielastic/inelastic neturon studies for an
adsorbent/adsorbate combination would need to be conducted to justify a proper
choice in the partition function used for a certain temperature and pressure range.

Unfortunately, such studies are often out of the scope of basic adsorption research.

Double-Site Dissociative Langmuir Isotherm Derivation

The derivation for the dissociative adsorption isotherm is similar to that of the
simple physisorption isotherm.[2] One major difference is that there are now two
atoms instead of one on the surface, so the chemical potential (which must be equal

for the gas and adsorbed phases in equilibrium) is
2uy = Y. (2.14)

In the case of a single adsorbed atom of gas, (for a double-site Langmuir model
where the first site is for physisorption only and the second site is for chemisorption),

the grand canonical partition function for the chemisorption site is:

E(W,V,T) = 1+ q(T)e PerePr, (2.15)

where g is the chemisorption binding energy and g, is the chemisorption partition

function.

For chemisorption, we assume localized bonding to the site, so the translational

component of the adsorbed phase is negligible and we assume a high vibrational
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energy of hydrogen. The vibrational entropy is not temperature dependent (the
quantum oscillator is primarily in the ground state) and ¢v;»(7T) =~ 1. This assump-
tion is supported by 7iw =~ 129 meV perpendicular and 7iw = 100 meV in-plane
vibrational energy of atomic hydrogen on copper, determined using EELS.[6] The
translational and vibrational partition function will be assumed to be independent

of temperature (q2(T) = ¢q2)).
Using Eq. 2.8 and Eq. 2.14,

M
b = jg = kT In(;/A}8P) (2.16)

and substituting Eq. 2.15 as the second site in Eq. 2.7

- 3 —Pen
T)e ﬁsleﬂ/l ﬂg,BPqu
<ny>=Ti7 qup( ()T) e+ . (2.17)
apitie =e 1+ \[A3BPg e Pen
If we define
A A
K-1=A 28 ,Ber - 21 —Bew, 2.18
p1 = AB17 "€ ﬁe (2.18)
2 (T)q3 As
K (T) = nge—zeﬂ/kBT = me—ﬁ‘gﬂ , (2.19)
Ky P K.P
< Mgapis >= 00 =T [ (1 — o) —E= c (2.20)

+a
1+ Ky P 1+ VK.P

where K, and K. are the physisorption and chemisorption Langmuir constants,
respectively, and « is defined as the fraction of chemisorption sites such thatI; = I';a

and 'y =TI (1 — a).
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Limitations to the Langmuir Model

The Langmuir model has many built-in assumptions. The first and foremost is
that it assumes monolayer coverage, while many systems show multilayer adsorption
at high pressures and low temperatures. The second is that it is only concerned
with adsorbate-adsorbent interactions (the interactions of the gas molecule with the
surface), and has no corrections for gas-gas interactions (non-ideal gas behavior)
or adsorbate-adsorbate interactions (adsorption sites are assumed to be independent
and non-interacting). Hydrogen has minimal gas-gas interactions in the bulk phase,
however with heavier gases (such as methane and carbon dioxide) these interactions

are non-negligible at high pressures and low temperatures.

Real-Gas Corrections to Langmuir Model

To account for gas-gas interactions, fugacity can be introduced as
f=Pe(P,T) (2.21)

where P is pressure and ¢ is the fugacity coefficient. An ideal gas has a fugacity
coefficient of 1, which is reasonable for most gases at low pressures and high

temperatures. Rewriting the chemical potential using fugacity

_log(X’BP)  log(¢)
u= +
B B

(2.22)

and using the same definition of K (Eq. 2.12), this new chemical potential can be
substituted back into the thermodynamic definition of n, in Eq. 2.7 to obtain the

fugacity-equivalent version of Eq. 2.11:

P¢AB71%€_[{81 AT P¢AB,2%€_'B‘92
2
1+ PpAp e 1+ PpAp)ieFe

<ng >=14 (2.23)
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Adsorption Definitions

Absolute Uptake
N, in volume v,

Adsorbate
skeletal

densit
y Gibbs Excess n,

Gas in Dead Space at
density p(PT)

"Total” Uptake= Absolute Uptake + Dead Space Gas

Figure 2.5: Diagram of adsorption uptake definitions. The Gibbs excess uptake,
which is directly measured by the Sieverts technique, is shown in pink, and is the
amount of gas measured in the sample removing the amount of gas assumed to be
in the empty volume (shown in blue and purple). The empty volume is determined
by subtracting the adsorbent skeletal volume (grey) from the total empty reactor
volume. The absolute uptake, which is needed for thermodynamic calculations, is
the measured excess uptake plus the bulk gas density in adsorbed volume v,, which
is the sum of the gas to the left of the green line (known as the adsorption volume
vq). The total uptake is the absolute uptake plus the non-adsorbed volume “void
space” in the reactor.

Kif K> f
+a .
1+Kf 1+Kf

<ng>=T0=T,|(1-a) (2.24)

2.3 Adsorption Measurements
Sieverts Apparatus

To discuss adsorption measurements, strict definitions must be made to describe
what uptake quantity and adsorption metric is being used. Gibbs in 1878 defined
what would be known as the “Gibbs dividing surface,” [7] which is an invisible

line that is drawn at the boundary between the adsorbate and the bulk fluid. The



Figure 2.6: Custom automated Sieverts apparatuses used for high pressure (100 bar)
adsorption measurements on methane and hydrogen (left) and nitrogen and carbon
dioxide (right).

adsorbent itself takes up volume, and the volume per mass adsorbent is known
as the skeletal density of the adsorbent. From an experimental standpoint, all
experiments measure what is known as the “Gibbs excess uptake,” or simply as
“excess uptake,” which is the measured adsorbate quantity in addition to what is
expected if no adsorbate were present (not including the adsorbent skeletal volume).
The thermodynamic quantity of interest (as discussed above) is the absolute uptake
which includes the excess uptake and the portion of adsorbed gas that has the same
density bulk fluid density, in adsorption volume v,. Unfortunately, the adsorbed
fluid volume is needed to obtain the absolute uptake, and it cannot be measured
directly. A diagram of the relationship of these different uptake quantities is shown
in Fig. 2.5. The Sieverts apparatus is a device designed to measure the excess uptake.

There are two types of adsorption measurement systems: a gravimetric balance and
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a volumetric Sieverts. A gravimetric balance system applies gas pressure to a
sample suspended by a weighing apparatus. The machine measures the change in
adsorbent weight with pressure (carefully accounting for the buoyant force acting
on the sample mass) at a fixed temperature T. A volumetric Sieverts system has a
carefully calibrated manifold volume, and doses incremental quantities of gas into
the sample reactor (with known volume). The amount of gas is determined from
the bulk fluid density at a given pressure and temperature (which are experimentally
measured after gas equilibration) based on the experimental equation of state for the
gas.[8] These uptake measurements as a function of pressure at fixed temperatures
are called “excess isotherms,” and are the raw experimental data measured in this
work. The skeletal density is a property unique to each adsorbent, and is physically
measured using helium pycnometry near ambient temperature. This measurement is
very similar to a volumetric Sieverts measurement, except the working assumption
is that no helium is adsorbed meaning that the change in volume normalized by the
sample mass is the skeletal density:

Vempty — Viilled

Pskel = (2.25)

Msample

Adsorption Microstructural Characterization

A specialized volumetric Sieverts system designed for high-resolution pres-
sure measurements up to atmospheric pressure is used for microstructural sample
characterization. These adsorption measurements are usually conducted at the at-
mospheric boiling point of the probe gas molecule (in this work, N, or Ar) as a

method to measure the pore volume in the material. The Brunauer—Emmett—Teller
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(BET) method is used as a metric for the probe-accessible specific surface area of
the material. This method, while straightforward to use, generally overestimates the
actual surface area of a material (especially for microporous materials) due to strong
interactions of gas molecules on the adsorbent. Nonetheless, it serves as a good
metric for comparison with other adsorbents and literature results. New emerging
surface area metrics such as the non-local density functional theory (NLDFT) sur-
face area, which is determined from pore size distributions of the adsorbent, offer
more realistic surface area metrics and are a current field of research (see appendix

for details).

Fitting of Experimental Isotherms
The experimentally measured Gibbs excess uptake can be written in terms of

the absolute uptake
Ne =Ng — PgVaq = (M — pgvm)g (2.26)

where n,,, ne, nq, pg, Vi, Vo and 0 are the max absolute gas uptake, excess uptake,
absolute uptake, gas density, maximum adsorbed volume, adsorbed volume, and
fraction of occupied sites, respectively. The total number of sites I} = n,,Na,
where Ny is Avogadro’s number. This equation has the implicit assumption that
the adsorption volume v, dynamically changes with the fraction of filled sites 6,
or that the adsorbed phase density is constant. The above assumption is consistent
with a filling model where small pores get filled first, and a site is either empty or
filled with an adsorbed phase density similar to the bulk liquid phase density for

most adsorbates (this can be compared with the alternative assumption of a stagnant
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Figure 2.7: Micromeritics Tristar II system used for BET measurements, low pres-
sure isotherm measurements (1 bar), and microstructural characterization.

adsorbed phase volume (dynamic adsorption density)

Ne = Nyl — PeVim (2.27)

where the adsorbed gas occupies the same volume independent of site occupancy.
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Each set of isotherms corresponding to a particular adsorbent was universally
fitted to a double-site Langmuir equation with seven fitting parameters (see equations
2.12,2.24, and 2.26) :

Ki(T)f K>)(T)f

ne(P.T) = (nn = pg(P.T)vm) | (1 - @)7 TKDf T K f)

(2.28)

Fugacity is only used for thermodynamic calculations. While both fugacity and
pressure are needed for the real-gas Langmuir equation in Eq. 2.28, the resulting

uptakes are plotted only against the experimentally measured pressures.

2.4 Volumetric Uptake
While gravimetric uptake is straightforward to define experimentally, volumetric
uptake is challenging due to adsorbent packing efficiencies. The most general case

for the total volume of a material is defined as
Vvoid t Vskel = Vbulk (2.29)

where vyoid, Vskel, and vk are the specific void volume, adsorbent skeletal volume,
and bulk sample volume, respectively. Two extremes are immediately apparent,
which are vyoiq = vpuk (empty tank) and vge = vpuk (tank completely filled with

non-adsorbing material).

For an ideal packing scenario, such as a single crystal of microporous material,

all of the void volume contributes to adsorption:

Vpore * Vskel = Vbulk (2.30)

where vpore 18 the specific pore volume of the adsorbent. A packed powder adsor-

bent always has void volume, or dead space, that does not directly contribute to
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adsorption, such that vpore + Vskel < Vpulk. To convert measured gravimetric excess

uptake to volumetric excess uptake the following equation is used

Ney(P,T) = ne(P,T)poulkVe,STP (2.31)

where ppyik is the bulk density of the adsorbent, and v, stp is the molar volume of the
adsorbate at STP. Volumetric uptake is unitless and is defined as Vstp/V, which is

the amount of equivalent gas at STP adsorbed normalized by the adsorbent volume.

The total volumetric uptake is the sum of excess volumetric uptake and the bulk

gas phase in the adsorbent

Niy = Ney + (PgVeXpore)- (2.32)

It is necessary to know the void fraction of the bulk material, X,or, to calculate
the total volumetric uptake. Physically, this is the ratio of empty void volume to the

physical volume of the sample. A commonly used approximation in literature is

1% N,

= PbulkVpore- (2.33)

Xpore,common =
bulk

This is accurate for an ideal pellet of a single crystal adsorbent with no macropores
or surface roughness. We will be using this metric to compare with other results
from literature, as this is the most prevalent one used. Theoretically, a better metric

for accounting for the void fraction is

Vbulk — Vskel Pbulk
Xpore,best =—=1-

Vbulk Pskel

(2.34)

However, the challenges in measuring the skeletal density with a high enough degree

of precision makes this metric hard to use accurately in practice.



2.5 Adsorption Thermodynamic Properties

Derivation of Isoexcess and Isosteric Enthalpy of Adsorption

40

From the absolute uptake obtained in Eq. 2.28 it is possible to calculate ther-

modynamic properties such as the adsorption enthalpy Ah,g,.[9, 5] In equilibrium,

the chemical potentials of the gas phase and adsorbed phase are equal:
Hg = Ha.
Using the Gibbs-Duhem relation:
du = —sdT +vdP
for both the gas and adsorbed phase, Eq. 2.35 can be combined as:
—S8adT +vodP = —sodT +v,dP n=const

Rearranging terms:

aT},. B Va— Vg

(2.35)

(2.36)

(2.37)

(2.38)

with the definition of enthalpy at constant pressure, temperature (dP, dT = 0):

Ah =TAs
the Clapeyron equation is obtained:
oP\  Ah
or), — TAv
where Av = v, — v = :l—: — Vg.

With Eq. 2.40 and the molar ideal gas equation:

Pv = kBT

(2.39)

(2.40)

(2.41)
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if the approximation Av =~ —v, is employed (the volume of the gas is much greater

than the adsorbed phase volume), and Eq. 2.41 is substituted into Eq. 2.40,

(),
is obtained. Solving for Ah,
an = kBT (G—P) (2.43)
p \ar),
which can be rewritten as (using the chain rule):
0 1In(P)
h= ks> am, (2.44)

If two isotherms that are close in temperature are used, approximate values for

Ah are obtained by setting the derivative to a discrete slope:

In(P2) —In(Py)

Ah =k 2.45
B (1/T) = (1/Ty) (2:49)
T, P
Ah = kg—21 1n 22 (2.46)
-7, P

which is the Clausius-Clapeyron equation. Pressures and temperatures are taken at
a given uptake. For the isosteric heat of adsorption, this is n, however for isoexcess
this is n.. At low coverage (dilute gas limit) it is relatively safe to assume n, ~ ne.
This assumption begins to fail when the excess uptake starts to reach a maximum,

indicating that the gas phase is non-negligible.

Returning to Eq. 2.40 and substituting in v, = 1/p,, the enthalpy of adsorption

can be obtained:
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The (%) is dependent on the adsorption model used (specifically €), and can be

Na

determined with the following relationships

(#)
oP n
(2P} - e 2.48)
e
“ P )y,
For the double-site physisorption Langmuir model:
00 K K
P _(1-a) Pl +a P2 (2.49)
oP (1+Kp’1P)2 (1+Kp’2p)2
06 00 aKp 1 a6 0Kp 2
— =(1- : : 2.50
ar - Tk ot YK, ot (250)
060 0K, P K,
=— RT + &;))—. 2.51
0K; OT ((1 + KNP)2) * (R + &) o (@51)
For the double-site dissociative Langmuir model:
06 K K
9 _(1-w) (—’” 2)+a/( : (2:52)
oP (1+K,1P) 2VK.P(1 + VK P)?
06 00 0K, 00 0K,
—=(1- — + 2.53
ar - Y5k Tar Yk ot (2:53)
060 0K, P K.
— == XRT +2¢ey)——= 2.54
0K, T (2\/_KCP(1 + \/_KCP)Z) ( " g2 (23%)

where the gas constant R has been substituted in for kg to get energy per mole of
adsorbate, and the binding energies &; and &£y are negative for adsorption. The
power of the prefactor temperature dependence is determined from the adsorbate
partition function, and in our case, x = 0.5 for the physisorption terms and x = 2.5

for the chemisorption term.

2.6 Mixed Gas Adsorption
Ideal Adsorption Solution Theory (IAST), developed by Myers and Praunsnitz

in 1965,[10] is based around an adsorption equivalent to Raoult’s law. Raoult’s law
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states that the partial pressure of component i in an ideal solution mixture is equal
to the pure component i partial pressure at the same thermodynamic conditions
multiplied by its solution concentration. The following derivation is summarized

from Simon’s implementation of IAST in their pyIAST Python package.[11]

The main assumptions of this theory are:

* The adsorbed species form an ideal mixture (enthalpy of mixing is zero);

* Each lattice site is equally accessible by each adsorbed species (no sites exist

that can be occupied only by a specific adsorbate).

Derivation of Adsorbed Raoult’s Law

The Gibbs free energy for a 2D surface is defined as:

N
dG = -SdT + Adm + ) pidn; (2.55)
i=1

where A is the adsorbent surface area and n is the spreading pressure, the 2D
equivalent of volume and pressure, respectively, with the 2D ideal gas law 7A =
nkgT. Although the fluid is three-dimensional in the bulk phase, the loss of the
out-of-plane translational freedom on the adsorbent results in a phase that can be

modelled as two-dimensional.
Since AGpix = AHpix — TAS i and AH,,;,, = 0 (ideal solution assumption),

the Gibbs free energy is

N
G(T,m,n)) = Z GO(T, 7t,n;) = TAS iy (2.56)

i=1
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which is the Gibbs free energy of each adsorbate’s pure state and an entropy of
mixing component AS,,;, = —kg >; n;In y;, where y; is the adsorbed gas mole

fraction of species i.

Chemical potential is defined as

oG
Hi= (—) (2.57)
ani T,mn;
such that, with Eq. 2.56
wi(T, 7, xi) = (T, ) + kpT In y; (2.58)

where ,u? is the pure adsorption chemical potential of gas species i. The ideal gas
phase chemical potential for a partial component in a mixture (from Eq. 2.8) is
defined as:

pE(T, P, y;) = u(T) + kT In p; (2.59)
where p; = y;P.

In equilibrium, the adsorption chemical potential equals the gas phase chemical
potential and the pure component chemical potential (y; = ,uf ). Equating Eq. 2.58

to Eq. 2.59, and solving for p;:
i = yieP WD) (2.60)
For a pure gas, y; = 1 such that

,0
p0 = Pl )= () (2.61)

pi = xip)(n,T) (2.62)
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which states that the partial pressure of an adsorbed gas species is the the pure
component pressure multiplied by the molar adsorbed fraction. Note that this is for
an ideal gas in that no gas-gas interactions are accounted for. The fugacity coefficient
¢;(P,T) can be introduced to account for the real-gas chemical potential (as in Eq.
2.22)

W (T, P, yi) = uf*(T) + kgT In p; + kT In g, (2.63)

which leads to the following expression for the Raoult’s Law:
fi = ¢ipi = xiip? (. T). (2.64)

Equivalence and Functional Form of Spreading Pressures
In the adsorbed phase, the pure component chemical potentials are equal
,u?(T, ) = ,u?(T, n;). Since the temperature is the same for all adsorbed species,

and from the 2D ideal gas law 7 ( p?, T), the spreading pressures are all equal:

7 =1a(pY) = mp(pY)... = 7u(pY). (2.65)

From the Gibbs-Duhem equation for spreading pressure in a pure component ad-
sorption system (dT=0)

~Adm; +nldu? = 0 (2.66)
and d,u? can be written in terms of pressure from Eq. 2.59 as du; = kgT'd In pl.o.

Combining the above equations and rearranging terms

kpT
dr = %n?p?dln L. (2.67)



46

Integrating both sides, and removing the integration constant as 7(P = 0) = 0,
the spreading pressure can be written as a function of pressure (based on the isotherm

theta model that is used):

kT [P n%(P)
0 B i
(p) = dP 2.68
knTn 7! 99(P)
0 B m i
(p°) = dP. 2.6
mi(p;) 1 /0 P (2.69)

As shown for the adsorption model, fugacity can be substituted in for pressure
through the chemical potential in Eq. 2.63 to account for nonidealities in the gas
phase. The double-site Langmuir model used in this work (from Eq. 2.24) gives the

following form for the spreading pressure

kBTI’lm
A

7r,~(fi0,T) = [(1-a)In(1+K(T)f;)+aln(1+Kx(T)f;)] . (2.70)

Since the same area A is accessible to all adsorbates, and all adsorbates experience
the same thermal energy kg7, the kifT term can be ignored when setting the spreading

pressures of each gas component equal to each other.

Determination of Total Mixed Component Uptake
An expression for the total uptake ny can be derived using the 2D ideal gas law
and the definition of adsorbed mole fractions. The area of all of the adsorbed gas

molecules must equal the total area of adsorption at a given pressure, temperature:

N
Ar(P,T) = ) Ai(P.T). 2.71)
i=1
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The adsorbed gas mole fraction can be written in terms of the fractional coverage

(using the ideal gas law and the spreading pressure equivalence)

N N N nikgT N

ZX.:LAi:Z m _ Lt N .
' Ar nrkpT nr .

i=1 i=l " ap

and solving for nr the following equation is obtained:

1 N
)

>

(2.73)

i
i
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Chapter 3

HYDROGEN ADSORPTION ON COPPER MODIFIED
ACTIVATED CARBON

“I believe that water will one day be employed as fuel, that hydrogen and oxygen which
constitute it, used singly or together, will furnish an exhaustible source of heat and light, of

an intensity of which coal is not capable... Water will be the coal of the future.”
— Jules Verne: The Mysterious Island (1874)

This chapter has been adapted from:

Cullen M. Quine, Hillary L. Smith, Channing C. Ahn, Ariel Hasse-Zamudio,
David A. Boyd, and Brent T. Fultz. Hydrogen adsorption and isotope mixing
on copper-functionalized activated carbons. 2022. URL https://doi.org/10.
1021/acs. jpcc.2c02960.
3.1 Chapter Overview
Hydrogen storage in physisorbent materials is fast, reversible, and highly effi-
cient, yet the weak nature of adsorbate-adsorbent interactions with dispersion forces
results in low hydrogen uptake at ambient temperatures. The figure of merit for
physisorbent materials has generally been high specific surface area (SSA), with
state-of-the-art materials currently around 3,000 m?/g. Surface excess of Hy ad-
sorbed on carbon materials is assumed to be linearly proportional to SSA with a
constant of proportion of 500 m?/g per wt % at 77 K, resulting in about 6 wt % of

H, for high surface area carbons.[1] Further increasing the hydrogen storage den-

sity requires materials with higher micropore volume, surface features, or surface


https://doi.org/10.1021/acs.jpcc.2c02960
https://doi.org/10.1021/acs.jpcc.2c02960
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functionalization. To assess hydrogen storage in adsorbents, adsorption isotherms
determine uptake capacity while the isosteric heat, known as the heat of adsorption,

describes the adsorbate-adsorbent (hydrogen) interaction strength.

Recent work has focused on enhancing hydrogen uptake by increasing the
isosteric heat by physical modification of pore structure or chemical modification
of surface features. Synthesis of hierarchical carbons, such as templated carbon
with near-optimal pore sizes for hydrogen storage, have raised the enthalpy of
hydrogen adsorption of carbon materials above the 4-6 kJ/mole of bare graphite
surfaces.[2, 3] Yang et al., showed that hydrogen adsorption at 298 K is dependent
on micropore volume below 1 nm, further demonstrating the importance of pore
morphology.[4] The modification of carbon materials with metals also has the
potential to increase isosteric heat, and to increase packing density of Hy on the
surface. Chemical modifications result in enthalpies that are initially high, of
order 15-16 kJ/mol, but decline with coverage as the less favorable sorption sites
are filled. Modifications to MOF-74, a Zn-based material, showed an increase in
Henry’s law uptake of hydrogen along the 3d transition series, with the maximum
heat of sorption for a Ni compound, for reasons yet unclear.[5] In the Henry’s Law
regime, the isosteric heat of adsorption is high, maintaining a quantity of adsorbed
gas that is proportional to the partial pressure of adsorbent in the gas phase. High
Henry’s Law values are typically caused by deeper potential energy wells from
micropores or coordinatively unsaturated metal centers in coordination polymers

such as metal organic frameworks.[6—8] Additional work on functionalization of



51

high surface area carbons with precious metals [9—-13] and transition metals [14—16]
have mixed reports of improvement of adsorption capacity from functionalization.
Studies reporting metal-doping of activated carbon have demonstrated improved
hydrogen uptake at ambient temperatures, but open questions remained about how

the dispersity of the metal affected adsorption capacity.[15]

This work determines the nature of hydrogen uptake enhancement at various
temperatures in metal modified adsorbents with three approaches. First, the impact
of transition metal functionalization on adsorption capacity in high SSA carbons as
a function of temperature is quantitatively assessed. This is achieved through mea-
surements of adsorption isotherms at temperatures ranging from 77-343 K and up
to 10 MPa, at high resolution up to 0.1 MPa, and comparison of these isotherms to
models. Second, the mechanism of adsorption of H; on these metal-functionalized
carbons is determined, including how this mechanism differs as a function of tem-
perature. This is achieved with temperature-programmed desorption measurements
quantifying desorption temperatures and relative quantities of adsorbed species in
pristine high SSA carbon and metal-functionalized carbon. Third, the decline in
enthalpies in the Henry’s Law regime observed in metal-functionalized materials
as a function of pressure is explained from isotope-mixing experiments which dis-

criminate between chemisorption and physisorption as a function of temperature.

Two distinct sorption behaviors are observed, corresponding to high tempera-
ture chemisorption and low temperature physisorption on the metal-functionalized

carbons. By comparing isotherm results of the metal-functionalized and pristine
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carbons, conditions are determined where copper modification of carbon adsorbents
may be beneficial for hydrogen storage. In particular, these materials have potential
for applications of hydrogen storage where cryogenic temperatures are not possible,
or where gravimetric capacity is a lower priority. This work shows that copper
functionalization offers enhanced uptake properties over unmodified carbons due to
the unique binding properties of hydrogen on copper. The enthalpy of adsorption of
chemisorbed hydrogen on nanoclusters of copper is lower than that of typical metal
hydrides, making an unusual carbon-based material that shows both dissociative

and molecular sorption behavior at ambient temperatures and pressures.

3.2 Methods

Metal-functionalized carbon was synthesized by wet chemical deposition of
copper onto MSC-30, a super-activated carbon from Kansai Coke & Chemical
Co. Cu(NO,),*2.5H,0 from Sigma-Aldrich was dissolved in water with different
concentrations and centrifuged with the activated carbon at 3000 RPM for 1 hour.
The solution was then evaporated overnight, leaving dried material with deposited
metal salt. For each batch, the material was heated under flowing H, gas for 3 hours
at 200°C. Thermal gravimetric analysis (TGA) was performed on the precursor salts
to determine salt dissociation temperature. X-ray fluorescence spectroscopy was

used to determine carbon-to-copper atomic ratios in the synthesized material.

A Micrometrics Tristar IT 3020 was used for specific surface area (SSA) mea-
surements using the BET method and was modified to conduct high precision H,

isotherm measurements at sub-atmospheric pressures between 77 K and 343 K. The
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as-received activated carbon, denoted as “pristine MSC-30,” has a specific surface
area of 3350 m?/g. “MSC-30 High Cu” denotes material with SSA of 2174 m?/g
and C:Cu ratio of 36:1. “MSC-30 Low Cu” has a SSA of 2943 m?/g and C:Cu of
43:1. MSC-30 Low Cu is a high surface area material with lower copper content,
while MSC-30 High Cu has a higher copper content and lower surface area (see
Table 3.1). Control samples of copper nanoparticles (denoted as Cu NP, 20 nm

particle size) were purchased from Sigma-Aldrich with a SSA of 8.18 m?/g.

For higher-pressure isotherm measurements, a custom Sieverts apparatus was
used with the Helmholtz equation of state for normal hydrogen in REFPROP NIST
Standard Reference Database to determine excess hydrogen uptake.[17, 18] The
sample was pre-treated between each measurement with 0.2 MPa ultra high purity
hydrogen (used throughout, unless otherwise specified) at ambient temperature for
at least 12 hours, evacuated, and heated to 150°C for 30 minutes (3 hours for initial

run) under active pumping.

The temperature programmed desorption (TPD) measurement protocol was
adapted from Panella et al., who conducted TPD experiments on physisorbitive car-
bon materials.[19] The TPD measurements used a residual gas analayzer (RGA), a
Stanford Research System RGA100, to determine desorption temperatures and rel-
ative adsorption quantities. Isotope exchange experiments were used to determine
the mechanism for gas-surface binding. Previous studies have shown HD forma-
tion after protium and deuterium exposure on metal surfaces due to dissociative

adsorption.[20, 21]. After the sample was cooled to ambient temperature under
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active pumping, it was dosed with hydrogen at 0.2 MPa at ambient temperature for
at least 12 hours. The reactor was submerged in liquid nitrogen for 15 minutes, and
evacuated to ~1 mPa, leaving only hydrogen that was adsorbed onto the surface.
The reactor was then transferred under liquid nitrogen to a residual gas analyzer,
where it was passively heated to 229 K by removal from LN, and actively heated
to 420K using a heater controller at a ramp rate of 5 K per minute under active
pumping. Partial pressures of gases in the residual gas analyzer chamber were
measured simultaneously with temperature as a function of time. Temperature was
linearly interpolated to determine gas signal strength as a function of temperature.
Temperature corrections were applied to the results using an internal thermocouple
to account for thermal lag through the stainless steel reactor using pure activated

carbon as the calibration medium (see SI).

3.3 Results

Figure 3.1 shows scanning electron microscopy (SEM)and transmission electron
microscopy (TEM) images of MSC-30 High Cu at two magnifications. Brightly
colored circles in the bottom micrograph are copper, indicating clusters of size 10-20

nm.

Figure 3.2 shows hydrogen signals from TPD runs for pristine MSC-30, MSC-
30 High Cu, as received pure copper nanoparticles, and a copper surface TPD study
from Genger et al.[22] The pristine MSC-30 has one peak centered at 118 K, the
copper nanoparticles and copper surface runs from Genger et al., have peaks at

312K and 298 K, respectively, and MSC-30 High Cu has two peaks, one at 121 K
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(b) TEM

Figure 3.1: SEM (top) and TEM (bottom) micrographs of MSC-30 High Cu at two
magnifications. Bright spots show copper particles.
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Figure 3.2: TPD runs on an activated carbon (pristine MSC-30), a metal modified
activated carbon (MSC-30 High Cu), copper nanoparticles (Cu NP), and copper
surfaces from Genger, et al.[22] The magnitude of the signals are scaled to the
MSC-30 High Cu run, normalized to the low temperature peak height. Traces are

offset vertically for clarity.
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Figure 3.3: TPD isotope mixing experiment with a gas loading of 2.1:1 hydrogen to
deuterium on MSC-30 Low Cu.

and 302 K. Reference copper sample was loaded at atmospheric pressure and other

materials were loaded at 0.2 MPa.

Figure 3.3 shows results from an isotope mixing experiment, where a sample of
MSC-30 Low Cu was dosed with a 2.1:1 hydrogen to deuterium mixture at a loading
pressure of 0.2 MPa. For the lower temperature desorption event, more deuterium
molecules were released than hydrogen and hydrogen-deuterium molecules, while
the higher temperature gave primarily hydrogen-deuterium molecules. The peak
temperatures for the high temperature desorption events were 304 K, 309 K, and

314 K for hydrogen, hydrogen-deuterium, and deuterium, respectively.
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Figure 3.4: TPD experiment on MSC-30 High Cu with two different gas loading

pressures of hydrogen. Data were normalized to the maximum value of the low
temperature peak.

Figure 3.4 shows MSC-30 High Cu sample under an initial gas loading pressure
of 0.2 MPa and 3 MPa. The ratio of the area of the high temperature peak to the area
of the lower temperature peak increases with dose pressure, even with both samples
being evacuated to similar baseline pressures after cooling with liquid nitrogen,

indicating a larger desorption of hydrogen from higher initial gas pressure.

Figures 3.5 and 3.6 are high pressure and cryogenic (77 K) adsorption measure-
ments on a Sieverts apparatus, compared to pristine MSC-30 and copper nanopar-
ticles (Cu NP). MSC-30 High Cu has 68% of the specific surface area of pristine
MSC-30, and has less uptake at 77 K and 298 K. Nevertheless, at 298 K MSC-30

High Cu has greater excess uptake per surface area than MSC-30.
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Figure 3.5: Sieverts isotherm measurements on MSC-30 High Cu (solid circles)
and copper nanoparticles (open triangles) at 296 K up to 10 MPa at temperatures

labelled on graph. Data are compared to pristine MSC-30 at 296 K (open diamonds)
from Stadie, et al.[13]

Figure 3.7 shows low pressure (<0.1 MPa) excess uptake isotherms on MSC-30
High Cu at different temperatures, and an ambient temperature pristine MSC-30
run. The data are fit with a power law with the exponent for each curve indicated on
the plot. Most values are near 1, but MSC-30 High Cu deviates significantly from

1 at 296 K.

MSC-30 High Cu has significantly lower specific surface area than the pristine
MSC-30. Since the excess uptake of hydrogen on carbon scales with specific

surface area, a comparison was made with MSC-30 High Cu to pristine MSC-30
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Figure 3.6: Sieverts isotherm measurements on MSC-30 High Cu (solid circles),
pristine MSC-30 (open diamonds), and copper nanoparticles (open triangles) at
77K up to 3 MPa.

with reduced specific surface area. Figure 3.8 shows improvements of the hydrogen
excess uptake of MSC-30 High Cu over pristine MSC-30 uptake renormalized based
on MSC-30 High Cu surface area. The percentage improvement ranges from 80%

at 300K to 15% at 77 K.
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Figure 3.7: Low pressure isotherm measurements on MSC-30 High Cu at different
temperatures relative to pristine MSC-30 at ambient conditions. Data plotted on
a linear scale (top) and log-log plot (bottom) with temperature and power denoted
from a power law fit (solid lines).
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3.4 Discussion
Langmuir Isotherms

The primary binding mechanism for gas adsorption on carbonaceous adsorbents
is through “dispersion forces,” or van der Waals interactions, known as physisorp-
tion. These forces are relatively weak, resulting in low desorption temperatures.
The thermodynamic “Langmuir isotherm” describes the adsorption behavior of

physisorbed species at fixed temperature, based on the assumptions:

1. There is only one energy, €n,, which is the binding energy of one gas molecule

to one surface site. Binding is favorable, so ey, < 0.

2. The sorbent material has a fixed number of surface sites, and the adsorbed

molecules have a random distribution over these sites.

3. There is no interaction between the molecules adsorbed on the surface.

4. The gas is assumed an ideal gas, simplifying the treatment of the chemical

potential of molecules in the gas phase.

These assumptions give the Langmuir isotherm [23]

K, (TP
_ Kp (P 3.1)

1+K,P

where
3(T)q(T)
g _

Kp1(T) = T T ¢ Feny (3.2)
and B8 = kBLT Here en,, p, T, /lg(T), kg, and g(T) are the molecular binding

energy, pressure, temperature, quantum volume, Boltzmann’s constant, and the
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vibrational and translational adsorbent partition function, respectively. Both the
quantum volume and the partition function are temperature dependent (see SI for
details). Because the surface sites are non-interacting, all sites have the same
probability of occupancy, 6. Therefore 6 is the surface coverage, or the fraction
of sites occupied by gas molecules. The surface coverage increases with pressure,

reaching an asymptotic value of 1.

Carbon materials are known to physisorb gases, but metals can have chemisorp-
tion phenomena. Many metals readily form metal-hydrides, reacting with H, to
absorb hydrogen into the metal. However, hydrogen does not diffuse into bulk
copper at ambient temperature, preventing the formation of bulk copper hydrides.
Instead, molecular H; readily dissociates to chemically bond with copper surfaces in
the form of atomic hydrogen, in an independent dissociation process that is assumed
not to affect the surface coverage. At ambient conditions, the ratio of surface to bulk

hydrogen species in copper is 8000:1. [24].

For dissociative adsorption, there are two atoms instead of one that need to
have probabilities of surface sorption. The Langmuir isotherm for dissociative

chemisorption now has the form (see Chapter 2 for derivation):

JVK.(T)P

= ———— (3.3)
1 ++K.(T)P
where
/13 (T) 2
K (T) = Ze 92 ~den/kaT (3.4)

kT
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and ey is the binding energy of a dissociative hydrogen site.

A Comparison of Isotherms

The Langmuir isotherm used to describe physisorption (Eq.3.1), and disso-
ciative isotherm used to describe chemisorption (Eq.3.3), were combined into a
double-site Langmuir equation (Eq.3.12 in SI). Sieverts isotherms from MSC-30
High Cu and the low pressure 296 K isotherm were fitted to this equation, showing
good agreement with the experimental isotherms over 5 orders of magnitude in
pressure. The low pressure 296 K isotherm data is shown with the individual com-
ponents of adsorption in Fig. 3.9. At low pressures and low coverage, the coverage
6 goes as P for the molecular Langmuir isotherm, and as VP for the dissociative
case. In this limit, the Langmuir isotherm has a linear slope, while the slope in the
dissociative case has an infinite slope at infinitesimal coverage. At low coverage,
the dissociative hydrogen adsorption is a significant portion of the excess uptake,
and a crossover between molecular and dissociative excess uptake is observed at 45
kPa, 296 K in Fig. 3.9. The dissociative component of 6 reaches saturation at lower
pressures than the molecular component. Only 0.4% of the total sites are disso-
ciative, based on the fitting parameters (see Table 3.2), and at high pressures the
chemisorbed sites are an insignificant portion of the excess uptake. Using the fitting
parameters and Eq. 3.14 and Eq. 3.15 in the SI, there are 14:1 copper per hydrogen
atoms at full coverage on chemisorption sites, with a copper specific surface area of

86 m?/g.
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dissociative components (solid lines) at 296 K. Fitting parameters are provided in
Table 3.2
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Mechanisms of Adsorption

The temperature programmed desorption (TPD) experiments help elucidate
both the binding strength of hydrogen in these materials and the mechanisms of Hj
adsorption. Fig. 3.2 indicates that in pristine carbon, hydrogen is primarily released
at a low temperature, while pure copper releases surface hydrogen near ambient
temperature. For our copper modified samples, we see a superposition of these two
behaviors. Atequilibrium, the difference in Gibbs free energy between the adsorbed

species and the gas phase, AG, is zero, where

AG = AH - TAS, (3.5)

where AH and AS are the change in the enthalpy and entropy between the adsorbed
and gas phase, respectively. A commonly used approximation is that the gas phase
entropy is much larger than the adsorbed phase entropy, so that AS ~ Sg,,. With
this approximation, the desorption temperature is determined by the difference in
the adsorption enthalpy and the energy required for the transition desorption state.
With similar transition states, a higher desorption temperature observed from TPD
measurements indicates a higher adsorption enthalpy, which is characteristic of
stronger binding of adsorbed gas species. The presence of a high temperature peak
near 310K in MSC-30 High Cu indicates the presence of hydrogen binding sites

with increased adsorption enthalpies that are not present in unmodified carbon.

The mechanism of adsorption in these materials is revealed by the isotope
experiment shown in Fig. 3.3. The copper-modified carbon sample (MSC-30 Low

Cu) was dosed with D, and H; at room temperature and allowed to interact with
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the sample for 12 hours, when hydrogen and deuterium can absorb to the surface
as molecules, and also dissociate during absorption. The sample is then cooled to
77 K and evacuated to remove H; and D; in the gas phase. The evolved gas species

are observed as the temperature is increased.

The low temperature desorption event gives mostly D, with HD molecules
being the least abundant species. This indicates physisorption behavior, where
molecular hydrogen does not dissociate during adsorption on the carbon surfaces.
Curiously, there is more D, observed than H», even though the sample was dosed
with a 2:1 ratio of H, to D;. This can be attributed to a quantum sieving effect in
porous carbons, where nanoporous structures preferentially store more D, than H;
based on adsorption kinetics and zero point energies of the heavier molecule[25, 26].
The zero point energy differences between H; and D5 can also be seen by the slight
increase in the peak desorption temperature as molecular mass increases, indicating

that D, has a slightly higher enthalpy of adsorption than H,.

The high temperature desorption event gives primarily HD molecules. This
peak is associated with hydrogen adsorption onto copper, which is characteristic
of recombination of dissociated species in chemisorption. This is consistent with
hydrogen storage on pure copper surfaces, as noted in the literature. Yasumori
et al., claim that there is complete isotope mixing of H, and D, on copper sur-
faces, and reversible hydrogen adsorption of temperatures from 273-333 K and 7
KPa pressures.[27] The clustering of copper atoms in our materials prevented the

formation of unsaturated metal surface sites. MSC-30 High Cu has an adsorption
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enthalpy of 7.5 kJ/mole H;, determined from excess isotherm data (see Fig. 3.19 and
3.20 in SI). Binding energies of 6 kJ/mole H; and 20 kJ/mole H for molecular and
dissociative sites, respectively, were obtained using a double-site Langmuir fit to
experimental isotherms (Eq. 3.12 in SI). This is significantly less than the 78 kJ/mole
H; observed for bulk copper surfaces.[22]. A recent study on a copper-loaded co-
valent organic framework (COF) showed a desorption event near 323 K attributed
to molecular hydrogen binding on Cu'* sites (determined using XANES), with an
adsorption enthalpy 15 kJ/mole H,.[28] From our results, even though hydrogen
is dissociating on the copper metal clusters, there is no significant isotope mixing
measured for the underlying carbon material. Adsorption on carbon only occurs
when the sample is cooled to 77 K (very little at ambient temperature). Our mea-
surements began by cooling the H>/D, mixture from 298 K, so some dissociation
may be expected. However, the hydrogen pressure was under 0.2 MPa so few recom-
bination events of chemisorbed hydrogen occur at 298 K. A prior study of isotope
mixing on copper in the gas phase at 273 K reported an insignificant amount of
HD formation.[29] Braunecker et al., also reported that dosing their copper COF
below 273K resulted in no high temperature desorption due to a thermal activation
barrier.[28] From the results shown in Fig. 3.4, the copper adsorbs more hydrogen
at high loading pressure, demonstrating that the amount of chemisorbed hydrogen

increases with loading pressure.
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Sorption Enhancement from Copper Functionalization

There is evidence that the copper has enhanced the storage on the underlying
carbon structure, depending on pressure. However, there is no significant improve-
ment of MSC-30 High Cu in Sieverts measurements at high pressures compared to
the pristine carbon material (Fig. 3.5, even with accounting for surface area differ-
ences). This lack of enhancement at high pressure was also observed with platinum
doped activated carbons.[13] Nevertheless, there is a substantial improvement at
ambient pressure. Fitting MSC-30 High Cu adsorption data to a simple power law
in Fig. 3.7 (following Henry’s Law), gives a power of 1 for the 196 K and 236K
adsorption data, and 1 at ambient temperature for the pristine MSC-30. Fitting the
MSC-30 High Cu 296K isotherm gives a power of 0.7. This shows the presence
of both dissociative and standard Langmuir isotherms, as discussed with Fig. 3.9.
An increase in the contribution from the chemisorption sites with temperature is
expected from an energetically favorable chemisorption event with a dissociative

activation energy.

From the systematics of standard physisorption, we expect that hydrogen uptake
should be directly proportional to the SSA of the sample. We therefore normalized
the 0.1 MPa pristine MSC-30 data to the SSA of our MSC-30 High Cu sample
in Fig. 3.8 to compare our modified sample to an activated carbon with a similar
surface area. There is a systemic improvement at all temperatures over a carbon
with similar SSA, and the improvement is highest at ambient temperature. This

is consistent with an activated chemisorption process as the copper in the sample
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adsorbs more hydrogen at higher temperatures. The TPD results show hydrogen
readily desorbs from MSC-30 High Cu at temperatures above 350 K. There is
a temperature window above the thermally activated dissociation and below the
desorption temperature which is optimal for hydrogen storage. This window of
hydrogen adsorption for copper particles is centered around ambient temperature,
making copper a promising metal for functionalization for ambient temperature, low

pressure hydrogen storage.

3.5 Conclusion

The H, adsorption onto copper-functionalized high surface area carbon is as-
sessed and compared to the adsorption properties of pristine high SSA carbon.
Copper functionalization enhances storage by increasing H, binding enthalpy at
ambient temperatures and low pressures, above what is achievable with pristine car-
bon materials of the same SSA. There is a window of enhanced adsorption behavior
where gas molecules have enough thermal energy to overcome a dissociation acti-
vation energy barrier, yet low enough energy to still adsorb to the copper clusters.
This occurs around ambient temperature. The expected low temperature desorption
observed in pristine high SSA is also observed in the metal-functionalized material,
and attributed to conventional physisorption on carbon. Near-ambient temperature
desorption was observed in our functionalized material and in pure copper. Isotope

mixing studies show that this sorption is dissociative in nature.

This work establishes the specific mechanism for adsorption of H, on metal-

functionalized carbon is both physisorption and chemisorption at ambient pressures.



72

Binding energies of 6 kJ/mole and 20 kJ/mole for H, physisorption and H chemisorp-
tion, respectively, were extracted from double-site Langmuir fits on copper modified
MSC-30 isotherms, resulting in 14:1 Cu:H. These results provide the specific con-
ditions under which metal-functionalized materials may provide opportunities for
hydrogen storage applications, such as in catalytic processes requiring dissociated
hydrogen on surfaces or for metal hydrides that are kinetically limited by disso-
ciation. Future development of metal-functionalization, by reducing the sizes of
copper clusters may be a promising direction for use of these composite materials

in some hydrogen storage applications.
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Figure 3.10: SEM micrographs of MSC-30 Low Cu at 2.5 kX (top) and 100 kX
(bottom) magnification. Bright spots show copper particles.

Sample BET SSA Expected XRF TGA
m?/g C:Cu CucC C:Cu CuC at% Cu wt% Cu | wt% Cu
Standard - 111 0.00901 | 112.6 0.00888  0.88 4.5 5.4

MSC-30 High Cu 2174 150  0.00667 | 36.4  0.0275 2.67 12.7 12.0
MSC-30 Low Cu 2943 178  0.00562 | 42.76  0.0234 2.28 11.0 11.8

Table 3.1: Summary of physical and XRF measurement results. A standard sample
of Graphimet (Alfa Aesar, No. 89688, Lot H22X034) is specified to have 4.5%
copper on graphite. This sample was used as a calibration standard to baseline the
Cu-K,; fluorescence intensity with respect to the bremsstrahlung background. Cop-
per wt% in the Cu-functionalized MSC-30 materials was determined from sampling
over multiple areas of the material and averaging the fluorescence intensity. The
wt% Cu is then calculated relative to the total sample mass. BET SSA determined
from 77 K N5 isotherms.

3.7 Supporting Information
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Figure 3.11: TGA (thermogravimetric analysis) under argon gas of the two salts used
for copper functionalization was performed to determine what temperatures are nec-
essary for removal of excess salt from functionalized carbons. Cu(NO3),*2.5H;0
has lower decomposition temperatures than CuCl,*H,0O, enabling lower tempera-
ture processing.
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Figure 3.12: TGA (thermogravimetric analysis) under air of 5% copper on graphite
sample (top left), pristine MSC-30 (top right), MSC-30 Low Cu (lower left) and
MSC-30 High Copper (lower right) at 10 K/min to 800 °C. Samples were preheated
under nitrogen to 400K to remove adsorbed water. The calibration sample of
Graphimet (Alfa Aesar) contains 4.5% copper on graphite and was assumed to be
initally pure copper. The Cu-containing MSC-30 materials were assumed to be
initally CuO after air exposure. All samples were treaded as fully oxidized after
heating to 800 °C.
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Figure 3.13: Partial pressure signals vs time for MSC-30 High Cu 0.2 MPa TPD
run. The molecular hydrogen peak is approximately two orders of magnitude above

all other measured gas species, demonstrating the purity of the adsorbed gas species
from UHP hydrogen dosing.
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Figure 3.14: All of the temperature programmed desorption (TPD) runs were
conducted using a thermocouple attached to the bottom of the stainless steel reactor.
Both the temperature and the gas signals are collected as a function of time, which is
then plotted as gas signal vs temperature. To take into account the thermal lag across
the stainless steel, a calibration run was conducted by inserting a thermocouple into
MSC-30 powder in the same evacuated reactor. The sample was heated using the
same procedure as the TPD runs, and a mapping of the outer thermocouple to the
powder bed was obtained as a function of time. This temperature calibration run was
applied to the low temperature (<239 K, passive heating) and the high temperature
(>239 K, active heating), obtaining gas signal as a function of temperature. The
temperature dip around 120K in the blue curve most likely corresponds to the
desorption of hydrogen from MSC-30, which is endothermic.
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Figure 3.15: TPD isotope mixing experiment with a gas loading of 2.1:1 hydrogen
to deuterium on MSC-30 High Cu.
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Figure 3.17: TPD isotope mixing experiment with a gas loading of 2.1:1 hydrogen
to deuterium on pristine MSC-30. No significant dissociation is observed based on
the low magnitude of the HD peak relative to other hydrogen species.
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Double-Site Dissociative Langmuir Isotherm

The full Langmuir isotherm derivation for both physisorption and chemisorption
is shown in Chapter 2, with relevant text reproduced here. The main assumptions
made in this chapter for hydrogen adsorption is the partition function ¢ (7) is a

product of a translational and vibrational component:

q = qvibYtrans- 3.6)

For molecular adsorption, if we assume a 2D adsorbed gas phase with an out of plane
vibrational component (with the high temperature approximation for the vibrational
component):[23]

kT
qvib = 7 (37)
w

(3.8)

qtrans =

22 \?
Aads = (m ) (3.9)

where 7 is Planck’s constant, w is the vibrational frequency, Ag; is the effective

binding area of an adsorption site, and A, is the thermal de Broglie wavelength of
the adsorbed molecule with effective adsorbed mass m* such that ¢(T) o« T?. The
thermal de Broglie wavelength of the adsorbed molecule is assumed to be negligibly
different than the gas phase such that 4, = A,45. The 2D translational model with
a perpendicular vibrational mode is supported by quasi-elastic neutron scattering
data on molecular hydrogen in activated carbon, showing fully mobile liquid-like
hydrogen species on the surface above 150 K and an empirically-determined 15 meV

vibrational mode of the center of mass of an adsorbed hydrogen molecule.[30, 31]
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The vibrational internal degrees of freedom for hydrogen molecules are too high in

energy to be excited at the temperature range of interest and are therefore ignored.

For the chemisorption partition function g, (7T), we assume localized bonding
to a simple site, so the translational component of the adsorbed phase is negligible
and we assume a high vibrational energy of hydrogen on copper. The vibrational
entropy is not temperature dependent (the quantum oscillator is primarily in the
ground state) and ¢v;»(7) =~ 1. This assumption is supported by hv ~ 129 meV
perpendicular and Av ~ 100 meV in-plane vibrational energy of atomic hydrogen
on copper determined using EELS.[32] The translational and vibrational partition

function will be assumed to be independent of temperature.

With these assumptions for the partition functions, the physisorption and chemisorp-

tion Langmuir constants become (from Eq.2.18 and Eq. 2.19):

bl A
Kp = ABJ%e_B‘S‘ = \/—%e'ﬁ‘% (3.10)
4(Tq; A
— 8 2 2ey/kgT _ 2 -2B¢
Ke(T) = =5 e/l = oembon 3.11)

Experimentally, excess hydrogen uptake n. is measured, which is the amount
of gas that the material adsorbs over the gas phase with the same empty space.[33]
To fit excess data to an absolute isotherm, the gas phase contribution in adsorbed
volume v,6 must be added back into the excess data (using the gas density py).
The full double-site Langmuir molecular-dissociative isotherm model (combining

Eq.2.20 and Eq. 2.26) is

Ko (P VK.(T)P
1+ Ko 1 (TP 14+ \JK(T)P

ne(P,T) = (nm = pg(P,T)vm) | (1 - ) (3.12)
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where K, and K. are the physisorption and chemisorption Langmuir constants
defined above, respectively, P is pressure, T is temperature, p, is the gas phase
density, n,, is the maximum absolute uptake at full coverage, and « is defined as the

fraction of chemisorption sites.

Adsorption Enthalpies from Double-Site Langmuir Fits
From the absolute uptake it is possible to calculate thermodynamic properties
such as the adsorption enthalpy Ah.[34] We can use Eq.2.47 to get the heat of

adsorption -Ah,:

oP Vm 1
@ = —Ahggy =T || [2-— 3.13
o ¢ (8T)na (l’lm pg) ( )
00
_(9P) _ 3.14
(ar)n () G119
oP Tn
06 K K.
P _(-a) (%)w( (3.15)
oP (1+K,.P) WE.P(1+ VK. P)>
96 00 0K, 80 OK.
2 - : 3.16
ar - Y5k Tar Yk ot (3.16)
00 aI(pl P Kpl
L ) xRT —pl 3.17
9K,1 0T ((1 +K,,,1P)2) ORT + 1) 1 ©-17)
86 9K, P K.
97 0% _ _ RT +2e5) =5 3.18
OK. oT (2\/KCP(1 +\/KCP)2) & o) R ©.18)

where the gas constant R has been substituted in for kg to get energy per mole of
adsorbate, and the binding energies ey and ey, are negative for adsorption. The
power of the prefactor temperature dependence is determined from the adsorbate
partition function, and in our case, x = 0.5 for the physisorption terms and x = 2.5

for the chemisorption term.
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Figure 3.18: Double-site Langmuir isotherm fits for MSC-30 High Cu using Eq. 3.12
and parameters from Table 3.2. Experimental data shown in markers with excess
uptake fit in solid lines.

N Vi a A EH, Aj ey
mmol/g mL/g K!2/MPa kJ/mol K>?/MPa kJ/mol
18.0  0.778 0.00373 0.035 -6.3 0.69 -19.8

Table 3.2: Fitting parameters for double-site molecular and dissociative Langmuir
on MSC-30 High Cu.

From the fitting parameters the amount of copper per adsorbed hydrogen Cu:H
is
(3.19)
where M(, is the molar mass of copper (63.546u), a factor of 2 for atomic hydrogen,

and the weight percent of copper wt%c,. Using the values from Tables 3.1 and 3.2,

there are 14:1 copper to hydrogen atoms for MSC-30 High Cu at saturation.

The copper-specific surface area SSAc, is determined from the chemisorbed
hydrogen uptake:[22]
danyNa

Acy = ——— 2
SSAcu Ac,Wt%cy (3:20)

where hydrogen saturation on surface copper is 2:1 Cu:H, Ny is Avogadro’s number,

Ac, is the surface packing density of copper atoms (1.47%10' Cu atoms/m?).[22]
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Using the values from Tables 3.1 and 3.2, MSC-30 High Cu has a copper specific

surface area of 86 m?/g Cu.
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Figure 3.19: Isosteric heat of adsorption of MSC-30 High Cu vs absolute adsorbed
uptake calculated from the double-site Langmuir fit using Eq.2.47 with the same
temperatures as Fig. 3.18.

Determination of Isoexcess Enthalpy of Adsorption

If two isotherms that are close in temperature are used, approximate values for

Ah are obtained by setting the derivative to a discrete slope

In(p2) —In(py)

Ah =k (3.21)
P(m) - (1/11)
TyT
Ah = kg—2L 1n 22 (3.22)
Ih-T, p;

which is the Clausius Clapeyron equation. Pressures and temperatures are taken at
a given uptake n, for isosteric heat of adsorption, this is n, however for isoexcess
this is n.. At low coverage (dilute gas limit) it is relatively safe to assume n, ~ ne.
This assumption begins to fail when the excess uptake starts to reach a maximum,

indicating that the gas phase is non-negligible.
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Figure 3.20: Isoexcess heats of adsorption on MSC-30 High Cu, calculated using
Eq. 3.22 from Sieverts isotherm measurements at 236 K, 273 K, 298 K, and 343 K.
Values calculated using adjacent temperature isotherms, with the listed temperature
being the average of the two temperatures used in the calculation.
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Chapter 4

COMPACT METHANE STORAGE AND UNUSUAL
STRUCTURAL PROPERTIES OF ORDERED MICROPOROUS
CARBON MONOLITHS

“Efficiency is doing better what is already being done.”

— Peter Drucker

This chapter has been adapted from:

Cullen M. Quine, Erin E. Taylor, Atsushi Gabe, Hirotomo Nishihara, Nicholas A.

Strange, Channing C. Ahn, Brent T. Fultz, and Nicholas P. Stadie. Compact

methane storage and unusual structural properties of ordered microporous carbon

monoliths. In preparation. 2023.

C.M.Q conducted methane isotherm measurements, built and analyzed the soft-

ware required for thermodynamic characterization, and contributed to writing the

manuscript.
4.1 Abstract

Here we report the preparation of a series of densified carbonaceous monoliths

that exhibit a record deliverable volumetric methane storage of up to 200 V/V at
298 K between 5-100 bar. Zeolite-templating produces a three-dimensionally con-
nected, atomistically-thin carbon structure with ordered microporosity centered at
1.2 nm. The anomalously low bulk modulus inherent to these particles permits wide
tunability of their pore structure upon compaction; hot-pressing in the presence of

size-matched reduced graphene oxide (rGO) results in high mechanical strength of

the resulting monoliths. Isosteric analysis shows increasing binding strengths to-
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ward methane with increased pelletization pressure, concomitant with a narrowing
pore structure, allowing optimization of optimal pore size for methane delivery.
The optimized carbon monolith for volumetric methane storage surpasses all ex-
isting monolithic adsorbents, including metal-organic frameworks (MOFs), under
conditions of high interest for mobile applications, emphasizing the importance of
microstructure and mechanical properties over chemical composition for adsorptive

energy storage and delivery.

4.2 Introduction

Increasing demands for energy and urgent calls to reduce carbon dioxide emis-
sions carbon dioxide emissions motivate the search for sustainable replacements to
conventional hydrocarbon fuels. Natural gas is in a unique position as a near-term
replacement for gasoline and diesel for mobile applications, given the existing in-
frastructure and the ease of conversion of existing vehicles compared to hydrogen.
The principal component of natural gas, methane, can be synthesized from car-
bon dioxide by biological or artificial photochemistry, making it a viable near-term
sustainable energy vector.[1, 2] However, the low volumetric energy densities of
gas-phase compared to liquid hydrocarbons impairs the widespread use of natural
gas in the transportation sector. Conventional compressed natural gas (CNG) vehi-
cles have significantly less driving range than their gasoline counterparts and require
high-pressure storage cylinders (e.g., 250 bar) that present possible safety risks and
require space-inefficient geometries (e.g., sphere-shaped vessels). Liquefied natural

gas (LNG) exhibits improved volumetric storage density, yet has high production and
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storage costs due to the energy intensive requirement of low-temperature handling
at 111 K.[3] Ultimately, since gravimetric energy density decreases with increas-
ing chain length among the simple alkane hydrocarbon fuels, the efforts to reduce

carbon dioxide emissions require novel strategies to densify methane.

The phenomenon of adsorption can be harnessed to achieve fluid densification
intermediate between compression and liquefaction. However, the necessary ad-
sorbent material carries added weight and itself takes up volume (“dead volume”
in the storage vessel). Nevertheless, an effectively designed adsorbent material
can increase the overall storage density of gases in conventional pressure vessels.
For methane, this enhancement can be significant at ambient temperature, making
adsorbed natural gas (ANG) a viable solution for energy storage on-board reduced-
emission mobile vehicles.[4] Adsorbents with molecular-sized pores including ze-
olites, activated carbons, and metal-organic frameworks (MOFs) generally show
an increase of gravimetric storage capacity as a function of specific surface area,
motivating efforts to design and synthesize materials with high surface areas.[5, 6]
However, it is also imperative to consider the volumetric surface area, pore size, and
packing density of candidate adsorbents to realize optimal volumetric energy density.
While extensive work has been conducted to identify suitable adsorbents for hydro-
gen (where MOF-5 is prominent for hydrogen delivery),[7] methane storage has
not received a similar level of attention. Studies of methane storage in engineered,
molecularly-porous crystals have almost always relied on assuming single-crystal

density to convert measured (gravimetric) uptake into volumetric uptake.[8] These
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efforts have elevated several MOFs to prominance as candidates for optimal vol-
umetric methane storage with adsorption: HKUST-1, NU-125, Ni-MOF-74 and
Ui0-66.[9, 7, 10, 11] Recently, MOF MFU-4I-Li has also been reported to exhibit
very high volumetric delivery, reaching 251 and 220 V/V at 270K and 296 K, re-
spectively, if ideal crystal packing is assumed.[12] However, far fewer studies report
the true volumetric storage of a bulk monolith or single crystal, requiring the extra

step of preparing a high-quality, free-standing monolithic sample.

Typically, the actual volumetric storage capacity of monoliths is ~ 50 % that of
an ideal single crystal, even in optimal packing conditions.[13] Interestingly, Fairen-
Jimenez and coworkers recently reported the preparation of an HKUST-1 monolith
with extremely high bulk density (remarkably exceeding that of a single crystal)
and a resulting methane delivery of 172 V/V between 5-65 bar at 298 K.[9] While
the storage and delivery of pure methane in this MOF is admirable, it is important
to note that HKUST-1 is notoriously sensitive to decomposition in the presence
of water, a common impurity in natural gas.[14—17] It has been previously noted
that for cost and durability, carbonaceous adsorbents may be a leading candidate
for natural gas adsorbents ahead of MOFs,[18] but no study has reported a robust
carbonaceous monolith that can approach the high methane deliveries of HKUST-1
or other metal-containing monoliths. Our hypothesis is that the metal centers and
the requisite coordination bonding inherent to MOFs are not necessary to achieve
the high structural regularity needed to achieve higher methane storage density, and

may even inhibit this objective.



94

In this work, we explore a metal-free carbon scaffold material with ordered
pores, known as zeolite-templated carbon (ZTC).[19] Its atomistically-modelable
structure[20, 21] allows for a direct comparison to MOFs. We set out to maxi-
mize the density of ordered pores optimized for methane adsorption, within robust
monolithic pellets, and based exclusively on covalently-bonded polyaromatic hy-
drocarbon networks. Theoretical and empirical studies show that for carbonaceous
adsorbents, the optimal carbon-to-carbon spacing is 11-13 A (effective pore width
of 8-10 A).[22-24] Most porous carbon adsorbents do not exhibit an organized struc-
ture and cannot be designed with a homogeneous pore size. Recently, however, there
has been a surge in the discovery of ordered porous carbon structures. One such
material, ZTC, exhibits a narrow pore size distribution centered at 1.2 nm derived
from the pore-to-pore distance of 1.4 nm inherent to the zeolite template (see Figure
4.1). ZTC can consist of only atomistically thin walls; it has been shown to have
unusually soft mechanical properties under external forces, providing an ideal ma-
terial for dense compaction and a unique system for exploring the thermodynamics
of adsorption with structural changes.[21]The maximum total volumetric uptake is
limited by the physical packing of the adsorbent bed; the “ideal” volumetric adsor-
bent uptake is determined by measuring the powder adsorbent gravimetric uptake
and treating the adsorbent volume under optimal packing conditions (i.e., as a single

crystal for MOFs, or periodic unit cells for ZTCs).[19, 25]
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Figure 4.1: Overview of Zeolite-templated carbons. a, Zeolite templating synthesis
strategy and periodic, atomistic model (Model I1+[21]) of ZTC. b, XRD pattern
and ¢, TEM micrograph (FFT inset) of ZTC. d, Pelletization strategy and SEM
micrographs of ZTC monoliths with and without rGO as a binder.[26] e, Surface
area as a function of increasing packing density across numerous solids, showing

an approach to an apparent limit (grey line).[27]

Table 4.1: Pellet Pelletization Conditions and Microstructural properties

Name Temp Press  SApgr Phbulk Pskel Vpore SAyvol
°C  MPa (m?/g) (g/mL) (g/mL) (mL/g) (m?/mL)

ZTC - - 3810 0.14 1.73 1.66 533
ZTCP1 160 50 2680  0.53 1.65 1.43 1420
ZTCP2 160 145 2580  0.67 1.77 1.35 1730
ZTCP3 160 345 1830 0.83 1.62 1.00 1520
ZTCP4 300 50 2490 0.52 1.78 1.31 1290
ZTCP6 300 145 2250 0.75 1.68 1.16 1690
ZTCP7 300 345 1450  0.98 1.69 0.76 1420
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Densification, Synthesis, and Materials Properties.

Archetypical faujasite-type ZTC[25] was synthesized by the standard method,
resulting in a low-density powder of high pore-to-pore regularity and aligned pores
of 1.2 nm width (Figures la-1c). Six densified variants of ZTC were prepared for
comparison to the pristine ZTC powder; their synthesis conditions and properties
are summarized in Table 4.1. Densification was performed by hot-pressing in an
aqueous dispersion of graphene oxide (GO). During heat treatment, the GO was con-
verted to in situ reduced graphene oxide (rGO) as the binder (Figure 1d), intimately
packing the ZTC particles without blocking pores as described elsewhere.[26] The
GO precursor was selected to size-match effectively the produced binder to the ZTC
particles. The uniquely soft mechanical properties of ZTC,[21] combined with the
rGO binder, yielded a series of monolithic pellets with extraordinary robustness
toward physical and chemical degradation (see Supporting Information). This size-
matching strategy by commercially available GO as an intimate binder is likely
generalizable to materials beyond ZTC. The monolithic nature of densified ZTC
permitted measurements of the actual envelope volume of each pellet (i.e., the true
volume displaced by a given adsorbent pellet, the true “bulk density” relevant in
storage/delivery applications, as shown in Table 4.1). The volumetric surface areas
of the pellets passed through a maximum upon increasing densification, indicat-
ing that an appropriate range of temperature and pressure were selected to achieve

materials with maximum methane storage and delivery within this paradigm.
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Optimal Volumetric Methane Uptake and Delivery

The as-measured gravimetric uptake of pristine ZTC powder and ZTC P6, an op-
timized methane delivery material, are shown in Figure 4.2a and 4.2b, respectively,
demonstrating significantly higher gravimetric uptake at 100 bar than HKUST-1.[28]
A double-site Langmuir model fit is shown in solid lines (see methods). Carbon
adsorbents generally have higher gravimetric methane uptake than MOFs, but their
lower densities negate the gravimetric advantages for volumetric uptake. To meet
the specific demands of the transportation sector, an emerging metric for adsorbent
materials is the volumetric storage density, or the amount of gas stored per storage
system volume. A common metric is V/V, which refers to the total amount stored
as a volume at standard temperature and pressure (STP). The details of the ad-
sorbed storage and delivery used in this work are defined in detail in the Supporting

Information and Chapter 2.

The volumetric methane uptake of powder ZTC, assuming both ideal ZTC struc-
ture density (open dotted) and actual powder density (solid), is shown in Figure 4.2c.
The large discrepancy in volumetric methane uptake highlights the importance of
densifying ZTC powder to realize its ultimate volumetric methane storage and deliv-
ery. The 298 K total volumetric data is shown for all densified ZTCs in Figure 4.2d
(with other temperatures shown in the Supporting Information). Interestingly, the
volumetric uptake of ZTC P6 at 100 bar 298 K (as shown in Figures. 4.2¢,f) sur-
passes that of the ideal ZTC structure and that of any other carbon adsorbent to the

authors’ knowledge.
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Figure 4.2: Gravimetric and volumetric uptake of ZTC materials. Excess methane
adsorption (solid circles) on a, ZTC powder and b, ZTC P6 fitted with a double-site
Langmuir model (solid lines). Fitting parameters provided in Table S2. ¢, Total
volumetric methane adsorption on ZTC powder with powder packing density (solid
circles, dotted lines) and ideal structure packing (open circles, dashed lines). d,
Total volumetric methane uptake on ZTC monoliths. e, Total volumetric uptake
and f, deliverable volumetric uptake at 298 K of notable materials (HKUST-1 ideal
crystal,[28] HKUST-1 monolith,[9] and ZTC). The deliverable methane was calcu-
lated by subtracting the total volumetric uptake for each isotherm at 5 bar.
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The deliverable volumetric uptake of methane at a pressure, P, is defined by sub-
tracting the total volumetric uptake at 5 bar (the minimum pressure of delivery)[29]
from the total uptake at P. Hence, any amount stored at 5 bar is considered
“undeliverable” and should be minimized. While MOFs such as HKUST-1 have
been reported that have high total volumetric methane uptakes, these materials have
significantly reduced deliverable quantities due to the strong binding of methane
at low pressures. The total and deliverable volumetric methane uptake of ZTC
P6, in addition to other notable adsorbents, are shown in Figures4.2e and 4.2f,
respectively. ZTC P6 meets previous ambient temperature delivery records set by
monolithic MOFs at 100 bar; importantly, no metal coordination centres are needed
and the materials remain robust to humidity and oxidation compared to MOFs.[9]
Furthermore, at 273 K ZTC P6 shows enhanced deliverable methane densities over
previously reported materials at pressures > 65 bar. Measurements at > 100 bar
reveal the advantage of ZTC P6 over HKUST-1 monoliths as delivery continues to
increase. At 100 bar, densified ZTC would provide ultra-high deliverable energy

densities of ~7MJL"! (see Figure 4.3f).

Pelletization Effects on Microstructure

It is intriguing that ZTC P6 exhibits a higher volumetric storage than even
the ideal ZTC structure. For an ideal rigid framework material, total volumetric
methane uptake would be directly proportional to the packing density as the frame-
work is more efficiently organized to eliminate interparticle voids, approaching (but

not exceeding) the value of the ideal structure uptake. Exceeding the ideal structure
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Figure 4.3: Average micropore width in ZTC pellets as a function of bulk density a,
with inset of structural compaction. Total volumetric uptake b, and total deliverable
volumetric uptake ¢, of ZTC materials as a function of bulk density at 298 K (orange)
and 273 K (blue). Isosteric enthalpies of adsorption of all ZTC monoliths at 298 K
d, and ZTC P6 (diamonds) e, compared to ZTC powder (circles) as a function of the
fraction of sites occupied. Pelletization pressure and pellet number increases with
trace darkness; green traces with triangles denote pellets synthesized at 433 K and
blue traces with diamonds at 573 K. Total deliverable volumetric uptake of notable
materials f, compared with volumetric energy density of state-of-the-art lithium
batteries (horizontal red line).[30] Measurement conditions for total deliverable
uptake at 100 bar, 273 K and 298 K, where diamonds denote ZTC powder with ideal
ZTC density, triangles denote ZTC pellets, squares denote HKUST-1 powder data
with crystal density,[28] and hash symbols denote HKUST-1 monoliths.[9]
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limit indicates that microstructural differences may exist between the original ZTC
powder and the densified variant, ZTC P6. Further possibilities, such as expan-
sion/contraction of the lattice under methane loading are also explored in the next

section.

Several features of the series of densified ZTC monoliths indicate distinct,
tunable changes to the atomistic structure of the ZTC particles as a function of
pelletization conditions during hot-pressing. Pore-size analysis of the series (Figure
4.3a) shows the continuous narrowing of pore width upon increasing severity of hot-
pressing conditions. Total and deliverable volumetric uptake of the monoliths as a
function of bulk density is shown in Figure 4.3b and 4.3c, respectively. Synthesized
ZTC monoliths in this work (triangles) show maximum deliverable methane storage
(at 100 bar) with 0.75 g/mL bulk density. This bulk density corresponds to the
“ideal” volumetric ambient temperature methane monolayer packing scheme for
a theoretical 2D-carbon slit pore (solid line at 0.73 g/mL, as described in Bhatia
and Myers), where single layers of graphene (SSA 2630 m?/g) are separated by
10.45 A to accommodate exactly two layers of adsorbed methane.[31, 32] Bulk
densities for carbon materials below this value have excess void volume not needed
for adsorbed methane storage, and above this value correspond to pores that can
only accommodate one methane layer. ZTC P6 has the bulk density closest to this

“optimal” value.

The non-destructive modification of pore structure with pressure is a unique

property of a material with a flexible structure, despite having covalent bonds. The
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compliance of the ZTC structure is due to its underlying framework of atomically-
thin curved graphene-like surfaces. Most high surface area carbons have rigid
frameworks which inhibit the modification of pores while the inherent bonding in
MOFs result in structure collapse with applied pressure. ZTCs have been shown
to have remarkable elasticity and softness, allowing for temporary modification
of a fully recoverable pore structure under applied pressure.[19] The pelletization
pyrolysis inhibits the relaxation of the ZTC structure with removal of applied force,

allowing for persistent pore size tunability with pelletization.

We have shown that increasing adsorption enthalpies can be achieved through
pressurization, allowing for fine tuning of microporous structures for optimizing
deliverable volumetric gas density for certain pressure and temperature conditions.
The change in microstructure by pressurization is secured with the rGO binder,
which prevents the relaxation of the ZTC framework to its original structure. Smaller
pores have higher adsorption enthalpies due to increased overlapping of adsorption
potentials from both pore walls. We observe a 20% increase in the enthalpies at all
temperatures for ZTC P6 over the uncompressed ZTC powder (Figure 4.3d). This
behaviour is observed for all of the ZTC monoliths in that the Henry’s Law value
at 298 K increases with increasing pelletization pressure (see Figure4.3e). The
enthalpy increase due to the change in pore size is consistent with reported pore

size-dependent methane isosteric heat computations.[32]



103

4.3 Conclusion

A simple route to monolith preparation under mild temperature and pressure
conditions in the presence of rGO as a binder has been shown, which has broad
implications for the tunability of adsorbent materials for gas storage applications.
Zeolite-templated carbon (ZTC) monoliths have shown record total and total deliv-
erable volumetric uptakes between 5-100 bar of 260 V/V and 200 V/V, respectively,
for ZTC P6. Highly effective methane storage can be achieved without the presence
of metal-based coordination nodes, as the isosteric methane heats of adsorption
in carbonaceous adsorbents are suitable for ambient temperature gas storage ap-
plications. Synthesized ZTC materials have exceptional porosity, uniquely soft
mechanical properties (especially a low elastic modulus of <1 GPa, an order of
magnitude lower than MOFs), and a controlled pore size that can be tuned for opti-
mal methane delivery. A maximum in deliverable volumetric uptake was observed
for a pellet bulk density of around 0.7 g mL"!, which corresponds to the density of

a slit pore that can accomodate two layers of adsorbed methane.

4.4 Methods
Synthesis of ZTC Samples

An impregnation/chemical vapor deposition (CVD) approach was used to syn-
thesize the zeolite-templated carbon (ZTC) powder. All tube furnace steps were
conducted at 200 sccm gas flow with a ramp rate of 5 °C min™! unless otherwise
noted. NaY zeolite (4g Tosoh HSZ 320NAA) was dried under vacuum in a B-585

Buchi at 300 °C for 1 day. Furfuryl alcohol (40 mL Sigma, 99%) was impregnated
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into the zeolite structure by stirring for 1 day, dried with vacuum suction, and poly-
merized at 80°C in a 45mm OD quartz tube furnace (2 alumina boats, 10x30x107
mm) for 1 day under argon flow. The zeolite/polymer sample was pyrolyzed by
heating to 700°C, under 7% propylene in argon (99.999% Ar purity) mixture to
further the carbon deposition in the zeolite structure by CVD for 5 hours. The gas
was then switched to argon flow and heated to 900°C and held for 3 hours, then
cooled overnight. The zeolite structure was removed using 3 35 mL hydrofluroic
acid (48-51%, Thermo Scientific) washes, centrifuged, followed by three DI washes.

The resulting zeolite-templated carbon was dried at 40 °C in ambient conditions.

The pelletization procedure is described in Gabe et al., and is outlined here for
completeness.[26] ZTC powder was combined with an aqueous solution of graphene
oxide (GO, NiSiNa materials Co. Ltd., 10 mg mL™") to obtain 5 wt% GO in ZTC
mixture. Distilled water was added and the solution was stirred, then further mixed
in a planetary mixer at a speed of 2000 rpm for 10 minutes. The water was removed
by evaporation at 60 °C and ground into a powder. 100 mL of the resulting powder
was inserted into a hot-press mold, evacuated, and ramped to the temperature and

pressure listed in Table 4.1 and held for 1 hour, then returned to ambient conditions.

Microstructural Characterization of ZTC Materials

In situ X-ray diffraction (XRD) measurements were performed at the Stanford
Synchrotron Radiation Lightsource (SSRL) at beamline 2-1. The incident wave-
length was 0.73 A, as determined from a NIST 660c LaB6 calibration measurement.

Samples were loaded into 1.5 mm outer diameter single crystal sapphire capillar-
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ies with 0.25 mm wall thickness and sealed in a sample cell (described in detail
elsewhere[33]) with graphite ferrules. A type K thermocouple, used to monitor
sample temperature, was inserted into the capillary and made direct contact with the
packed powder. Sample temperature was controlled using an open-flow cryogenic
gas cooler (Cryostream, Oxford Cryosystems). The sample cell was connected to
a custom gas handling manifold which was used to pressurize the sample under
research purity methane (99.999%) to setpoints up to 80 bar. Angular dispersive
XRD data were acquired stepwise using a Pilatus 100 K hybrid photon counting
detector in portrait orientation. The 2D diffraction images were integrated into 1D

XRD patterns using a custom Python script.

A Micrometrics 3Flex unit was used to conduct 77 K nitrogen adsorption mea-
surements for determination of specific surface area (SSA), pore volume, and pore
size distribution. SSA was obtained using the BET method. Pore size distribu-
tions were obtained using a non-local density functional as implemented in the

Micromeritics software.

Skeletal volume was determined using helium pycnometry. Bulk volume of
the monoliths was determined using calipers on pristine cylindrical samples and

massing each pellet, and using jolting volumetry for the ZTC powder.

Methane Adsorption Measurements and Model
Excess methane adsorption was measured on ZTC powder and on a series of
densified ZTC materials according to the usual definition attributed to Gibbs,[34]

between 238-328 K and 0-100 bar, the range of temperature and pressure of highest
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interest for mobile ANG applications. A custom automated volumetric Sieverts
apparatus was used with thermoelectrics for temperature control, and a minimum
300 second equilibration time (480 second for temperatures <-30 °C) was imple-
mented for the adsorption and desorption steps. Samples were heated to 55 °C for
several hours between runs to drive off any impurities. Overall, ~ 200 pressure and
temperature adsorption equilibria per sample were measured and simultaneously fit

to a global Langmuir-type adsorption model:

Kif K> f

e P T) = (1= pg (P T)w) (1 = ) s

4.1

where n., pg, and v, are the excess uptake, gas phase density, and adsorbed phase
volume, respectively. All practical analysis of methane volumetrics and the deliv-
ered quantity above 5 bar were assessed using the directly measured excess adsorp-
tion quantity, n,. Absolute adsorption was also determined in order to assess the
thermodynamics of the adsorbed phase (see Chapter 2 for a statistical mechanical
justification):

Ki(T) = %e_ (42)

= Api—= (4.3)

where A; is the temperature-independent prefactor, Agp; is the two dimensional
binding site volume, A, is the thermal de Broglie wavelength, 7 is Planck’s constant,

and w is the vibrational adsorption frequency.

By using fugacity instead of pressure as an independent variable during fitting,
corrections for the behavior of real methane could be incorporated into the adsorp-

tion model. Asin previous work,[35] a single-site Langmuir model was not sufficient
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for describing methane adsorption across the entire range of T and P explored in this
study; hence, a double-site Langmuir equation was employed. The measured gravi-
metric methane adsorption equilibria on ZTC powder and corresponding Langmuir

fit are shown in Figure 4.2a.
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4.6 Supporting Information

Fitting of Experimental Isotherms
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Figure 4.4: Excess methane adsorption (solid circles) on a, ZTC powder, pellets
b, ZTC P1 ¢, ZTC P2, and d, ZTC P3 with double-site Langmuir fits (solid lines).
Parameters provided in Table 4.2.

Experimentally measured Gibbs excess uptake can be converted to absolute

uptake measurements using Eq. 2.26:

Ne =Ng — PgVa = (nm — ngm)9 4.4)

where n,,, n, nq, pg, v and v, are the max absolute gas uptake, excess uptake,
absolute uptake, gas density, maximum adsorbed volume and adsorbed volume,

respectively.
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Figure 4.5: Excess methane adsorption (solid circles) on a, ZTC powder, pellets
b, ZTC P4 ¢, ZTC P6, and d, ZTC P7 with double-site Langmuir fits (solid lines).
Parameters provided in Table 4.2.

Each isotherm set corresponding to a particular adsorbent was universally fitted
to a double-site Langmuir equation with seven fitting parameters (see equations
2.12,2.24,and 4.4) :

K(Df K]
1+ Kl(T)f 1+ Kz(T)f '

ne(P.T) = (ny = pg(P,T) xvp) | (1 - ) (4.5)

The fitting equations and procedure were implemented in the Python REALIST
package, which is available for use online.[36] The differential evolution package
in scipy was used with the “randtobestlexp” strategy, a tolerance of 0.006, and a

maximum of 10,000 iterations. The multiprocessing Python package was utilized to
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Sample m Vin a A —-£1 Ar —-&
mmol/g mL/g K% MPa~! KJ/mol K% MPa~' XkJ/mol
ZTC 41.6 2.13  0.558 3.12e-2 13.20 9.96e-4 15.03
ZTCPl 415 1.95 0.694 3.14e-2 14.60 1.32e-3 14.14
ZTCP2 235 0957 0.643 3.08e-2 15.93 2.09e-3 15.53
ZTCP3 220 0.929 0.628 2.96e-2 16.12 1.86e-3 15.55
ZTCP4  25.1 1.13  0.668 4.26e-2 15.02 4.43e-3 14.15
ZTCP6 198 0.828 0.654 4.20e-2 15.71 4.05e-3 15.15
ZTCP7 13.8 0.502 0.591 3.28e-2 17.09 1.76e-3 16.63

Table 4.2: Double-site Langmuir coefficients for ZTC powder and pellets using Eq.

4.5.

run 128 random seeds across 12 threads. Fugacity is only used for thermodynamic

calculations. While both fugacity and pressure are needed for the real-gas Langmuir

equation in Eq. 4.5, the resulting uptakes are plotted only against the experimentally

measured pressures.
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Figure 4.6: Enthalpies of adsorption as a function of site occupancy on a, ZTC
powder, pellets b, ZTC P1 ¢, ZTC P2, and d, ZTC P3 calculated from Eq. 2.47 and
Eq.4.5 for —Ahg4s and 6, respectively. Parameters provided in Table 4.2.
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Figure 4.7: Enthalpies of adsorption as a function of site occupancy on a, ZTC
powder, pellets b, ZTC P4 ¢, ZTC P6, and d, ZTC P7 calculated from Eq. 2.47 and
Eq.4.5 for —Ahg4s and 6, respectively. Parameters provided in Table 4.2.
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Figure 4.8: Total volumetric methane adsorption on an ideal ZTC structure packing
(open circles dashed lines) and on a, ZTC powder with powder packing density,
b, ZTC P1 ¢, ZTC P2, and d, ZTC P3 (solid circles, dotted lines) calculated from
Eq.4.8 and Eq. 2.33. Parameters provided in Table 4.1.

4.7

Volumetric Uptake

For a single crystal of microporous material, the total volume can be defined as

Vpore + Viketetar = Voulk (46)

where Vyores Vikeleral, and Vi are the micropore volume, adsorbent skeletal vol-

ume, and bulk sample volume, respectively. To convert measured gravimetric excess

uptake to volumetric excess uptake the following equation is used

ne,v(Pa T) =n.(P, T)Pbulkvg,STP 4.7)
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where ppyi 1s the bulk density of the adsorbent, and v, g7p is the molar volume
of the adsorbate at STP. Volumetric uptake is unitless and is defined as Vsrp/V,
which is the amount of equivalent gas at STP adsorbed normalized by the adsorbent
volume. The total volumetric uptake is the sum of excess volumetric uptake and the

bulk gas phase in the adsorbent

Nty = Ney + (pgvgasxpore)- (4.8)

It is necessary to know the void fraction of the bulk material, X,or, to calculate
the total volumetric uptake. Physically, this is the ratio of empty void volume to the
physical volume of the sample. This is commonly defined in literature as

VN,
Viulk

= Pbulk * Vpore~ (49)

Xpore,common =

This is accurate for an ideal pellet of a single crystal adsorbent with no macropores
or surface roughness. We will be using this metric to compare with other results
from literature, as this is the most prevalent one used. We also propose a more

accurate metric for accounting for the void fraction as

_ Viuik = Vsker

Pbulk
Xpore,best = =1- .

\ Pskel

(4.10)

Monolith Stability Experiments

ZTC P7 was subjected to both physical stability as well as water stability. The
pellet was dropped from about 7 cm multiple times showing no deformation. After
the pellet was dropped, DI water was added to the pellet in the petri dish. As soon as
the water interacted with the pellet, the pellet started to bubble and fracture. Small

shard like pieces started to break off from main pellet. After about 4 minutes in
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Figure 4.9: Total volumetric methane adsorption on an ideal ZTC structure packing
(open circles dashed lines) and on a, ZTC powder with powder packing density,
pellets b, ZTC P4 ¢, ZTC P6, and d, ZTC P7 (solid circles, dotted lines) calculated
from Eq. 4.8 and Eq. 4.9. Parameters provided in Table 4.1

water the pellet had completely fractured into small shard like pieces. These shards
were dried and then analyzed using N2 adsorption. The original ZTC P7 had a BET
surface area of 1380 m? g”! and the post water ZTC P7 shards had a BET surface
area of 1293 m? g''. The N, isotherm and pore size distribution can be seen in

Figure 4.10.
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Chapter 5

IMPROVED MULTICOMPONENT MODELLING OF GAS
ADSORPTION USING A THERMODYNAMICALLY
CONSISTENT SOFTWARE PACKAGE: REALIST

“The road not taken looks real good now.”

— T. Swift “’Tis the Damn Season”

This chapter has been adapted from:

Cullen M. Quine, Joel Chacko, David A. Boyd, Nicholas P. Stadie, and
Brent T. Fultz. Improved multicomponent modelling of gas adsorption using a
thermodynamically-consistent software package: REALIST. In preparation. 2023.
C.M.Q conceptualized the project, conducted gas isotherm measurements, syn-
thesized the carbon materials, built and analyzed the software required for ther-
modynamic characterization, and completed the majority of the writing in the
manuscript.
5.1 Abstract
A new thermodynamic Python package (REALIST) was developed to fit pure
gas experimental excess isotherms and to simulate mixed-gas adsorption. Two
carbons were synthesized with a varying degree of activation, and compared to a
commercial carbon (MSP-20). The pore morphology of the three activated carbons
was characterized, showing a varying amount of ultramicropores between the three.
At lower pressures, all samples showed similar uptake of CO,. This is due to the

strong interactions of CO, withinultramicropores. Ideal Adsorption Solution Theory

(IAST) predictions showed that the carbon with the highest selectivity for CO, over
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N, was due to lower N, uptake with reduced specific surface area. Measurements
of mixed adsorption with a mixture of 10% CO; in N, were performed, showing

good agreement between the simulated and measured values.

5.2 Introduction

Calls for the removal and sequestration of carbon dioxide have resulted in
an increased interest in the simulation and measurement of mixed-gas adsorption
equilibria on solid surfaces. Carbon sequestration solutions utilizing adsorption
phenomena require enhanced selectivity of certain gas species in multi-component
gas streams. Power plants have remained one of the main sources of CO; emissions
as 1.5 gigatons were released in 2021 from coal and natural gas power plants.[1]
Post-combustion flue gas exhausts are ~10% CO; in N;, with an additional content
of water vapor. Pre-combustion carbon capture involves removing CO, from syngas,
a mixture made from reforming coal or methane into hydrogen and carbon dioxide
before hydrogen combustion. Landfill gas is around 50% CO; in CHy4, and requires
carbon dioxide removal to up-convert the gas mixture to renewable natural gas
(RNG). Direct air capture (DAC) technologies have focused on removing CO;
from atmospheric conditions (420 ppm of CO;) using sorbent materials with high
selectivity. Unfortunately, mixed-gas adsorption experiments are more challenging

to conduct and predict than their pure gas counterparts.
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Both physisorbents and chemisorbents adsorb gas through surface-gas interac-
tions, known as adsorbent-adsorbate interactions. Chemisorbents form chemical
surface bonds with specific gases, permitting high selectivity, but there is a high
energy cost for material regeneration due to the strength of these bonds. Physisor-
bents operate through weaker van der Waals forces. These forces are proportional
to the polarizability of the gas, making the fixed dipole of carbon dioxide ener-
getically suitable for reversible physisorption at ambient temperature, especially at
high CO, concentrations. The primary physical adsorbents being investigated for
carbon dioxide capture from point sources include zeolites, MOFs, and activated
carbons. Zeolite materials exhibit strong carbon binding energies due to their polar
structure, resulting in higher CO, selectivity and regeneration costs. However, the
polar structure (and in the case of aluminosilicate zeolites, charged frameworks)
also enhances water adsorption, resulting in lower CO; capacity in the presence of
water than carbon adsorbents.[2] MOFs have also been shown to have high uptake
and selectivity of CO, over nitrogen, but generally suffer from high cost and either
stability issues [3] or reduced CO; capacity [4] with water vapor, which is essential
for post-combustion flue gas capture. Current research directions are addressing

these setbacks to make MOFs viable candidates for carbon dioxide capture.[5, 6]

Activated carbons, while having lower selectivity than both MOFs and zeolites,
exhibit a high gravimetric uptake of CO; and can be readily derived from sustainable
biomass precursors. A promising method to improve activated carbon selectivity

is by modification of the binding strength of gases in activated carbons by surface
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functionalization [7-10] or by controlling the pore morphology.[11-13] Nutshells
have been shown to be viable biomass sources for producing high surface area
activated carbons suitable for gas adsorption studies. Pistachio shells were chosen

herein for a study of the tunability of pore structure.[14-19]

Multicomponent gas adsorption is notoriously challenging to measure and is also
more time consuming than its pure gas counterpart. Many researchers therefore only
measure pure gas isotherms and then predict multi-component adsorption behaviour
based on theoretical models. Ideal Adsorption Solution Theory (IAST) is one of the
most common models for simulation of mixed-gas adsorption nearly 60 years after

its inception.[20]

IAST adopts three fundamental assumptions:

* The adsorbed species form an ideal mixture (enthalpy of mixing is zero).

» Each lattice site is equally accessible by each adsorbed species (no sites exist

that can be occupied only by one adsorbate species).

* The adsorption site energy and surface area are independent of coverage (i.e.,

there are no structural changes in adsorbent with coverage).

The violation of any of these assumptions can lead to deviations between exper-
imental measurements and simulated results.[21] The spreading pressure 7 is the
two-dimensional adsorption equivalent of the gas pressure and is determined for

each adsorbate species 7 from an analogous version of the ideal gas law (see Chapter
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2 for its derivation):

P
ah=kr [ 4p (5.1)
, P

i

The pure component partial pressure p? is determined from the following equation:

pi=xip?(n,T) (5.2)

where y; is the molar adsorbed fraction of species i and p; is gas phase partial
pressure. This equation is an adsorption equivalent of Raoult’s law for liquid
mixtures, which states that the partial pressure in the gas phase of each component
i of an ideal mixture is equal to the vapor pressure of the pure species i multiplied
its fractional molar amount in the mixture. Multicomponent adsorption simulations
based on IAST have shown results consistent with some mixed-gas experimental

measurements where the above assumptions have held valid.[22-25]

A useful software package, pylAST, can be used to provide mixed-gas predic-
tions close to experimental measurements for many chemical and physical adsorption
systems at low pressures.[26] However, this package is based on absolute uptake
while experimental measurements of pure-component isotherms are always excess
uptake measurements. Additionally, the current isotherm models built into pyl-
AST are temperature-independent single isotherm fits, requiring pure-component
isotherms measured at the temperature of interest for simulation. Nonetheless, the
usability and robustness of pyIAST has led to its widespread use as one of the
primary software packages for mixed-gas adsorption, with hundreds of citations to

date. Furthermore, the open-source nature, combined with good documentation, of



127

- Mixed 2:1 or
A ~d y;\ y . 3:1 KOH:Char
';” N ;2 ratio
7—{34)“/ £ ‘

Pistachio P ———— ’
shells dried Pyrolyzed Activated

@120C, @500C for 2 hrs, 300C for 1 hr,

g 10057 80C
grinder 4 : 100sccm N,
- for 2 hours

Figure 5.1: Synthesis approach to pistachio shell-derived activated carbon produc-
tion.

the package enabled the incorporation of mixed-gas adsorption calculations into the

thermodynamic package outlined in this work.

This study establishes an improved temperature-dependent statistical-mechanical
based model incorporated in the REALIST Python package.[27] The software allows
for both pure gas thermodynamic adsorption information and mixed-gas uptake pre-
dictions at varying temperature and pressures. Experimental pure-component excess
adsorption equilibria were measured on three carbon materials, with complementary
structures, and a carbon dioxide-nitrogen mixture was chosen to demonstrate the
capabilities of REALIST. Materials with smaller pore sizes exhibited higher bind-
ing energies for CO,, and higher selctivities over N, establishing that control pore

structure is a viable tool to enhance selective CO; capture in mixed-gas streams.

5.3 Material Synthesis and Characterization
Pistachio shell-derived carbons were produced following a previously estab-

lished KOH-activation procedure,[14] as illustrated in Figure 5.1. Raw pistachio
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shells from the Wonderful Company were ground mechanically into 1-2 mm gran-
ules. The granules were dried overnight at 120° C in an oven and then pyrolysis
was conducted in an alumina combustion boat in a tube furnace under 100 sccm
N, flow. The furnace was heated at 10°C min’! to 500° C and held for 2 h. The
resulting char (~20% of original mass) was mixed with KOH flakes (90% reagent
grade) in a 2:1 or 3:1 ratio by weight in water and dried overnight at 120° C. The
KOH/char mixture was then activated in a stainless steel tube under 100 sccm Ny
flow. The temperature ramp was 10 °Cmin’! to 300 °C for 1 h (drying step) and
10° Cmin™! to 700 or 800 ° C for 2 h (activation step). The activated char was then
rinsed with 0.1 M HCl followed by deionized water until the pH returned to 7, rinsed
with isopropyl alcohol, and then dried at 100° C in an oven overnight. The resulting
activated carbon is referred to as PCxKyC where x is the KOH:char ratio (2 or 3),

and y is the final activation temperature in ° C (700 or 800).

Pore volume and surface area measurements were obtained by measurements
of N and Ar adsorption up to 1 bar using a Micromeritics Tristar II apparatus, at
77K or 87K, respectively. Surface area was determined using the BET method.
Pore size distribution was obtained using a non-local density functional theory
with heterogeneous surfaces (NLDFT-HS) argon kernel using a dedicated software

package (Micromeritics Microactive).[28]
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Table 5.1: Processing Conditions and Microstructural Properties of carbon adsor-

bents investigated in this study

Name KOH:C ActTemp ActTime SABgT pPouk  Pskel  Ypore
ratio °C min m?/g  g/mL g/mL mL/g
PC3K800C 3:1 800 120 2440 053 1.65 1.34
MSP-20 N/A N/A N/A 2080 0.14 1.73 1.02
PC2K700C 2:1 700 120 1240  0.67 1.77 0.644
0.5F -
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© 04} —— MSP20 |
3 - - = PC2K700C
o
€ 03} -
3
o
6 0.2 -
- 2,
; H
o
S 0.1fF . -
© TAP
0.0 bt et S TS N
5 2

10

Pore Width (A)

Figure 5.2: Pore size distributions on PC3K800C (dotted), MSP-20 (solid), and
PC2K700C (dashed) obtained from 87 K Ar isotherms.

5.4 Results

Physical Properties

The processing conditions and material properties for each of the carbon ma-

terials are shown in Table 5.1. The pore-size distributions of all three samples are

shown in Figure 5.2. PC2K700C has a majority of pores in the sub-nanometer

regime with a main contribution centered around 7.8 A. PC3K800C has a similar
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pore size distribution as MSP-20, except with a broader distribution of pores. None

of the materials show significant porosity above 20 A (mesopores).

Pure Component Isotherms

Pure component isotherms of hydrogen, methane, carbon dioxide, and nitrogen
were measured on PC2K700C, MSP-20, and PC3K800C using a custom Sieverts
apparatus. Isotherms were fit to a temperature-dependent double-site Langmuir

equation (see Chapter 2 for details):

Kif K f
+a
1 +K1f 1 +K2f

ne(f, P.T) = nu(l = pg(P,T)vy) | (1 - ) (5.3)

where n.,n,4x pg, and v, are the excess uptake, maximum absolute uptake, gas
phase density, and adsorbed phase volume, respectively. The K; are temperature

dependent (based on the statistical mechanical partition function) and defined as:

A,’ _E;
Ki Z = — RT | 54

To fit n,,,, and v, properly for experimental excess uptake measurements,
multiple isotherms with high coverage data are required (either by high pressures
or low temperatures, ideally near the fluid’s liquid-gas saturation line or above the

critical point).

Nitrogen uptake measurements are shown in Figure 5.3 up to 100 bar, and
temperature from 233 to 393 K. PC2K700C has the lowest nitrogen uptake, followed
by MSP-20 and PC3K800C. The shape of the isotherms is similar for all samples, and
the samples have similar uptake at low pressures and high temperatures. Methane

uptake is shown in Figure 5.4 up to 100 bar, and temperatures from 240 to 328 K.
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Figure 5.3: Excess uptake of nitrogen on PC2K700C (top), MSP-20 (middle),
and PC3K800C (bottom) with experimentally measured data shown as points and
double-site Langmuir shown as solid lines. Temperatures (in kelvin) are labelled at
right.
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Figure 5.4: Excess uptake of methane on PC2K700C (top), MSP-20 (middle),
and PC3K800C (bottom) with experimentally measured data shown as points and
double-site Langmuir shown as solid lines. Temperatures (in kelvin) are labelled in
the legends.
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Excess uptake maxima occur at lower pressures than in the nitrogen isotherms,
and all samples show high initial uptake at <10 bar. PC2K700C reaches maximum
excess uptake at lower pressures than both MSP-20 and PC3K800C, and PC3K800C

has the highest uptake.

Carbon dioxide uptake is shown in Figure 5.5 up to 50 bar (to prevent con-
densation) and from 263 to 398 K. Temperatures were chosen to satisfy both the
high coverage limit as well as to explore temperatures of interest to post-combustion
carbon capture conditions. At pressures below 3 bar, all samples demonstrated
similar uptake of carbon dioxide. PC2K700C exhibited maximum excess uptake at
lower pressures than MSP-20 and PC3K800C, with uptake increasing with MSP-20
and PC3K800C at higher pressures. Carbon dioxide isotherms for all samples did
not show as pronounced of excess maxima as the other gases on the same materials

owing to features of sub-critical adsorption phenomena.

IAST Predictions
IAST was used to predict multi-component gas adsorption behavior from the
pure-component adsorption equilibria.[29] Extensions to the pyIAST Python pack-

age [26] were made to increase accuracy and robustness of the predictions.

The fundamental development of IAST (based on that shown by Simon et al.)
[26] can be found in Chapter 2. Briefly, the use of the above assumptions enables
the development of equations analogous to the partial pressure of a mixed-gas in

equilibrium with a solution, where the “solution” is a two dimensional adsorbed
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Figure 5.5: Carbon dioxide uptake on PC2K700C (top), MSP-20 (middle), and
PC3K800C (bottom) with experimentally measured data shown as points and
double-site Langmuir shown as solid lines (excess) and dashed lines (absolute).
Temperatures (in kelvin) are labelled at right.
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fluid on the surface of an adsorbent. Three equations are derived:

7a(f0) = 7o (fD) .. = ma(£D) (5.5)
yidiP = xivif° (5.6)

N
Z Yi=1. (5.7)

The first equation states the adsorbed gases spreading pressure (which is a func-
tion of the pure component pressure p?) are equal. Each adsorbed gas atom must
experience the same surface chemical potential. The second equation is equivalent
to Raoult’s law, where the partial fugacity f; = ¢;P; = ¢;y;P in the gas mixture is
equal to the pure-component equilibrium vapor fugacity multiplied by the adsorbed
gas mole fraction y; and activity coefficient ;. Gas phase nonidealities (fugac-
ity coeflicient ¢;) were implemented coolProp.[30] Adsorbed phase nonidealities
(activity coefficients) must be determined for a specific adsorbate/adsorbent com-
bination, either experimentally or with high-accuracy computational models.[29]
Most IAST experimental implementations, including this work, use the assumption
that the adsorbates are non-interacting on the adsorbent (y; = 1). The known vari-
ables in these equations are the partial pressures in the gas phase P; = y;P and
temperature 7. Once y; for each adsorbate i is determined, the total adsorbed gas

uptake can be determined for an N component mixture using Eq. 5.8 (Eq. 2.73):

1 N

>

’ (5.8)

S

Each pure-component set of isotherms was fit globally (all temperatures and

pressures at once). This has the added benefit of increasing the fit robustness to
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measurement uncertainty, and enabling the prediction of any temperature, pressure,
and composition for the system, even if the pure component isotherms are not

measured under those conditions.

The spreading pressure for a double-site Langmuir isotherm is:

7(P) = fimax [(1 = @) In(1 + K1 P) + @ In(1 + K> P)] . (5.9)

The improvements of our package over the original pyIAST package include:

» Universal fitting of excess (or absolute) isotherms to a statistical mechanical

Langmuir model over temperature, pressure,
* Real gas corrections with fugacity,

* Predictions of gas uptake from mixtures at temperatures, pressures not directly

measured experimentally or simulated computationally.

Figure 5.6 (left) shows the pressure, temperature, absolute uptake surfaces for
CO,, (green), N; (red), and N,+CO; (colormap) for the 3 samples at a composition of
10% CO, in N,. This mix was chosen to approximate the conditions of a dehydrated
post-combustion flue gas mixture. PC3K800C and MSP-20 show a similar trend in
absolute uptake, having 5 mmol g! CO, at 273K and 0.8 mmol g! at 328 K. N,
uptake is relatively constant compared to CO; uptake with uptake for both samples
and reaches a maximum around 2.8 mmol g”! at 273 K. PC2K700C has similar CO»
uptake as the other two materials, however N, uptake is about half of MSP-20 and

PC3K800C N; uptake over the same temperature and pressure range.
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Figure 5.6: Simulated IAST (left) absolute gas uptake of CO; (green) N; (red) and
CO2+N2 (inferno) of a 10% CO; in N; gas stream and (right) CO, selectivity of

10%, 50%, and 90% of CO; in N, on PC3K800C (top), MSP-20 (middle), and
PC2K700C (bottom).

Gas selectivity is shown in Figure 5.6 (right) for the three samples at 10%,
50%, and 90% CO;, in N, (bottom, middle, and top surface, respectively. At low
pressure (low coverage), the three surfaces converge, approaching 13, 12, and 21
CO»,/N; selectivity at 273 K and 7, 7, and 10 at 328 K for PC3K800C, MSP-20, and
PC2K700C, respectively. The selectivity dependence on gas concentration increases

at higher pressures, with PC2K700C reaching maximum selectivity values of 33,
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31, and 26 at 273 K, 10 bar for 10%, 50%, and 90% CO; in N, respectively.

Mixed Gas Experiments
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Figure 5.7: Comparison of pyIAST predictions (solid lines) at 10% CO» in N, with
experimental measurements using thermogravimetric analysis (squares) at 100 sccm
for MSP-20 (blue) and PC2K700C (green). Data corrected for flow rate using pure
gas N and CO; measurements and error bars determined from deviations between
calibration measurements (see Supporting Information).

Finally, actual mixed-gas measurements were conducted using the open gravi-
metric technique [31] at ambient pressure conditions using a thermogravimetric
analyzer (TGA) for total component excess gas measurement, and a residual gas
analyzer in an open volumetric (OV) configuration at several temperatures. A gas

mixture containing 10% CO; in N, was used. The open technique ensures that the

bulk mixed-gas remains at a fixed composition in all experiments. The results of
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Table 5.2: Gas polarizabilities [32] and enthalpies of adsorption at 298 K and zero
coverage from the double-site Langmuir fit for each adsorbent.

PC2K700C MSP-20 PC3K800C
ap _Ahads,O _Ahads,O _Ahads,O
107% cm? kJ/mol kJ/mol kJ/mol
H, 0.804 8.12 8.74 8.67
N, 1.74 15.72 14.21 13.46
CH,4 2.59 19.11 17.09 16.82
CO, 291 24.18 20.74 20.79

the mixed-gas measurements are shown in Fig. 5.7. IAST predictions are based on
absolute uptake, while TGA measurements are excess uptake. Since the measure-
ments were conducted at 1 bar with low CO, concentrations, the absolute uptake
of both nitrogen and carbon dioxide in the adsorbent is similar to the excess uptake
measurements. This is valid as long as the gas phase contribution is much less than
the amount of adsorbed gas. This equivalence breaks down at higher pressures and

lower temperatures (see SI for plots of excess and absolute uptake).

5.5 Discussion

The pure isotherm behavior shows the direct effect of pore structure and surface
area on uptake. While the maximum uptake is dependent on surface area, the shape
of the isotherm depends both on the adsorbate polarizability and pore morphology.
PC3K800C and MSP-20 generally had higher gas uptakes for all the measured
gases at high pressures due to increased surface area (number of adsorption sites)
over PC2K700C. Hydrogen has the lowest polarizability of the measured gases,

followed by nitrogen, methane and carbon dioxide (see Table 5.2). Nitrogen uptake
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depends primarily on accessible surface area near ambient temperature, with larger
surface area materials showing higher nitrogen uptake than the lower surface area
materials. Methane, being more polarizable but not having a fixed dipole moment,
shows increased uptake with surface area at higher pressures/lower temperatures,

but nonetheless shows a sharp increase in uptake at low pressures in all materials.

The high degree of polarizability for carbon dioxide results in adsorption be-
havior being sensitive to pore morphology. Carbon dioxide, having a quadropole
moment and slightly higher polarizability than methane, has strong interactions with
carbon surfaces. For carbon dioxide uptake at pressures below 3 bar, the structural
properties (pore morphology, surface functionalization, etc.) are more important
than accessible surface area, and all of the materials show similar uptakes despite
having large differences in surface areas. The strong interactions of carbon dioxide
with the carbon surfaces also results in increased surface coverage at lower pressures

than with other gases, resulting in a sharp increase in gas uptake.

A thermodynamic metric for the strength of gas binding to adsorbents, the ad-
sorption enthalpy, is dependent on both the pore structure and gas polarizability.
The enthalpy of adsorption at zero coverage, known as the Henry’s law enthalpy, is
calculated by extrapolating the double-site Langmuir isotherm to 6 = 0 (see Sup-
porting Information for details on fits). Both the magnitude and the sensitivity of
the strength of adsorption to the pore size increases with the polarizability of the gas
@, as shown in Table 5.2, except for hydrogen which shows negligible differences

between the carbon materials at 298 K. The material with the largest relative per-
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centage of ultramicropores (PC2K700C) shows the highest zero coverage isosteric
heat of adsorption for each adsorbate while PC3K800C shows the lowest adsorp-
tion heats. Furthermore, the difference between the highest and lowest enthalpies
increases with increasing gas polarizability, further illustrating the sensitivity of

adsorption binding strength to pore morphology and adsorbate type.

IAST calculations require absolute uptake, however all measurements are excess
uptakes. Since the gas phase density is much lower than the adsorbed phase density
at low pressures and high temperatures, excess uptake measurements closely match
absolute uptake under these conditions. Many studies assume these conditions in
their IAST predictions, which limit reliable calculations to low pressures. The
adsorbed volume parameter v, is essential to transform excess measurements into

absolute uptake data used in pyIAST predictions.

All of the adsorption fits in this study show high coverage at the low-temperature
and high-pressure measurement conditions, which is required for an accurate fitting
of the adsorbed volume. A further validation is that the adsorbed phase density
is near the adsorbate’s liquid density. As noted above, the nitrogen and methane
excess uptake reach maxima before decreasing at high pressures due to the increase
in the gas phase density. The carbon dioxide excess isotherms reach a plateau and
closely match the absolute isotherms, unlike the other pure gases measured (see
SI for absolute vs excess plots). Due to strong interactions of CO, with carbon
surfaces, excess CO, excess measurements closely match absolute uptakes over

a larger range of coverage than other gases. This increases the validity of using
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excess measurements directly with pyIAST over a larger pressure range for carbon

adsorbents than with other gases.

The dependence of CO, selectivity on pore structure is further established
from the IAST predictions. PC2K700C shows much higher selectivity of carbon
dioxide over nitrogen due to the decreased nitrogen uptake in this material relative
to the other samples with carbon dioxide uptake similar for all samples in the 10%
mixture. This is seen in Figure 5.6 (left) with the carbon dioxide surface intersecting
the nitrogen surface at lower temperatures for MSP-20 and PC3K800C than with
PC2K700C. Nitrogen uptake scales with surface area and carbon dioxide uptake is
more dependent on pore microstructure. To maximize carbon dioxide selectivity, it

is more advantageous to have a low surface area material with ultramicropores.

The pylAST predictions of combined nitrogen and carbon dioxide uptake
amounts are consistent with the mass change measured by the TGA under the
same conditions (as shown in Figure 5.7). This demonstrates both the reliability and
the robustness in the prediction for near-ambient carbon capture from a simulated
flue-gas composition over a large range of temperature. While the statistical model
presented in this work was specifically designed for physisorbents, the partition
function (the prefactor temperature dependence of the Langmuir constant) can be

modified for chemical adsorption modelling.
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5.6 Conclusion

A new Python-based package REALIST was developed based on temperature-
dependent thermodynamic isotherm models to fit pure-gas and simulate mixed-gas
adsorption from experimental excess isotherm fits. Two pistachio shell-derived ac-
tivated carbons PC2K700C and PC3K800C were synthesized with a varying degree
of activation, and compared to a commercial carbon MSP-20. Strong interactions
of CO, with carbon highlights the importance of pore morphology (relative amount
of ultramicropores) for CO, capture at low pressures. IAST selectivity predictions
show that at low CO; partial pressures, the small pore morphology of PC2K700C has
higher selectivity for CO, in N, than the other materials, despite the material having
a lower specific surface area overall. Carbon dioxide uptake in the carbon materials
scales with surface area at higher pressures (20 bar), demonstrating a potential use
for high surface area adsorbents as temporary storage mediums for carbon dioxide.
A mixture of 10% CO; in N, was selected to compare with the IAST predictions,
showing good agreement between the simulated and measured values. Future ex-
perimental measurements need to be conducted with other mixtures/adsorbates to

determine the degree of success of these new models.
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5.8 Supporting Information
Experimental Isotherms with Thermodynamic Fits

The full derivation for the thermodynamic model and the Ideal Adsorption
Solution Theory is shown in Chapter 2. The double-site Langmuir equation used

for fitting experimental uptake measurements is given by Eq. 2.28:

Ki(T)f N K (T)f
1+K((T)f 1+ Kx(T)f

ne(P,T) = (nm = pg(P,T)vm) | (1 - @) (5.10)

where n, is the excess uptake, n,, is the maximum absolute uptake at full coverage,
pg 1s the gas phase density, v,, is the adsorbed gas volume at full coverage, « is
a weighting factor for adsorption site 1 over site 2, f is the fugacity of the gas to
correct for non-ideal behavior in the gas phase, and K; is the Langmuir constant,

which varies with temperature.

For all (physisorbed) gases analyzed in this chapter, a two dimensional adsorbed
phase with a classical translational vibrational component was used such that the

partition function has the same functional form for every gas (Eq. 2.4):

Ap; kgT
qi(T) = i transqi.vib = Tlhi (5.11)
/lads w
2nn? \'/?
Aads = (kaT) (5.12)

which gives the following temperature dependence for the prefactor (Eq. 2.13):

A
K; = We Bei (5.13)

The main assumptions for the double-site Langmuir isotherm used for fitting

is that the adsorbed gas is non-interacting on the surface, has monolayer coverage,
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and has the same adsorbed phase density and behavior over the entire range of

temperature and pressure fitted.

The total volumetric uptake is determined using Eq. 2.32:
Nty = Hey + (pgvg,STPXpore) (514)

Ney(P,T) = ne(P,T)poulkVe,STP (5.15)
where n;, is the total volumetric uptake, n,, is the excess volumetric uptake, and
Xpore> Ve, STP» Pg» and ppyik are the void fraction of bulk material, molar gas volume

at 0 °C, 1 bar, gas phase density, and bulk sample density, respectively.

To determine the total volumetric uptake, X,oe must be determined. The
common method described in literature is given as:

1% N,
Xpore,common = —— = PbulkVpore- (5.16)
bulk

where the bulk density ppyk for the samples in this chapter was determined using a
combination of tap density/syringe and the pore volume vpoe Was determined from

77 K N> measurements.

The isosteric heat of adsorption ¢, which is defined as the positive quantity of

the enthalpy of adsorption, —Ah,qs, is determined from Eq. 2.47:

oP Vm 1
qst = —Ah=-T (—) (— - —) . (5.17)
* T}, \nm pqg

The (%) is dependent on the adsorption model used (specifically site occupancy

a

#), and can be determined with the following relationships

(5.18)

_ (ap)n _ (TT)p,n

) ()
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For the double-site physisorption Langmuir model used in this chapter:

06 K K>
— =(1- 5.19
op =17 (<1+K1P>2)+“(<1+K2P)2) 19
90 06 0K, 86 9K»
ar - YT V5k a7 YK, ar (5:20)
06 6K, P Ki
PR L ) (xRT +&)—. 5.21
OK; oT ((1+Kl-P)2) ORT + &) (>21)

where the gas constant R is used in place of Boltzmann’s constant kg to get energy
quantities in terms of kJ/mol and the energies £ and &; are negative for adsorption.
x is the power of the prefactor temperature dependence (as determined from the
adsorbate partition function). In this case with the above adsorption partition

function, x = 0.5.
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Sample Nm Vin a Ay —£1 Ao —-& RSSR/pt
mmol/g  mL/g VK/MPa kJ/mol VK/MPa kJ/mol mmol/g
PC3K800C  36.1 221 0943  0.0621 8.75 0.0138 6.59 0.002
MSP-20 20.7  0.631 0.788 0.109 7.08 0.00438 8.87 0.005
PC2K700C 17.5  0.191 0.592  0.0678 6.89 0.00159 6.70 0.01

Table 5.3: Double-site Langmuir coefficients for hydrogen on PC3K800C, MSP-20,
and PC2K700C using Eq. 4.5.
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Figure 5.8: Hydrogen measurements on carbon materials. Experimental excess
(circles) with excess (solid) and absolute (dotted) fits (left), total volumetric uptake
(middle), and enthalpy of adsorption (right) on PC3K800C (top), MSP-20 (middle),
and PC2K700C (bottom).
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Sample Nm Vin a Ay —£1 Ao —-& RSSR/pt
mmol/g  mL/g VK/MPa kJ/mol VK/MPa kJ/mol mmol/g
PC3K800C  25.6 1.35 0.721  0.0582 12.55 0.0100 10.68 0.003
MSP-20 223 1.35 0.716  0.0533 13.26  0.00818 11.41 0.004
PC2K700C 121 0.639 0.632  0.0436 14.62 0.489 13.16 0.002

Table 5.4: Double-site Langmuir coeflicients for nitrogen on PC3K800C, MSP-20,
and PC2K700C using Eq. 4.5.
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Figure 5.9: Nitrogen measurements on carbon materials. Experimental excess
(circles) with excess (solid) and absolute (dotted) fits (left), total volumetric uptake
(middle), and enthalpy of adsorption (right) on PC3K800C (top), MSP-20 (middle),
and PC2K700C (bottom).
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Sample Nm Vin a Ay —£1 Ao —-& RSSR/pt
mmol/g  mL/g VK/MPa kJ/mol VK/MPa kJ/mol mmol/g
PC3K800C  30.2 1.76  0.679  0.0363 16.01 0.0103 12.24 0.008
MSP-20 22.1 .11 0571  0.0469 15.87  0.00312  15.66 0.008
PC2K700C 122 0.578 0.528  0.0407 17.9 0.00271 17.21 0.006

Table 5.5: Double-site Langmuir coefficients for methane on PC3K800C, MSP-20,
and PC2K700C using Eq. 4.5.
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Figure 5.10: Methane measurements on carbon materials. Experimental excess
(circles) with excess (solid) and absolute (dotted) fits (left), total volumetric uptake
(middle), and enthalpy of adsorption (right) on PC3K800C (top), MSP-20 (middle),
and PC2K700C (bottom).
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Sample Nm Vin a Ay —£1 Ao —-& RSSR/pt
mmol/g  mL/g VK/MPa kJ/mol VK/MPa kJ/mol mmol/g
PC3K800C  35.4 1.84 918 0.053 19.79 0.004 19.24 0.008
MSP-20 27.3 1.25 0.873  0.0412 19.74  0.00637 19.22 0.005
PC2K700C 13.8  0.501 0.656 0.0177 23.14  0.00306 2197 0.004

Table 5.6: Double-site Langmuir coefficients for carbon dioxide on PC3K800C,
MSP-20, and PC2K700C using Eq. 4.5.
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Figure 5.11: Carbon dioxide measurements on carbon materials. Experimental
excess (circles) with excess (solid) and absolute (dotted) fits (Ieft), total volumetric
uptake (middle), and enthalpy of adsorption (right) on PC3K800C (top), MSP-20
(middle), and PC2K700C (bottom).
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Thermogravimetric Gas Analysis Experiments

A 9.85% CO; in N, mixture (EPA protocol 2% analysis, Airgas) was used
with a thermogravimetric analyzer (TGA) to determine total mixed-gas uptake in
each sample to compare with the IAST predictions. To correct for non-idealities
in the experimental procedure (i.e., mass change due to buoyancy or gas flow),
experiments of pure N, and CO, were conducted under the same conditions as the
mixed-gas experiment. A correction factor for N, and CO, was determined for each
temperature by dividing the measured Sieverts isotherms at the same thermodynamic
conditions by the pure component TGA measurements. A simple weighting of the
correction factors based on the gas mixture (9.85%) was applied to the measured

mixture TGA uptake data.



Temperature ( °C) Black

Temperature ( °C) Black

160 bm - 11.60
MSP20 N, 11.569 mg @ 25 °C
140
= 11.55
120
100 11.51 mg @ 55 °C
2 11.534 mg @ 40 °C
=1 11.50
80 X
11.494 mg @ 70 °C
60
= 11.45
40 11.456 mg @ 160 °C
20 11.40
™ | | | -
0 200 400 600
Time (s)
160 - 11.60
MSP20 N, 11.573 mg @ 25 °C
140
= 11.55
120
11.506 mg @ 55 °C T
100 11.534 mg @ 40 °C
=1 11.50
80
11.488 mg @ 70 °C
60
= 11.45
40 11.448 mg @ 160 °C
20 11.40
| | | | | | -
0 100 200 300 400 500 600
Time (s)

152

pay (bw) ssep

pay (bw) ssep

Figure 5.12: 50 sccm Nj 1 bar TGA calibration on MSP-20 for two runs. Sample
heated at 20 °C/min under 50 sccm N flow to 160 °C for 1 hour to determine sample

mass.
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Figure 5.13: 50 sccm CO; 1 bar TGA calibration (top) and 9.85% CO; balance N,
mixture (Airgas, EPA protocol) measurement (bottom) on MSP-20. Sample heated
at 20 °C/min under 50 sccm N, flow to 160 °C for 1 hour to determine sample mass,
switched to 50 sccm measurement gas flow and cooled at 15 °C/min to each set

temperature and held for 1 hour at each setpoint.
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Figure 5.14: 50 sccm N3 1 bar TGA calibration on PC2K700C for two runs. Sample
heated at 20 °C/min under 50 sccm N flow to 160 °C for 1 hour to determine sample

mass.



155

- 16.0
160 fp= PC2K700C
CO;
15.268mg @ 25 °C
140 = 15.5
X
S 120
o 14.76mg @ 40 °C -1 150 <
o &
< 100 -
o 3
5 14.395mg @ 55 °C a
= -4 14.5 ~
& ?
8 80 2
A <—14.121mg @ 70 °C
60 = 14.0
40 Switch on CO2
13.271 mg empty =1 13.5
e | | |
0 200 400 600
Time (s)
160 o= - 15.0
PC2K700C
9.85% CO, in N,
140 f=
- 145
. 120f=
[S]
®
m =
—_ Q
g 100 13.916mg @ 25 °C 8
o \- 140 3
2 80 13.691mg @ 40 °C ‘%
"é.’_ 13.549mg @ 55 °C o
* 60
= 135
40 13.448mg @ 70 °C
13.265mg @ 160 °C
20 13.0
| | | -
0 200 400 600
Time (s)

Figure 5.15: 50 sccm CO;, 1 bar TGA calibration (top) and 9.85% CO, balance
N, mixture (Airgas, EPA protocol) measurement (bottom) on PC2K700C. Sample
heated at 20 °C/min under 50 sccm N flow to 160 °C for 1 hour to determine sample
mass, switched to 50 sccm measurement gas flow and cooled at 15 °C/min to each
set temperature and held for 1 hour at each setpoint.
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Chapter 6

CONCLUSION

6.1 Summary of Results

The work described in this thesis focused on the tunability of gas binding
strength in carbonaceous adsorbent materials. Two different methodologies were
investigated: one modifying the surface chemistry of carbon adsorbents for ambient
temperature storage and the other focusing on structural changes to the underlying
pore structure (see Fig.6.1). To characterize these systems, statistical mechanical
models were developed and implemented in a Python package to extract relevant

thermodynamic quantities.

Adsorption enthalpy
tunability in carbons

Physical
microstructural
modifications

Chemical surface
modifications

atomic substitutions post-synthesis activation,

TMs, B,N,P, S pressurization. templating
amines, (Ch 3) (Ch 4) conditions (Ch 5)

Figure 6.1: Outline of different potential techniques to tune adsorption enthalpies
in carbon adsorbents. Chapter 3 focused on transition metal (TM) copper additions,
Chapter 4 on post-synthesis pelletization pressures, and Chapter 5 on changes in
activation conditions.
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The first material system incorporated metal additions to a commercial carbon to
improve the ambient temperature storage of hydrogen in carbon materials. Through
temperature programmed desorption experiments, it was shown that a new desorp-
tion feature existed in the metal-modified material, showing hydrogen desorption
near ambient temperature. Further investigation with isotope mixing experiments
established that the addition of copper clusters to the super-activated carbon re-
sulted in an activated chemisorption process due to dissociation of the hydrogen
molecule. A double-site isotherm model was established to decouple the physisorp-
tion from the chemisorption uptake, and adsorption enthalpies were extracted. The
modified material showed significant improvement over the unmodified material at
low pressures, ambient temperature due to the copper additions (binding energies
of 20 kJ/mol for the copper sites compared to 6 kJ/mol for the underlying carbon
structure), however clustering of the copper reduced the overall surface area and the

overall enhancement to the total enthalpy of adsorption.

Zeolite-templated carbons were synthesized and pelletized using a hot-pressing
technique with reduced-graphene oxide as a binder. This improved the bulk density
of the material over powder packing. Furthermore, the total volumetric uptake was
higher than expected for an ideal specimen of the material. It was shown that the
pore structure in the material was altered as a result of pelletization due to the
unusual elastic nature of the material, resulting in smaller pores. This hypothesis
was supported with pore size distributions of the monolithic samples, showing both

increased bulk densities and smaller average pore diameter with increasing pelleti-
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zation pressure Adsorption uptake with thermodynamic analysis showed that the
enthalpies of adsorption increased with pressurization of the material, establishing
the use of pressure as a mechanism to tune the binding strength of gases in post-
synthesis of the material. This is an unusual material property attributed to the
unique structure of zeolite-templated carbon over conventional activated carbons.
Methane adsorption enthalpies increased from 14.5kJ/mol in the pristine powder

sample to over 18 kJ/mol in ZTC P7.

Pistachio shell-derived activated carbons were synthesized using chemical ac-
tivation with potassium hydroxide. Two materials were made with a different dis-
tribution of pores, and compared to a commercial carbon. Instead of post-synthesis
tuning of the pore structure, a direct approach of tuning the development of poros-
ity during activation was investigated. Higher activation temperatures and ratio of
activation agent resulted in higher specific surface areas, with an increased density
of larger pores. The selectivity of carbon dioxide over nitrogen was shown to be
higher for the lower surface area carbon, due to higher enthalpies of adsorption
for carbon dioxide. Carbon dioxide adsorption enthalpies ranged from 20 kJ/mol
to over 24 kJ/mol depending on the degree of activation. While all of the carbon
materials exhibited similar carbon dioxide uptake at low pressures, the lower surface
area carbon also showed significantly lower nitrogen uptake than the other studied
materials, resulting in its increased carbon dioxide selectivity. Thermodynamic
analysis showed that the sensitivity of enthalpies of adsorption increased with the

polarizability of the gas, which is consistent with theoretical results.
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6.2 Future Work

Single Atom Metal Centers on Carbons

While the copper-modified commercial activated carbon showed improved up-
take at ambient temperature conditions, specific surface area was reduced due to
pore-blocking and development of nano-clusters of copper. Recent work has shown
that nitrogen functionalization of activated carbons is effective at pinning down
metal sites on supported carbon frameworks. Using these approaches to develop
metal functionalized activated carbon using nitrogen for metallic atom pinning could
prevent the setbacks mentioned above. It would be of scientific interest to investigate
the heat of adsorption changes due to metal-nitride bonds instead of metal clusters,

and to determine if the adsorption process is dissociative in nature.

Experimental Investigations into Langmuir Equation Temperature Dependen-
cies

As outlined in this thesis, the “K” Langmuir constant has both an exponential
temperature dependence and a power law prefactor temperature dependence, the
latter depending on the adsorbed state partition function. The power law term does
not significantly change the goodness of fits, but does have an effect on the isosteric
heat of adsorption temperature dependence. Furthermore, the adsorbed gas density
is assumed to be constant over all temperatures and pressures, which may not be
valid in different adsorption regimes, especially if the adsorbed gas dimensionality
changes. There are two approaches to experimentally determine the temperature

dependence of this prefactor:
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* Experimental investigations into the nature of the adsorbed state for a specific
adsorbate and adsorbent system over the temperature and pressure range of

interest.

* Accurate and precise direct measurements of the heats of adsorption as a

function of temperature and pressure.

Unfortunately, both of these experimental approaches require substantial com-
mitments in both time and resources. The adsorbed state investigation requires
either EELS measurements or neutron scattering data. To characterize an adsorbent
system, both quasielastic neutron scatering (QENS) to determine the dimensionality
of the adsorbed state and inelastic neutron scattering to determine the vibrational
energy of different adsorption modes would be necessary. The precise heat of
adsorption measurements would be suitable with a Calvet Calorimeter. Current
commercial versions of these systems however do not possess high enough accuracy
to discern between the different partition function models. A custom apparatus
that functions at constant uptake (isosteric measurements) using pressure feedback
control on a gravimetric Sieverts apparatus with a temperature ramp could provide a
direct method of measuring the latent heat with temperature using the Clausius equa-
tion, and would operate similarly to a conventional calorimeter. Constant uptake
measurements are notoriously challenging, and would require ultra-fast real-time

buoyancy corrections.
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Improvement of Mixed Gas Isotherm Predictions and Experimental Measure-
ments

The Ideal Adsorption Solution Theory Python package developed through the
work in this thesis improves on a highly used Python package (pylAST), incorporat-
ing both fugacity and universal Langmuir isotherm models to fit experimental excess
pure-component adsorption data. However, there are many improvements that have
not yet been incorporated into the model. Multiple isotherm models that fit multiple
isotherms over a large range of temperatures (such as the Unilan, Sips, toth isotherm
models) need to be added to the REALIST adsorption package. While the IAST
model can predict experimental mixed-gas excess measurements at low pressure,
the package does not account for absolute vs. excess mixed-gas measurements. The
predictions are given as absolute uptake data, however this prediction will deviate
from the experimental excess measurements at higher pressures. For pure gases,
excess measurements can be converted to absolute through adsorbed phase density
fitting. With mixed-gas adsorbents, and potentially different adsorbed gas densities,

the problem of accounting for the adsorbed gas volume becomes more challenging.

To evaluate the effectiveness of the mixed-gas predictions, including the high
pressure uptake conditions mentioned above, accurate measurements of mixed-gas
adsorption will need to be conducted over a large range of adsorbent systems. These
measurements take significantly more time than their pure-gas counterparts, as the
sample needs to be evacuated between each pressure and temperature measurement.

Without gas flow and constant volume measurements, the gas phase composition
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will change after each adsorption step. Recently, a review paper has investigated
the current experimental techniques for mixed-gas adsorption.[1] One of the more
promising techniques, known as the integral mass balance (IMB) system involves
the combination of a gravimetric balance to measure the total mixed-gas adsorption
with a simple breakthrough (SB) apparatus to measure the fractional uptake of each
adsorbate. Our work used a thermogravimetric analyzer (TGA) as the gravimet-
ric balance, however pressures were limited to near-ambient. Combination of a
high-pressure gravimetric Sieverts apparatus with a simple breakthrough analyzer
would increase the pressure range of measurements, and further automation of this

apparatus would allow for increased experimental throughput.

Broader Outlook

In addition to improving the fundamental science needed to model gas ad-
sorption, advancements in materials synthesis commercialization will need to be
pursued. The demand for highly tuned adsorbents to filter exhaust streams and
to transport gases will most likely increase in the 21st century. Many polluting
gas streams will need to be filtered in a more effective manner (both in selectivity
and in reduced cost) than what has been traditionally accepted. Furthermore, gas
pipelines that transport gas streams of interest for carbon neutrality such as carbon
dioxide to sequestration sites, or hydrogen and ammonia for energy storage, will
receive atypical bipartisan push-back due to cost, renewable infrastructure reluc-
tance, and environmental concerns. Adsorbent materials offer solutions to both gas

filtration and transport, reducing pressurization costs for transport and energy costs
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for filtration. A diverse set of adsorbent materials will need to be tailored for each
application, that optimizes the structure (and the corresponding adsorption enthalpy)
needed for different gas compositions, temperatures, and pressures. Metal-organic
frameworks (MOFs) offer the tunability required for such applications, and novel
emerging structures such as breathing frameworks have been recently discovered,
which improve deliverable gas uptakes. Many novel structures that have been syn-
thesized in recent years have focused on breaking arbitrary existing records, while
the primary driver for technology adoption also includes system and operating costs.
Techno-economic studies of low-cost commercialization of MOFs, or to identify ex-
isting potentially low-cost MOFs that have reasonable performance metrics, should
be pursued with clear applications identified for gas filtration. At the same time,
carbon adsorbents have historically been low-cost, and through this work have been
shown to have sufficient microstructural tunability for effective methane and carbon
dioxide adsorbed storage. New techniques that offer increased microstructural tun-
ability at scales of technological interest should be commercially pursued for carbon

adsorbents to address the gas transport demands of the upcoming decades.
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Appendix A

DETERMINATION OF PORE SIZE DISTRIBUTIONS

One of the most important structural properties for adsorption in porous materials is
the pore size distribution, and the resulting pore volume and surface area. This thesis
has investigated the use of both chemical surface functionalization and pore mor-
phology changes to tune adsorption phenomena, however determination of the pore
structure and size in a microporous adsorbent is in itself an active field of research.
While pore structure determination is not the primary focus of this dissertation, a

brief overview and insight into the current state of the field will be presented here.

A commonly utilized technique for microstructural determination of porous
materials utilizes probe gas molecules, generally near the saturation pressure pg of
the adsorbate, which include Ar, N», CO,, O,, and H,. Each of these molecules
have different kinetic diameters and polarizability constants, making them suitable
for different ranges in pore size. Pore sizes in adsorbent materials are characterized
into four main groups: ultramicropores (<10 A), micropores (10-20 A), mesopores
(20-500 A) and macropores >500 A. The TUPEC standard for pore structure charac-
terization porous materials is Ar at 87 K (liquid argon bath) due to the size of Aras a
probe molecule, and the relative insensitivity of argon to surface functional groups
compared to other adsorbates. Argon measurements are suitable for a large range
in pore sizes, from ultramicropores to mesopores. The feasibility of conducting

experiments at liquid argon temperatures (due to the availability of liquid argon or
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Figure A.1: NLDFT gas density calculations as a function of pressure in material
cross-sections of Ar at 87 K in a heterogeneous surface (a), O, at 77 K in a hetero-
geneous surface (b) and a flat surface (c). Reproduced with permission from the
copyright holder, Elsevier.[1]

cryostats) makes this method unsuitable for many laboratories and high-thoroughput
experiments. The pore size distribution is determined by fitting the experimentally
measured gas uptake with weights of gas uptake in individual pores. The pore
size distribution kernel is essential in the determination of pore size distributions

and is the gas density (in mmol/mL) as a function of pressure for each individual
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Figure A.2: NLDFT-HS slit-pore carbon kernels with pore widths from 3.6-
100 A for O, at 77K (a) and Ar at 87K (b). Reproduced with permission from
the copyright holder, Elsevier.[1]

pore size. Recent work has been conducted in developing kernels using computa-
tional methods with accurate models of the gas density in pores for different probe
molecules. Non-local density functional theory (NLDFT) methods for pore size
determination have been actively developed for several decades. Recent iterations
of these models include heterogeneous surface computations to account for rough
surfaces in slit-pore carbons (such as KOH-activated carbon).[2, 1, 3] A comparison
of the gas density in a flat slit pore and heterogeneous surface slit pore for different
pressure loadings is shown in Fig. A.1. The NLDFT-HS kernel for O, at 77 K, Ar at

87K, and CO; at 273 K is shown in Fig. A.2a, Fig. A.2b, and Fig. A.3a, respectively.

Certain probe gas molecules are better suited for certain ranges of pore size.
Generally, nitrogen at 77 K is used for pore size distribution measurements due
to the low cost and availability of liquid nitrogen. The relatively large size of
nitrogen and its high polarizability, and sensitivity to surface functional groups,
makes pore structure determination below 10 A challenging, and inaccurate without

high precision pressure transducers in state-of-the-art equipment. CO, at 273 K has
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Figure A.3: NLDFT-HS Kernel for CO, at 273K (a) with pore widths labelled in
A and adsorption amount per area (b) relative to a infinite-width pore (open sur-
face).Reproduced with permission from the copyright holder, Elsevier.[3]

a low molecular diameter (due to the rod-like nature of the molecule), making it
especially useful for accurate determination of ultramicropores over more reasonable
pressure conditions than with N, or Ar. However, the models only support up to 10
bar (p/pp=0.3), as adsorption measurements above this pressure begin to converge
on the uptake of an infinite pore width (see Fig. A.3b), limiting pore determination
to below 18 A with carbon dioxide.[3] The maximum pressure of most commercial
equipment is generally around 1 bar, limiting pore size determination to 10 A.[4]
Hydrogen as a probe molecule at 77 K faces many of the same challenges and
obstacles as CO; for ultramicropore determination, with lower polarizability (and

smaller diameter) than CO».

Recently, efforts have been made to combine the ultramicropore information
from CO; or H, measurements with the micropore and mesopore information from
N, or O, measurements to obtain accurate, full range pore size distribution in-
formation. This technique, called dual gas NLDFT, is currently implemented in

Micromeritics’ Microactive software, with specific emphasis on N,/CO, and (more
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Table A.1: Comparison of NLDFT, Langmuir, and BET Specific Surface Areas

Name  BET,N, NLDFT,N, NLDFT,N,CO, BET,Ar NLDFT,Ar NLDFT,CO, Lang,CO,
m?/g m?/g m?/g m?/g m?/g m?/g m?/g
PC3K800C 2460 1950 2420 2450 1950 2340 2920
MSP20 2080 1730 2200 2060 1930 2070 2370
PC2K700C 1240 1310 1740 1250 1260 1530 1300

recently) O,/H».[3, 5] Compared with the CO,/N; pair, the lower polarizability and
probe molecule size of the O,/H, pair shows improvement with ultramicropores and
insensitivity to polar surface groups.[5] Due to safety regulations around placing
hydrogen tanks near oxygen tanks, and the availability of high resolution and high
pressure CO; isotherms at 273 K in this dissertation, only the N,/CO; isotherm pair

was investigated.

Table A.1 shows the specific surface area values calculated with the NLDFT,
BET, or Langmuir fits. The BET Ar surface area values are very similar to BET
N, data. The NLDFT values, however, are more varying. Relative to the BET
measurements, the N NLDFT values are lower for PC3K and MSP20, and slightly
higher for PC2K700C. While the NLDFT for the dual gas fit is close to the BET
values for PC3K and MSP20, it is an outlier for the PC2K700C material, which is
primarily ultramicroporous. The NLDFT Ar values are more in agreement with the
BET measurements than the NLDFT N, values. The Langmuir fit of CO; overes-
timates the surface area for all three materials relative to the BET measurements,
and deviates more for PC3K800C, which has the highest surface area and the largest

average pore size.

The pore size distributions calculated with each technique for the materials
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described in Chapter 5 are shown in Fig. A.4. The nitrogen pore size distributions
show a peak around 10 A for all samples, which area is proportional to the sum of
ultramicropore area, when compared to the other techniques. This demonstrates
the inability of the N, PSD to characterize ultramicropores without high resolution
transducers. The Ar data shows improved ultramicroporous information over N,
with the smallest pore feature around 6.5&, which matches with the CO, data. The
CO,, while providing more ultramicropore information, fails to account for pores
above 15A, which is expected from the limitations of the model. These insights into
single-gas NLDFT pore size determination are in agreement with studies on metal-
organic framework materials. The N,/CO, dual gas fit has pore features around
the same pore sizes as the Ar calculations, with some additional features below
6 A. However, the actual pore features in the dual calculation shift by 1-2 A when
compared to the Ar calculations. Overall, the dual gas fitting shows promise,
especially with an extended range over single-component NLDFT calculations, but

requires further refining to replace 87 K Ar NLDFT-HS distributions.
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