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Abstract

Single-layer graphene membranes and other 2D membranes can realize very high gas
permeation fluxes due to their atomic or unit cell thickness. Established modeling
approaches for membrane transport consider transport through a finite and continuum
thickness, and therefore they do not apply to the emerging field of 2D membranes,
motivating the development of new theoretical treatments. In this thesis, I first developed
an analytical theory for the transport of gases through single- layer graphene membranes,
from the perspective of using pores in the graphene layer as a means: for separation. I
considered two pathways for the transport. The first being direct gas phase impingement
on the pore, for which the large-pore separation factors are dictated by Knudsen
selectivity, inversely proportional to the molecular weight; selectivity exceeding Knudsen
is possible with smaller pores that reach a size commensurate with the size of the
molecule, enabling separation by molecular sieving. The second pathway involves
adsorption and transport on the graphene surface, similar to mechanisms in
heterogeneous catalysis, which becomes more relevant for larger, strongly-adsorbing
molecules. These models and pathways are applied for an estimate of a N,/H; separation
and as an explanation for results observed in the molecular dynamics literature.

I applied our understanding of nanopore mechanisms and developed analysis of gas
transport through graphene with approximately one selective nanopore etched into it,
using experimental data from Bunch et al at Boston University for transport of He, Hj,
Ne, Ar, and CO; through a small area graphene membrane with a single or few pores.
The transport was measured by collaborators via monitoring the deflection of a graphene
flake sealing a pressurized, 5um diameter microcavity on the surface of a Si/SiO, wafer.
For this experimental system, I report on a mathematical formalism that allows one to
detect and analyze stochastic changes in the gas phase fluxes from graphene membranes,
extracting activation energies of pore rearrangements, 1.0 eV, and even identifying
contributions from multiple, isolated pores.

One opportunity that I identified is the use of a molecularly sized nanopore to ‘direct
write’ the flux using a translatable platform. I performed an exploratory investigation of
this concept of using a “nanonozzle,” a nanometer scale pore that can deliver a flow of
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material locally, to grow nanoscale features. The model application was the growth of a
graphene nanoribbon on a surface. [ explored a variety of analytical mathematical
models to understand the parameters and limitations of such a system. I developed a
simple simulation of the nanoribbon growth and compared the results to the models for a
range of parameters, considering the reasons for differences between the simulated and
calculated results. This analysis provides considerations for the experimental design of
such a system.

Overall, the theories in this thesis and the analysis in they enable should aid the
development of 2D membranes for separations applications and a novel direct write
method for nanoscale patterning.
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1 INTRODUCTION TO GRAPHENE AND NANOSCALE
TRANSPORT

1.1 Graphene for 2D Membranes

Graphene is interesting because of its unique electronic properties, strong
mechanical strength, and nanoscale dimensions.”®> Single layer graphene consists of a
monolayer of covalently bonded sp” hybridized carbon atoms, depicted in the Figure la
inset, in the conventional hexagonal planar array, creating a 2D electronic system. There
is interest in using single layer graphene (SLG) and other graphene derivatives® as
membranes for a variety of applications, including the membrane applications of interest

here.

The two most relevant methods of obtaining graphene are mechanically
exfoliation and chemical vapor deposition (CVD). Mechanical exfoliation, also
commonly referred to as the “scotch-tape method,” is a process that typically uses
repeated contact of a graphite flake with scotch tape; each successive contact with the
tape separates pulls sheets of the flake apart from each other, resulting in a thinner and
thinner flake.’ After enough contacts, there are only a few layers in the spot on the tape,
and it is pressed against a Si/SiO, surface to leave flakes of a range of thickness down to
single layer. Single layer regions can be identified optically in a microscope, enabled by

an interference effect, and confirmed by Raman spectroscopy, demonstrated in Figure 1.
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Figure 1: (a) Optical image of graphene with one, two, three, and four layers; (inset) illustration
of graphene lattice, sp2 hybridized carbon atoms. (b) Raman spectra as a function of number of
layers. (¢) Raman image plotted by the intensity of G band. (d) The cross section of Raman
image, which corresponds to the dash lines. Adapted with permission from Ni, Z.H. et al. Nano

letters 7, 2458-63 (2007). Copyright 2007 American Chemical Society.’

CVD synthesis is the other relevant source of graphene in research of single layer
graphene membranes. In particular, CVD can produce large areas of graphene, with only
practical limitations of furnace design, unlike the small areas produced by mechanical

exfoliation. Graphene is most commonly grown on a copper foil substrate, but it can also
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be grown on nickel as well as other, less commonly used substrates. The CVD process
can be done at atmospheric pressure (with an inert diluent gas) or in vacuum, most often
using methane as the carbon source, in the presence of hydrogen. Growth on copper
substrates typically results in predominantly monolayer graphene. From there, the
graphene can be transferred to an arbitrary substrate, usually by supporting the graphene
with a polymer layer and etching away the copper.’ Graphene produced from mechanical
exfoliation usually has a fewer defects and grain boundaries compared to graphene grown
by CVD processes, however, mechanical exfoliation is not scalable to large areas,
therefore the advance of CVD graphene growth is an important part of the development

of graphene membranes.

Pristine, single-layer graphene is impermeable to even the smallest of gases,’

though recent work has shown there is a mechanism for proton transport.® The 2008
experiment in the McEuen group, depicted in Figure 2, used a transferred mechanically
exfoliated graphene over a microchamber. After exposing the sample to a Helium
pressurized (or vacuum) environment over the course of days, returning the sample to
atmospheric conditions results in an upwards (or downwards) deflection of the graphene
over the microchamber that is measurable with AFM. The deflection persists, slowly
returning to zero over days with a rate consistent with diffusion of gases through the
silicon oxide surface under the graphene, which shows that the He gas does leak from the

microchamber through the graphene.
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Figure 2: (a) Schematic of a graphene sealed microchamber. (Inset) optical image of a single
atomic layer graphene drumhead on 440 nm of SiO2. The dimensions of the microchamber are
4.75 pm x 4.75 pm x 380 nm. (b) Side view schematic of the graphene sealed microchamber. (c)
Tapping mode atomic force microscope (AFM) image of a ~ 9 nm thick many layer graphene
drumhead with Ap > 0. The dimensions of the square microchamber are 4.75 pm % 4.75 pum. The
upward deflection at the center of the membrane is z = 90 nm. (d) AFM image of the graphene
sealed microchamber of Figure 2a with Ap = —93 kPa across it. The minimum dip in the z
direction is 175 nm. (e) AFM line traces taken through the center of the graphene membrane of
(a). The images were taken continuously over a span of 71.3 h and in ambient conditions. (Inset)
deflection at the center of the graphene membrane vs time. The first deflection measurement (z =
175 nm) is taken 40 min after removing the microchamber from vacuum. Reprinted with
permission from Bunch, J.S. et al. Nano letters 8, 2458-62 (2008). Copyright 2008 American

Chemical Society.’
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Though pristine graphene is impermeable, it can function as a membrane after the
layer is suitably treated to create atomic scale pores in the otherwise crystalline carbon
lattice. A variety of simulations and calculations have looked at separations of gas’®
and liquid®*® systems. In particular, theoretical work has suggested such membranes
could have large separation factors for gas separations.'” ' > % Single-layer graphene
membranes differ fundamentally from typical bulk polymeric membranes. The basic
model for polymeric membranes is constant permeability, with the flux, J, through the
membrane inversely proportional to the membrane thickness and directly proportional to

the driving pressure force, Ap.

J= PenTleability Ap (1D
thickness

The inverse dependence on thickness often means thin structures are favored in
conventional polymeric membranes, though the lower bounds of thickness are thickness
are limited by structural consideration and a more pronounced drop in separation factors
due to defects. A single layer graphene membrane can be withstand large pressures over
micron sized holes, demonstrated with 3MPa differential over Sum diameter circular
orifice.’’ With a suitable support structure, graphene acts as the ultimate limit in the

pursuit of thin membranes at just one atom thick.

The limits of conventional membranes are often represented by a so called
“Robeson plot,” which plots the empirical tradeoff observed between separation
selectivity and permeability of the membrane; membranes with higher selectivity tend to

have lower overall throughput for an equivalent thickness.’ Permeability, flux

12



Transport of Molecules through and on Carbon Nanostructures Lee Drahushuk

normalized by driving pressure and membrane thickness, is not an appropriate measure
for vanishingly thin graphene, but for the sake of comparison, a similar plot can be
created using selectivity (separation factor) and permeance, which is flux normalized by
driving pressure, as shown in Figure 3. Yuan and coworkers predicted the results for the
separation given the range of different pore sizes, and plotted the empirical fit to those
results, demonstrating the tradeoff between larger permeance with larger pores and higher
selectivity with smaller pores, alongside results for other membranes in the literature.
The results show that graphene membranes can exceed the Robeson limits for polymeric
membranes, and at high pore density, also match or exceed the performance of other

newer membrane architectures such as Zeolites and MOFs.
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Figure 3: (a) Robeson plot (separation factor vs permeance per pore) characterizing the
CO2/CH4 separation through various graphene sub-nanometer pores at 300 K. Pore configuration
identifiers are annotated beside each data point. Experimental data obtained by Koenig et al*? and
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33, 34

results from several MD simulations are also plotted. (b) Comparison between a porous

graphene membrane and other membranes for CO2/CH4 separations. Hollow markers correspond
to simulation results. For the MOF membrane simulation work,”* the MOF membranes are only
~5 nm thick in simulation. From a practical perspective, we calculated the permeance assuming a
typical MOF membrane thickness of 5 um.*® Reprinted with permission from Yuan, Z. et al. ACS

Nano 11, 7974-87 (2017). Copyright 2017 American Chemical Society.”’

DNA has been observed to pass though graphene pores, which is a first step
towards potential application to DNA sequencing.’®*° Some have used theory to explore
tunneling effects with graphene membranes to achieve isotopic separations.'' *'**

Theoretical work has also shown that graphene membranes could act as membranes for

desalination.”*

There have now been multiple experimental demonstrations of membrane systems
from single or few layer graphene. A study by the Bunch group showed that pores created
by UV ozone etching in mechanically exfoliated graphene suspended over microcavities
in silicon and demonstrating molecular sieving, creating high selectivities between gas
species of differing molecular size.’ ** Work using the intrinsic defects in CVD grown
graphene transferred onto polycarbonate track etched membranes in aqueous systems was
able to demonstrate modest separation of larger molecules and investigated layer stacking
to reduce the leakage through those intrinsic defects.*® * Other work with the aqueous
phase used a contact seal between a micron scale pipet tip and graphene at the air-water
interface to measure conductivity through CVD graphene.”® Another study used focused
ion beam to create pore size distributions centered on multiple sizes from 8 nm to 1 pm in

two stacked layers of CVD grown graphene, transferred to and supported on a SiNy

14
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membrane, and demonstrated Knudsen selectivity based on the square root of molecular
weight typical of classical effusion.” Recent work with larger scale membranes has also
began to show some selectivity from molecular sieving effects,” previously only seen in
small scale membranes. Other work has demonstrated proton transport through pristine,
mechanically exfoliated graphene, as well as other 2D crystals, coated with Nafion and

suspended across a hole drilled through SiN,.%

Graphene represents a fundamentally new type of membrane active layer, since it
is only a single carbon atom thick. While a typical membrane possesses a mass transport
resistance that scales inversely with thickness, single layer graphene represents the
extreme limit of negligible thickness. Hence, continuum equations that are frequently
employed for membrane analysis do not apply to the case of SLG. Moreover, the
external surface of the membrane that is orthogonal to the transport direction is almost
always neglected in the analysis of conventional membranes. In an MD study of Hy/N,
separation via a graphene membrane, it was shown that, for certain pore sizes, the
nitrogen permeation rate could exceed that of hydrogen due to increased adsorption of the
larger molecules.' This is contrary to the expectation that the smaller molecules should
have a higher permeation rate. However, as will be shown, the external surface is
expected to dominate molecular transport in many cases involving SLG membranes.
Other molecular dynamics simulations have also shown an importance of the adsorbed

> 12 we derive analytical expressions for several relevant mechanisms of gas

phase.
permeation through SLG membranes involving both strongly and weakly adsorbing

gases. These mechanisms are then used to predict the results of a separation of hydrogen

and nitrogen for pores of various sizes. We show that for larger pores, the more strongly
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adsorbing nitrogen permeates faster than weakly adsorbing hydrogen. We also show and
explain that the permeation rate is expected relatively constant across various larger

nanopores in SLG membranes.

The Bunch group’s demonstration of molecular sieving’> and investigation of
mechanical properties®® uses mechanically exfoliated graphene suspended over a
microcavities in a silicon wafer to form a membrane between the gas trapped in the
microcavity and the atmosphere; measuring the deflection of the graphene surface over
time is used to track the transport of gas. While this technique is not scalable, it does
offer the unique advantage of being able to measure the transport characteristics of a
single or few subnanometer pores, giving a window towards the fundamental transport
characteristics of graphene. This platform has demonstrated switchable gating of the
transport by gold nanoclusters on the graphene membrane surface, as well as smaller but
significant fluctuations in transport without gold nanoclusters present.*> We present the
first mathematical analysis of stochastic gas permeation through any membrane/nanopore
system. We validate the model using experimental results from our previous work on
single layer graphene membranes under batch depletion conditions parametric in starting
pressure for He, H, Ne, and CO; between 100 and 670 kPa.** The model enables one to
use membrane deflection curves parametric in starting pressure to confirm a time
dependent membrane permeance (pressure normalized molecular flow). Stochastic
fluctuations of the gas permeance can be analyzed using a Hidden Markov model to fit
discrete states and estimate the activation barrier for switching. Our formalism also
teaches how to use the relations between the states given by the Markov network for a

collection of pores to determine the operative number that describe the data.
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1.2 Application of Nanoscale Transport to a Nanonozzle

Further, we apply nanopores our familiarity with nanopores to the exploration of
using a nanopores as a “nanonozzle” to deliver a gaseous reagent locally and grow

nanoscale features via a CVD type reaction. The concept could apply generally,

We focus on the specific example of the synthesis of graphene nanoribbons,
which are of interest for graphene’s high conductance and its bandgap that forms due to
confinement in a nanoribbon. Ebeam lithography is often used for nanopatterning,”'
including nanoribbons,? though graphene nanoribbons from lithographic techniques
typically lose conductance due to lack of control over the resulting edge structure. Other
methods for creating graphene nanoribbons include templated growth using a surface
structure®®, and the unzipping of carbon nanotubes on a surface into nanoribbons,’
though so far these methods have lacked the ability to shape or place the ribbon as
desired. Dip pen nanolithography is another tool for nanopatterning, useful for depositing
material compatible as an ink,” but is ill suited for controlled delivery of precursors for
higher temperature CVD reactions that can give pristine lattices and edges. The idea of
performing a local reaction on the nanoscale is similar to the approach of inducing a
reaction with a laser*®, as well as general lithography. The design is similar to previously
developed “nanojets,” which used energetic plasma to etch away a éurface to form a
structure,”’ or used laser ablation to release and deliver larger molecules locally.”®
However, the key aspect of the nanonozzle concept explored here is that the structure and
nanoscale is derived from the moving local delivery and diffusion of the reagent to create

a concentration gradient that. We will use analytical models and simple simulations to

17
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explore the relevant parameters and considerations for the design of a nanonozzle system

capable of growing a nanoribbon with a CVD reaction.

18
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2 THEORY OF 2D MEMBRANE TRANSPORT

2.1 Significance of 2D Membrane Theory

Graphene has enormous potential as a unique molecular barrier material
with atomic layer thickness, enabling new types of membranes for separation and
manipulation. However, the conventional analysis of diffusive transport through a
membrane fails in the case of single layer graphene (SLG) and other 2D atomically thin
membranes. In this chapter, analytical expressions are derived for gas permeation
through such atomically thin membranes in various limits of gas diffusion, surface
adsorption, or pore translocation as the rate limiting step. Gas permeation can proceed
via direct gas phase interaction with the pore, or interaction via the adsorbed phase on the
membrane exterior surface. A series of van der Waals force fields allow for the
estimation of the energy barriers present for various types of graphene nanopores. These
analytical models will assist in the understanding of molecular dynamics and

experimental studies of such membranes.

Graphene represents a fundamentally new type of membrane active layer, since it
is only a single carbon atom thick. While a typical membrane poSsesses a mass transport
resistance that scales inversely with thickness, single layer graphene represents the
extreme limit of negligible thickness. Hence, continuum equations that are frequently
employed for membrane analysis do not apply to the case of SLG. Moreover, the
external surface of the membrane that is orthogonal to the transport direction is almost
always neglected in the analysis of conventional membranes. In a recent MD study of

Hy/N; separation via a graphene membrane, it was shown that, for certain pore sizes, the

19
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nitrogen permeation rate could exceed that of hydrogen due to increased adsorption of the
larger molecules.' This is contrary to the expectation that the smaller molecules should
have a higher permeation rate. However, as we show in this chapter, the external surface
is expected to dominate molecular transport in many cases involving SLG membranes.
Other molecular dynamics simulations have also shown an importance of the adsorbed

phase.” '

In this chapter, we derive analytical expressions for several relevant
mechanisms of gas permeation through SLG membranes involving both strongly and
weakly adsorbing gases. These mechanisms are then used to predict the results of a
separation of hydrogen and nitrogen for pores of various sizes. We show that for larger
pores, the more strongly adsorbing nitrogen permeates faster than weakly adsorbing
hydrogen. We also show and explain that the permeation rate is expected relatively

constant across various larger nanopores in SLG membranes. Descriptions for all

variables appearing in this chapter are given in Table 1.

Table 1: Description of all variables and constants used in the derivation of the model and limits.

B, total pressure on high pressure side

Pu. partial pressure of ith species on high pressure side

P partial pressure of species i=1 on high pressure side

B total pressure on low pressure side

Pri partial pressure of ith species on low pressure side

Pr partial pressure of species i=1 on low pressure side

G total surface sites per area

[l ] surface concentration of empty sites on high pressure side of SLG
[X ,_,-:I surface concentration of ith species on high pressure side of SLG
[4] surface concentration of species i=1 on high pressure side of SLG
[m] surface concentration of empty sites on low pressure side of SLG
[X ,,Li:l surface concentration of ith species on low pressure side of SLG
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=
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| ]

surface concentration of species i=1 on low pressure side of SLG
pitch of pores in SLG for square tiling

impingement rate at a surface from gas phase

active area for impingement from gas phase

pressure drop from high pressure side to low pressure side

g%:ks-é

molecular weight
ideal gas constant
temperature

flux through a graphene membrane via gas phase impingement

3
g

A~ X

=

surface density of pores

Sy effective surface area per pore

E,..; activation energy for ith species to pass through the pore from the gas phase
[B,] surface concentration of pores that are empty on the high pressure side

[4B ] surface concentration of pores with species i=1 associated on the high
! pressure side

[R,,,] surface concentration of pores that are empty on the low pressure side
[ RB ] surface concentration of pores with species i=1 associated on the low pressure
"3 side
k; forward rate constant of the jth step, for species i=1
k_, reverse rate constant of the jth step, for species i=1
K, equilibrium constant of the jth step, for species i=1
S4 surface area per adsorbed species i=1
P fraction of monolayer coverage on high pressure side of SLG defined by
A4

Langmuir adsorption model, for species i=1
fraction of monolayer coverage on low pressure side of SLG defined by

O Langmuir adsorption model, for species i=1

J; flux via adsorbed phase assuming jth step is rate limiting, for species i=1

P fraction of monolayer coverage on high/low pressure side of SLG defined by
HILi Langmuir adsorption model, for ith species

K, equilibrium constant of jth step, for ith species

Ea; activation energy for jth step
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2.2 Results and Discussion

There are several analogies between molecular permeation through an SLG
membrane and catalytic chemical reaction of a molecule at an active site on the surface.
Both can proceed by a preliminary adsorption step to the surface, followed by surface
diffusion to the active site (or open pore) or by direct interaction of the molecule with the
active site from the gas phase (the Eley-Rideal mechanism in catalysis). Adsorption into
and transport across the graphene nanopore can be controlled by an activation energy if
the constriction is small enough, analogous to the activation energy for chemical reaction
at a catalytic active site. Because of this analogy, it will be useful to label the permeating
species on the high pressure side the membrane as 4, and the species on the low pressure
side R, with a transition from A4->R corresponding to spatial transport through the SLG
membrane along the chemical potential gradient through the pore. Similarly, the pore

will be considered a species and labeled as B.
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(a)  High Pressure Side

i

Py=Pu,

= ———————————————

Low Pressure Side

Figure 4: Schematic for a SLG gas separation membrane that divides reservoirs of gas at high
pressure (Py) containing species at partial pressure py; ; for species i and low pressure P;
containing partial pressure pp;. The gas component is labeled 4; on the high pressure side and R;
after permeation through to the low pressure side. The membrane contains C7 total number of
sites of gas adsorption on the SLG surface per area, with unoccupied sites / and those occupied
X, for species i for the high pressure side. The low pressure side has unoccupied sites m and
occupied sites X, ; for species i. Pores of radius 7, have a pitch of w in a square tiling. Reprinted
with permission from Drahushuk, L.W. et al. Langmuir 28, 16671-78 (2012). Copyright 2012

American Chemical Society.'*

Consider a single layer graphene (SLG) membrane separating two gas reservoirs
held at pressures Py and P, with AP = Py-Py; the partial pressure of species 1 in the two

reservoirs will be called p4 and pj respectively. The SLG contains Cp pores/area of
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radius rp equally spaced at a pitch of w nm in a 2D rectangular lattice, and the surface
density of available adsorption sites, or the surface density of a monolayer of adsorbed
gas, is Cr. Cr is assumed to be equivalent for all gas species. As the high pressure and
low pressure surfaces are two faces of the same SLG, the density of pores, Cg, and the
density of possible adsorption sites, Cr, is identical for both sides. On the high pressure
side of the SLG, a surface site that is occupied by an adsorbed gas molecule of the i
species is labeled as X, ;, and an empty area of the same size is considered an unoccupied
site and labeled as /. In order to distinguish between the two faces of the SLG, on the low
pressure side, occupied and unoccupied sites are labeled as X,,; and m respectively. We
neglect the influence of the hypothetical support underneath the SLG membrane as
having much lower mass transport resistance than the SLG membrane. We assume that
the pore is symmetrical with respect to the plane of the graphene. In Figure 4, the pore

depicted is model pore type a from Figure 6.
2.2.1 Gas phase pathway

For steric selectivity in gas separation, pores in graphene membranes should have
dimensions near and below 1 nm. This is small enough that transport occurs in the
molecular regime and Poiseuille flow is negligible. The solution for gas transport
through a vanishingly thin orifice was described by Knudsen,”® and is simply the
impingement rate, 72, upon the area of the pore given by equation (2.1). The inclusion of
Arrhenius dependence in equation (2.2) gives the flux, J; g, accounting for the energy

barrier the molecule experiences passing through the pore.
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p= a8l 2.1)

,/27rMRT

J

i.gas

-1 ~E, gus /
=C,8, | ——=—=—|e R Ap, (2.2)
’ B[,/zzzMRT] P

sp 1s the effective surface area per pore, M is the molecular weight, and E, g4 ; is
the energy barrier height relative to the gas phase. For larger pores, the effective surface
area per pore, sp, 1S approximately the simple geometric area of the open lattice space.
For smaller pores, where the translocating molecule is commensurate with the size of the
pore, along with an energy barrier, E, g, becoming relevant, the effective surface area
per pore, sp, will be smaller than the geometric outline of vacancy, as only impingement
on or near the center of the pore will result in transport through the graphene, analogous

to empirical corrections to transport models for small pore sizes aluminas or similar.®” ¢!
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2.2.2 Adsorbed phase pathway

—
(]
'
(=]
N
wn
L ]

-0.05 -
0.1 1 2+ 4

-0.15 4
A HAI <—>A.B'r — RB" HRm — R

step #: 1 2 3 4 5

Figure 5: Nitrogen passing through a decavacancy pore. (a) Top view (b) Side view (c)
Calculated vdW energy coordinate. Interaction energy calculated with Lennard-Jones potential.'
Reprinted with permission from Drahushuk, L.W. et al. Langmuir 28, 16671-78 (2012).

Copyright 2012 American Chemical Society.'*

Table 2: Five elementary steps of adsorbed phase pathway and corresponding rate of each step.

step # step rate
! I A A kp,[1]-k,[4]
2 4 +B <2 4B +1 k,[4][B,]-k,[4B][!]
3 AB,<RB, k,[RB, ]~k [4B]
4 RB,+m >R +B | k[RB,][m]~k,[R,][B,]
5 R, pa gy ks[R, )~k pp[m]

In the adsorbed phase pathway, shown by Figure 5, the species passes through

four states on the surface of the graphene and five individual steps. First, a gas phase
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molecule adsorbed to a site (step 1) on the surface. Second, the molecule diffuses to a
pore (step 2) and associates into a potential well positioned in the space above the pore.
Third, the molecule associated over the pore passes though the pore (step 3) to be
associated with the pore on the downstream side of the graphene. Fourth, the molecule
disassociates from the area above the pore (step 4) onto the downstream surface of the
graphene. Fifth and finally, the molecule desorbs from the surface (step 5) and enters the
gas phase on the downstream side of the graphene. For simplicity we will derive
analytical solutions for the limits of this model assuming only a single adsorbing
component. The corresponding results for multiple adsorbing species are given at the
end. A previous analytical model for the adsorbed phase specialized in the limit of
maximum porosity.'' Table 2 summarizes the steps in reaction kinetics notation; the rate
constants for the forward and reverse for the ith step are given by £; and k; respectively.
The definitions for equilibration of each of the five mechanistic steps are given in
equations (2.3) to (2.7). The definition of the 3™ equilibrium constant as unity is a result

of the assumption that the pore is symmetric about the plane of the graphene.

k _ [4]
K =—"= 2.3
k., p, [l] -

ko, [4]1B]

K3=——=[ I (2.5)
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2.7

A site balance on the surface area of the graphene, accounting for area occupied
by pores, yields equation (2.8), where s4 is the surface area per adsorbed species.

Similarly, a balance on the number of free and occupied pores yields equation (2.9).

C, / CSB: [[]+[4]=[m]+[R,] ©2.8)

C, =[B]+[4B]=[B,]+[RB,] (2.9)

By applying the surface site balance equation (2.8) along with the equilibrium
definition for the adsorption equation (2.3), the equilibrium surface concentrations can be
derived in as in equations (2.11) and (2.12). This is the result using the Langmuir model
of adsorption, which assumes adsorption is limited to a single monolayer, the energy of
adsorption is independent of coverage, and that all adsorption sites are equivalent. It is
often convenient to use the variable 8, the fraction of monolayer coverage, given by
equation (2.10).

9,=—8Ps (310)
1+K,p,

Kp
4]=C0,=C,—E4_ (2.1]
[4]=¢:¢, T1+K1pA( )

28



Transport of Molecules through and on Carbon Nanostructures Lee Drahushuk

1
lN\=C,(1-68)=C,—— (2.12
11=C,0-6)=C; = @12)
If equilibrium is achieved for surface species associating to the pore, then

equations (2.9), (2.11), and (2.12) can be used to derive the number of occupied and

unoccupied pore sites. These results are given by equations (2.13) and (2.14).

_ CB(I—Q)
[B']_(H(K -186,)

(2.13)

CoK0, (214
(1+(K,-186,)

[ABI] =

With these results, it is possible to describe the surface concentrations in terms of
equilibrium concentrations and thc bulk pressure. Equations (2.11), (2.12), (2.13), and
(2.14) describe the surface in equilibrium with the upstream surface of graphene. As the
graphene surfaces (H and L) are symmetric, equivalent expressions can be written for
surface concentrations in equilibrium with the downstream bulk. In order to derive
tractable expressions for the rates of permeation, we will derive limits assuming various

rate limiting steps, with all other steps in equilibrium.

Assuming step 1, adsorption to the graphene surface, is rate limiting.

J, = klpA[l] k. [A1

]
1 =kop ()b (IR, )(2.15)

The resulting expression for adsorption to the graphene surface rate limiting is

equation (2.16).
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C C.Kp
J:k T —k T 1R
1 1PA(1+K1pRj _1[1+K1PR] (2.16)

Assuming step 2, association to a pore site, is rate limiting.

J, =k, [4][B,]-k,[/][4B]

Jz = kz [Al]((CB _[RBm]))_k—z [l]<[Ran])

2.17)

The resulting expression for association to a pore site rate limiting is equation

(2.18).

CB (1_9R)
(1+(K, -1 6,)

CBKZQR
(1+(K, -1)6;)

J, = kcheA

_k—zcr (1_9A)

Assuming step 3, passage through a pore, is rate limiting.

Jy =k [ABI]_k—3 [RBm] (2.19)

(2.18)

An assumption has been that the association of species to the two faces of the

pore has been assumed independent. We have thus far not distinguished pores that have a

molecule trapped on both sides of the pore entrance. If there are molecules on both sides

of the pore, they may inhibit passage. The subsequent equations will show that

accounting for this blocking results in the same overall rate.

First modify equation (2.19) to subtract any pores that have molecules on both

faces of the pore from the rate expression. Then employing the fact that the forward and
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reverse rate constants are identical for this step, equation (2.20) shows that the overall

rate 1s the same.

Jy =k, ([ABI] _[ABR]) —k, ([RBm]_[ABR])
Jy =k, [ABI]"k—3 [Ran]+(k3 _k-3)[ABR]

— (2.20)
Jy =k, [AB/]_k3 [RBm]

The resulting expression passage through the rate limiting is equation (2.21).

J :k CBKZQA —k CWB]<29R (221)
PO (1K, -8, U (1+(K, -1)6,)

Assuming step 4. disassociation from the pore site, is rate limiting.

Jy=k,[m][RB,]-k,[R,][B,]

Jo =k m([48) -k [&1(18]) ©

The resulting expression for disassociation from the pore site rate limiting is

equation (2.23).

Ckby o Cs(1-6,)

J4=k4CT(1—9R)(l+(K2_1)9A) - R(1+(K2_1)0A)

(2.23)

Assuming step 5, desorption from the graphene surface, is rate limiting.

Js =k [Rm]_ k_spp [m]

Jo=k (4]~ kope() &P
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The resulting expression for adsorption to the graphene surface rate limiting is

equation (2.16).

C.K
Js =k, d iV 78 -k p, L (2.25)
1+K,p, 1+K,p,

The above derivation assumes that there is only a single species. It is possible to
extend these results to multiple species, assuming that all species have the same rate

limiting step. The resulting expressions are given by equations (2.27) to (2.31).

K, .py.
6 y — Lit"H/L (226)
e [1+ZK1,,-I7H/L,/‘

C.K
J, =kp, [__(Zr__}_ K, [__T_M_I’R_] (2.27)
1+ZK1.ij,j 1+ZK1,ij.j

J, =kC, Cy0, (1_2911,1‘) —k,C, CBKz.AeR (I_ZBHJ) (2.28)
(1+ Z(Kz,i -1 6H,i) ) (1+Z(K2,j =D 0L~/)

C.,K, 6 Cc.K,6 0
J. =k B2 4Y4 —k B2 4YR (2.29)
3 3 (1+Z(K2.i_1)9H.i) ! (1+Z(Kz,j"1)0L.j)

— . 1-> 6, .
C CBKZ.AeA(l ZGLJ) P CB( Z L./) (2.30)

% =k4 ' (1+Z(K2.i_1)eH.i) A (1+Z(K2.j _I)QLJ)

C.K .p C
J. =k | —L W4 p . __—r 2.31
5 S(HZKL,-pHJ -SPR[HZKL,.pH,j]( ’
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2.2.3 Diffusion limited case

In step 2, the molecule must both diffuse to the pore and overcome an activation
barrier to position itself above the pore. The rate constant for this step is affected both by
the diffusion properties and the activation energy. And may exhibit different behavior
depending on which process dominates. If diffusion is the limiting process, then the
concentration gradient can be described by the differential equation (2.32) as a function
of radius, », in cylindrical coordinates, which includes surface diffusion and
adsorption/desorption. The boundary conditions are given by equations (2.33) and (2.34)

D; is the self-diffusion coefficient, 45 is the sum of the radius of the pore and the

adsorbed species.

D; d( dcu —~ ¥ —~ N\ P ~
Ozjzﬂr ’;“j+(kApA(,l—K_ALA,) (2.32)
CA,(r—>oo)=CA,,eq (2.33)

dcC

k. C,(r,)=2mr, D, dA[ (2.34)
r

With the inclusion of adsorption and desorption, the length scale, rp, for the

competition of diffusion with ad/desorption is given by equation (2.35).

D.
ry =, |[———— (2.35)
° \/ k,(1+K,p,)
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If the spacing between pores is larger than the length scale for diffusion, then the
differential equation can be solved with an analytical solution. The apparent rate constant
is defined with equation (2.36). The solution to (2.32), written in terms of modified

Bessel functions of the second kind, is given by equation (2.37).%

kaI’ 2.36
=k (236

app s
Al.eq

K(rAB )

k, ZzDi(r%)k;?ﬁ
kapp=
k, + ZﬂD(V)K( /)

K(AB

(2.37)

As rp << rap, equation (2.37) simplifies to equation (2.38).

k, (27, A+ K,p)D; 75
k, +(2ﬂ-\/k_A(1+KApA)Di rAB)

(2.38)

app
This compares to the more commonly used result for diffusion-limited reactions
in solutions given by equation (2.39).

B k,(47Dr,)

k = (2.39
app.solution k ( 4 D ) ( )
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2.2.4 Model Pores

We will examine six model pores, along with their van der Waals energy
coordinates for nitrogen and hydrogen molecules. The pores and energy coordinates are
depicted in Figure 6; the values for activation energies for the various steps depicted in
Figure 6 are summarized in Table 3. Energies are obtained using multicenter Lennard-
Jones calculations.! Without edge termination, these model pores are unlikely to be
stable in a real graphene sheet. However, we will use these simple pores to represent real

pores of over a range sizes.
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Figure 6: Six model pores formed by removing (a) 10, (b) 11, (c) 12, (d) 13, (e) 22, and (f) 32

carbon atoms from a graphene lattice, along with energy coordinate for permeation through the
pore (see Figure 5) for both hydrogen and nitrogen. Reprinted with permission from Drahushuk,

L.W. et al. Langmuir 28, 16671-78 (2012). Copyright 2012 American Chemical Society."*
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Table 3: Summary of activation energies for the six pores shown in Figure 6. Energies are

calculated via Lennard Jones potential.’

H, (eV) N, (GV)

pore Ea,2 Ea,3 Ea,4 Ea,5 Ea,gas Ea,Z Ea,3 Ea,4 Ea,S Ea,gas
a [0.017 | 0.019 | 0.017 | 0.076 - 0.029 | 0.344 | 0.028 | 0.141 | 0.205
b ] 0.021 | 0.002 | 0.021 | 0.076 - 0.036 | 0.165 | 0.032 | 0.141 | 0.028
¢ |0.020 - 0.024 | 0.076 - 0.035 | 0.053 | 0.028 | 0.141 -
d | 0.021 - 0.021 | 0.076 - 0.036 - 0.054 | 0.141 -
e | 0.022 - 0.008 | 0.076 - 0.039 - 0.021 | 0.141 -
f |0.033 - 0.001 | 0.076 - 0.057 - 0.009 | 0.141 -

2.2.5 Model Parameters

We have presented a model for the permeation through graphene membranes via
an adsorbed phase, and presented equations describing the permeation rate for various
limits of our model. To make use of the equations, estimates for the various parameters
are necessary. Without intensive effort, it is possible to make estimates that should be
within a few orders of magnitude and can provide insight on which of the steps is most

likely to be limiting.

Adsorption studies have not been focused on a single monolayer of graphene,
however there are ample studies of adsorption to carbon nanotubes and graphite, which
would be expected to be reasonable analogs for monolayer graphene. The adsorption
equilibrium properties of some gases on monolayer graphene have also been calculated.®
A simple kinetic model for the desorption is given by equation (2.40).°* One
interpretation of this estimation is the vibration frequency normal to the surface, therefore
this rough estimation can also be applied for the rate at which a species associated
directly above the pore will pass over the energy barrier through the pore. An order of

magnitude estimate for the terms in the pre-exponential factor is 10'? 1/5.%
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k,T q" E
k=x—-2—="—exp| ——%| (2.40
" g p( RTJ (2.40)
For the forward rate constant of the second step, the 2D ideal gas collision theory
can provide an estimation, given by equation (2.41), where P; is a steric factor between 0
and 1, o4p is the sum of the two radiuses, and p45 is the moment which simplifies to the
mass of the gas molecule in this case. For nitrogen and a 1 nm pore, this results in a pre-

exponential factor of ~10'” m?*/s/mol. The equilibrium coefficient for the 3™ reaction is 1

as the membrane is symmetric.

k=2prc,, |Frel exp(— E, ) (2.41)
21 RT
Using these models, we estimate nitrogen’s parameters for two of the pores, (a)
and (c), in Figure 6 that were used in a recent molecular dynamics simulation examining
H; and No.' As a simplifying assumption, we will set the value of equilibrium constant to
1 for the second and fourth steps, which are the association and dissociation of a
molecule on the surface to the pore. We expect the true value of the step 2 equilibrium
constant to be less than 1, as a molecule suffers an entropic loss by associating to the pore
from the 2D ideal gas, in addition to a slight potential energy difference between those
two states. A value of 107 mol/m? is used for Cy, from the inverse of nitrogen’s surface
area per molecule. A value of 8.8x10° mol/m? is used for Cz to match the setup of
literature molecular dynamic simulation.! For comparison, a recent ion beam exposure
technique achieved a nanopore density of 8x10™ mol/m? in SLG.** The results modeling ,

single species N, permeation are given in Table 4.
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Table 4: Comparison of the equations derived for each step rate limiting to the numerical result
of the full model for pores (a) and (c) from Figure 6. Assuming single species, nitrogen, P,=0.2

MPa, P,=0.0 MPa, and K,=3 1/MPa.*’

. N» permeation rate
Ea (eV) k (mol/m?/s)
Limit pore (a) | pore (c¢) | pore (a) pore (¢) pore (a) pore (c)
1:eq (2.27) . 6 6 s s
adsorption | - - x10 IXI0 1 5sx10 | 2.5x10
to surface 1/Pals 1/Pa/s
2: eq(2.28) 17 16
association | 0.029 0.035 12x1 0 72X1 0 3.2x1 ()4 2.5x1 04
to pore m /mol/s | m /mol/s
3:eq(2.29) ; 0 r 4
traversal of | 0.344 | 0.053 | 2x10 1/s | 1x10 l/s| 4.9x10 3.4x10
pore
4: eq (2.30) 17 17
dissociation | 0.028 0.028 12x1 0 12X1 0 3.2x1 04 2.8x1()4
from pore m /mol/s | m /mol/s
5:eq (2.'31) 0 10 s s
desorption | 0.141 | 0.141 |4x10 1/s|4x10 1/s| 1.5x10 1.8x10
from surface
numerical - . - - 4.9x10" | 8.7x10°
solution ’ )

In addition to the analytical results made by assuming a rate limiting step, it is
also possible to generate a steady state numerical solution by solving for the differential
equations derived from the rate expression for the five individual steps (see Table 2). For
pore (a) in Table 4, the limit corresponding the transversal of the pore (step 3) perfectly
matches the numerical solution result, indicating that step three is rate limiting. For pore
(c) in Table 4, no equation perfectly matches the numerical solution and multiple limits
provide rates of a comparable order of magnitude. This indicates that no single step is
rate limiting; and while none of the analytical solutions apply exactly, they do still

provide an answer within an order of magnitude of the numerical result.
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The conditions used here, while not exactly the same, were similar to a previous
molecular dynamics study.' The nitrogen permeation seen in the original MD results' is
several orders of magnitude smaller for both pores considered. In general, the simple
models used here carry a higher level of uncertainty than a more detailed investigation.
Ignoring steric factors for all reaction rate constants is one reason the rate constants here

are likely to be overestimates.

Our analysis demonstrates that the most significant steps influencing transport are
2, 3, and 4 as these are most likely to be rate limiting. For H,/N, separation, the
simulation in ref' demonstrates that, for large pores (16-32 atom vacancies), the nitrogen
permeation rate is nearly constant, while hydrogen permeation increases linearly with
pore area. This indicates that the permeation of nitrogen is dominated by the adsorbed
phase pathway and limited by association to the pore (step 2), hence a larger pore has
little effect. Hydrogen permeation, on the other hand, is dominated by the gas phase

pathway and has the expected linear increase with the pore area.

Figure 7 shows the results for the full multicomponent model predictions for the
separation of an equimolar mixture of hydrogen and nitrogen for all six model pores
depicted in Figure 6. For the smallest pore, (a), the separation favors hydrogen because
of the high energy barrier for passing though the membrane (step 3). However, for larger
pores, nitrogen is favored over the smaller hydrogen, because the nitrogen absorbs more
strongly to the graphene surface. Furthermore, for the larger pores, (c) though (f), the
absolute permeation rates are relatively constant. This is because the molecules no longer

experience a significant energy barrier for passing though the plane of the membrane
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(step 3), but they still experience a relatively constant energy barrier for entering the pore

(step 2) and/or leaving pore (step 4), as shown in Table 3.

T ' b 100000 | . PR
n

separation factor H2/N2

—— e — 10 .‘_ -
mmm L EEEN
a b o d e f a b C d e f
pore pore

Figure 7: (a) Predicted mixture separation factors from full numerical computation and (b) total
permeation rates for a hydrogen/nitrogen separation using the six model pores depicted in Figure
6. Permeation rates and according separation factors are the sum of the gas phase permeation,
calculated using equation (2.2), and the permeation from the adsorbed phase pathway calculated
from the multicomponent numerical solution of the to the process described by Table 2. Modeled
equimolar mixture of hydrogen and nitrogen with T=298 K, total upstream pressure set at 2 atm,

downstream set as vacuum.

2.2.6 Implications

The gas phase pathway, in which a molecule in the gas phase strikes the pore, is
perhaps the more intuitive mechanism for transport through a graphene membrane.
However, the adsorbed phase pathway has some important implications on the

performance of graphene membranes.
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One implication is that the permeation rate, while linear at low pressures, may not
be so at pressures high enough to saturate the surface. For the adsorbed phase pathway,
the permeation rate in the expected limits becomes independent of pressure at higher
pressures. In addition at higher pressures, the pores may be saturated with adsorbed
molecules that block gas phase molecules incident on the pore. Potentially, there could
be an upper limit to permeation rate; however unaccounted for effects, such as coverage

over a monolayer, may somewhat alter such simple behavior at high pressures.

Another important implication of the adsorbed phase model is that the observed
permeation rate of a given species is influenced by the partial pressures of all the
components of the mixture. This is in contrast to the gas phase pathway, in which the
permeation rate for a given species is only dependent on its own partial pressure. This
distinction can provide a simple fingerprint for identitying whether or not the adsorbed
phase pathway is a significant in future experimental graphene membranes. Even gas
phase molecules that are too large to pass through the pores in the membrane can adsorb

to the surface and alter the permeation rate of smaller species.

Which path dominates depends on the adsorption characteristics of the gases and
the energy barrier of the pores. Smaller pores with higher energy barriers are most likely
to give high separation factors. Because a molecule in the adsorbed phase starts at a
lower potential energy, the height of the energy barrier it must overcome is necessarily
greater than that of a molecule in the gas phase. This makes smaller pores with high
energy barriers to be more likely dominated by the gas phase pathway. However, the

adsorbed phase still plays a role by blocking the pore from incident gas phase molecules.

41



Transport of Molecules through and on Carbon Nanostructures Lee Drahushuk

Larger pores are more likely to have smaller energy barriers that enable the adsorbed
phase to contribute significantly to permeation. Though for large enough pores, it is less
likely that the adsorbed phase will block the pore, so both pathways will be present.
Depending on the graphene synthesis and membrane fabrication techniques, experimental
graphene membranes may have a distribution of different pore sizes. Of the early
experimental realizations of SLG and few layer graphene membranes, one is thought to
be dominated by small, sub-nm, UV-induced oxidative etched pores;32 while another is
thought to have intrinsic pores over a range of sizes, 1-15 nm.*® In general, the pathway
having the least mass transfer resistance will dominate, but the modeling included in this
chapter allows for a combination of adsorbed phase and gas phase dominance when the

respective pore populations are balanced.

2.3 Conclusions

A SLG membrane has been shown to be capable of high selectivity and high
permeance in a way that is not described by conventional membrane diffusion treatments
due to its atomic layer thickness. Instead, we apply a surface science approach to
successfully derive analytical expressions for the gas and adsorbed phase fluxes through
several classes of model graphene pores under different rate limiting steps.  The
inclusion of the adsorbed phase portion adds important considerations, including altered
behavior for mixtures and pore saturation/blocking. These models provide predictions
and limits for future modeling, simulation and experimental work with graphene

membranes.
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3 EXPERIMENTAL METHODS AND ANALYSIS OF
STOCHASTIC GRAPHENE GAS TRANSPORT

3.1 Introduction

Applications of membrane separations that take advantage of graphene’s one
atomic layer thickness and regular lattice structure are an emerging area of research.
Pristine single layer graphene is impermeable to even the smallest of gases,” though
recent work has shown there is a mechanism for proton transport.® However, by opening
well defined pores in the graphene lattice, large separation factors can be achieved. The
atomic thickness of the graphene layer is the optimal limit for absolute permeation rate,
which is typically limited by the thickness of the membrane material. A variety of
simulations and calculations have looked at separations of gas’*® and liquid®**® systems.
However, experimental and theoretical analyses of gas phase transport through isolated
graphene nanopores have been few in the literature. In this work, we develop a
mathematical formalism that allows one to detect and analyze stochastic gas phase fluxes
from graphene membranes, extracting activation energies of pore rearrangements, and

even identifying contributions from multiple, isolated pores.

There have been a few experimental demonstrations of membrane systems from
single or few layer graphene have been realized. A study by the Bunch group showed that
pores created by UV ozone etching in mechanically exfoliated graphene suspended over

microcavities in silicon and demonstrating molecular sieving, creating high selectivities
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between gas species of differing molecular size.”> Work using the intrinsic defects in
CVD grown graphene transferred onto polycarbonate track etched membranes in aqueous
systems was able to demonstrate modest separation of larger molecules and investigated
layer stacking to reduce the leakage through those intrinsic defects.*® *’ Other work with
the aqueous phase used a contact seal between a micron scale pipet tip and graphene at
the air-water interface to measure conductivity through CVD graphene.*® Another study
used focused ion beam to create pore size distributions centered on multiple sizes from 8
nm to 1 um in two stacked layers of CVD grown graphene, transferred to and supported
on a SiNy; membrane, and demonstrated Knudsen selectivity based on the square root of

molecular weight typical of classical effusion.*’

The Bunch group’s demonstration of molecular sieving’> and investigation of
mechanical properties™ uses mechanically exfoliated graphene suspended over a
microcavities in a silicon wafer to form a membrane between the gas trapped in the
microcavity and the atmosphere; measuring the deflection of the graphene surface over
time is used to track the transport of gas. While this technique is not scalable, it does
offer the unique advantage of being able to measure the transport characteristics of a
single or few subnanometer pores, giving a window towards the fundamental transport
characteristics of graphene. Recent work with this platform demonstrates switchable
gating of the transport by gold nanoclusters on the graphene membrane surface, as well

as smaller but significant fluctuations in transport without gold nanoclusters present45.

In this chapter, we present the first mathematical analysis of stochastic gas

permeation through any membrane/nanopore system. The model is validated using
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experimental results from single layer graphene membranes under batch depletion
conditions parametric in starting pressure for He, H Ne, and CO, between 100 and 670
kPa.* The model enables one to use membrane deflection curves parametric in starting
pressure to confirm a time dependent membrane permeance (pressure normalized

molecular flow).

3.2 Experimental Methods

The experimental data for this analysis was collected by the Bunch group on the
same device as presented in associated work by the Bunch group,*’ and is an extension of
previous methods.””*? In summary, microcavities approximately 800nm deep and 5 pm
in diameter are formed in grid an oxidized silicon wafer by reactive ion etching, and
mechanically exfoliated graphene is deposited on top. Regions of monolayer or bilayer
graphene are identified optically and by Raman spectroscopy. The graphene eftectively
1solates the microcavities from atmosphere, but with diffusion though the silicon dioxide
surface, the cavity will equilibrate with their surroundings over the course of days. By
placing the sample in a vacuum or pressurized chamber, specific gases can be removed or
added to the microcavity at the given pressure. For a pressurized sample, after removing
from the pressurized chamber, atomic force microscopy (AFM) measurements show an
upward deflection in the graphene surface above a chosen microcavity from the
difference between the pressure inside the microcavity and atmospheric. Likewise, the
graphene surface deflects downward after being removed from a vacuum chamber. To
form a pore, the sample is exposed ultraviolet induced oxidative etching in 30-second or
45-second intervals. Before exposure, the sample is pressurized with H, gas, giving an

upwards deflection. Between etching exposures, the sample was checked with AFM to

45



Transport of Molecules through and on Carbon Nanostructures Lee Drahushuk

check if the deflection had changed significantly, indicating a pore formation event
somewhere in the graphene covering the microcavity. Once a pore forms, the deflection
starts to change rapidly and etching is typically ceased. After the etching and pore
formation, the microcavity pressurizes and deflates much more rapidly, over the course of
minutes to hours depending on the gas species used. The sample can then be repeatedly
pressurized and its deflation over time measured with AFM in order to study the transport
characteristics through the pore(s) formed. The initial pressurization corresponding to the
deflection at the start of AFM measurements ranged from 100 to 670 kPa, with the upper
bound limited to avoid delamination of the graphene from the surface, as seen in previous
work.”’ The delay between removing the sample from the pressure chamber and AFM

measurement was typically around 5 minutes.

3.3 Results and Discussion

3.3.1 Analysis of AFM Membrane Deflection Curves

Figure 8 illustrates the typical course of an experimental run, in which the
deflection of a graphene membrane over a pressurized microcavity is monitored with
atomic force microscopy (AFM). The measured deflection can be correlated to the state
of the microcavity defined in terms of the mols of gas, pressure, and volume enclosed by
the graphene. As shown in Figure 8c, the graphene is typically deflected downwards at
the end of an experiment with smaller gases because the air gases enter much more
slowly than the charged gas evacuates the microcavity. Data from two different samples
is presented here: sample 1 was formed with a suspended single layer of graphene and

sample 2 was formed with a suspended bilayer of graphene.
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Figure 8. Depiction of experimental system depicting microcavity in Si/SiO, (grey/blue) covered
by a single layer graphene membrane (black bar) with randomly located pore(s) represented by a
break in the black bar. Illustrations are labeled with variables as used in models; a for
microcavity radius, J for membrane deflection, n for mols of gas in microcavity, P for internal
microcavity pressure, and V' for microcavity volume enclosed by graphene. Panes depict
variation over course of typical experimental run (a) at the start, (b) in the middle at zero
deflection, and (c) at the end. Reprinted with permission from Drahushuk, L.W. et al. ACS Nano

10, 786-95 (2015). Copyright 2015 American Chemical Society.*

From mechanical models of thin films, the pressure within the cavity can be

related to the observed deflection (6) according to the following relation,®’

K +
P(60) =KW 50y + 2% 500+ B, G.1)
a a”
where £ = 1 TPa is the Young’s modulus, w = 0.34 nm is the film thickness, K(v)
= 3.09 is a constant determined by Hencky’s solution and the system geometry, S; =0.1
N/m is the initial surface tension, and a is the well radius.”® The thickness and Young’s
modulus of single layer graphene are not precisely defined; however, the reported values

fit deflection data collected at known pressures. Similarly, the volume of the microcavity

can be described by,
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V(d@)=C)a’rs@t)+V, (3.2)

where C(v) = 3.09 is a constant determined by Hencky’s solution and the system
geometry, and V) is the volume of the microcavity with zero deflection of the graphene
sheet. The gases considered in this chapter can be described by the ideal gas law, as

shown in equation (3.3), but our results easily extend to more complex equations of state.

_P(6@)¥ (6))

n(0) RT

(3.3)

Here, n is the mols of gas, P is the microcavity absolute pressure, ¥ is the
microcavity volume, 7 is the temperature, and R is the ideal gas constant. A mass
balance on the permeating gas relates the rate of change of enclosed gas (dn/df) to the
sum of the gas flow(s) through the pore(s), 7., and the leakage through the microcavity
edges, Ppackground. Previous work has shown that the molar flow through the pore is one to
several orders of magnitude larger than the background leakage depending on the gas,
based on comparing results before and after etching and pore formation®’; therefore we

will treat Apqcigrouna as negligible in subsequent analysis, as summarized in equation (3.4).

dn(t) . . i
dg ) = npore (t) + nbackgrozmd (t) = npore (t) (3'4)

In order to obtain a value for the gas flow (dn/df) out of the chamber, the
differential is applied to equation (3.3), with the dependence of pressure and volume on

deflection emphasized.
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dn(ty 1 d&@) d(P(S)V(9))
dt RT dt ds

(3.5)

Equation (3.5) provides a method to use the slope of the measured deflection
versus time to extract the instantaneous flow of gas out of the etched pore as a function of
pressure. For this chapter, we used a rearrangement of this equation that enabled
extracting values from the data using a linear least squares fit.*> With these relations, we
follow the permeation behavior of the gas over the time just from the AFM measurements

of deflection versus time.

Figure 9a-d demonstrates the use of the relations for a single experimental run
with He gas. The experimental deflection data in Figure 9a is used to calculate the
pressure and flux, molar flow normalized by membrane area, in b and ¢ at each time
point. Equation (3.5) can be utilized to investigate the transport mechanism by
examining the dependence of the flux versus pressure, as done in Figure 9d,
corresponding to the data in Figure 9a. This plot of flux versus pressure difference can
help confirm the primary mechanism of gas permeation. The linearity of plot Figure 9d,
for example, is consistent with nanopore transport (effusion) or Knudsen diffusion
through the pore. Nanopore transport with molecular sieving is confirmed as the
mechanism by showing that the ratio of permeance values exceeds Knudsen selectivities,
which are determined by the inverse square root of molecular weight ratio for the series
of gases.”> The linearity rules out Poiseuille flow through a larger orifice which would

demonstrate a quadratic dependence on pressure.
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Figure 9. (a) Measured deflection versus time, (b) calculated microcavity pressure versus time (c)
calculated gas flux versus time, and (d) flux versus driving pressure difference for He transport
with an initially observed pressure of 210 kPa (absolute). (e) Measured deflection versus time
and (f) flux versus pressure difference for five sets of He experiments with initial pressures in the
range 210 to 555 kPa; demonstrates expected linear behavior for flux versus pressure. (g)
Measured deflection versus time and (h) flux versus pressure difference for five sets of H,
experiments with initial pressures in the range 100 to 670 kPa: demonstrates some deviations
from the general expected linear behavior for flux versus pressure. (a)-(h) represent data collected
from sample 1, a single layer graphene device. Flux versus pressure difference for (i) He, (j) Ha,
(k) Ne, and (1) CO, were collected with sample 2, a bilayer graphene device. Reprinted with
permission from Drahushuk, L.W. et al. ACS Nano 10, 786-95 (2015). Copyright 2015 American

Chemical Society.®
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Furthermore, for the same membrane, the correlation between flux and pressure
difference should be identical for all experiments. This is exactly what is seen in Figure
91, a collection of five experiments for He. For the five experiments of H; in Figure 9h,
however, the curves for the each experiment do not overlap perfectly with another; and
there are seemingly random divergences from perfect linearity, even if the general trend
is still linear. These divergences appear stochastic, and are uncorrelated to pressure or
mechanical position of the graphene. In considering the reason for these divergences, we
first consider the corresponding measured deflection data used to calculate flux, show in

Figure 9e and g.

In Figure 9e, the deflection curves are all self-similar, which we define as having
identical functional dependences translated along time axis according to the initial
pressure only. In gas transport theory, the rate of isothermal transport is a function of the
chemical potential difference across the pore, which simplifies to the partial pressure
difference for low to moderate total pressure. Note that even for a strongly adsorbing gas,
the transport rate is a function of pressure only under these conditions (related through
the adsorption isotherm). Figure 9g gives examples of deflection data for H, that is not

self-similar, which we will explore in the following section.

3.3.2 A Mathematical Interpretation of Intersecting Deflection Curves

In understanding Figure 9e, it is useful to consider the following mathematical
derivation, which shows that deviations from self-similarity in these curves mean that the

transport rate is varying temporally, independently of pressure. We define a generic
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pressure dependence of a single component molar flow, f{P), across the pore such that the

differential equation describing the deflating microcavity system becomes:

dn
i f(P) (3.6)

Note that this function encompasses all versions of adsorption and diffusion
models possible for the membrane system, and incorporates all possible rate limiting
steps from our previous analytical work.'* Re-writing equation (3.6) in terms of the

deflection via the idea gas law yields equation (3.7).

dn__1 dsd(P@OV(S) _
dt ~ RT dt 5 = f(P(5)) (3.7

Note that this generic form remains separable such that upon integration:

f 1 d(P(O)V(5))

oG 5 dJ:Jo'dt (3.8)

Defining the solution of the left integral as a generic function G(J) we find that,
G(0)-G(d,)=t (3.9)

Applying the inverse of the generic function,
0=G"(t+G(3)) (3.10)

The functional form of equation (3.10) describes curves of deflection versus time
that are identical except for a shift in along the time axis given by the constant G(dy),
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which is a function of the initial pressure, and matches the definition for self-similarity.
This is indeed the case for He, shown in Figure 9d, with a corresponding linearity
between flux and pressure that reveals a constant, time invariant slope, as predicted by
equation (3.10). It then follows that the departure from self-similarity in Figure 9g means
that f{P, ¢), or that the transport of gas has some time dependence (the only remaining
dependent variable) outside of the expected pressure dependence. Hence, we take the

intersecting deflection curves to imply:

dn
—=TI(H AP (3.
= () (3.11)

We consider the flow of gas in terms of what we define as the membrane
permeance, with the molar rate normalized by the pressure difference. A typical
membrane will have a constant permeance, corresponding to a linear molar flow with
pressure. To account for the time dependent behavior of the transport, we modify our
expectation of the molar flow rate, dn/dt, so that it includes a time dependent permeance,

I1(#), for cases where self-similarity does not appear to be observed.

For the case of He, with its self-similar deflection curves, the permeance, I1(),
remains essentially constant with time. However, the permeances for other data sets, Hs,
Ne, and CO,, show obvious variation in time. Figure 10 shows a few examples of the
variation in permeance with time, plotted alongside the experimentally measured
deflection curves. Figure 10a, an example data set for an experimental run with He
shows that the permeance remains mostly constant. In the other panels, there are sharp

changes that occur at various times. These are discrete changes in the values permeance
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and correspond to kinks and changes in slope of the deflection curves. They typically
appear smoothed even though the changes are discrete because the fitting method used to
extract the permeance values must fit the slope across multiple points; Figure 10 shows
two levels of smoothing, red dots with low smoothing from using only three points to

extract permeance, and a green line with more smoothing using five points in the

extraction.
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Figure 10. Deflection (blue closed circles) and permeance (red open circles) versus time over
experiment for examples runs with (a) He, (b) Ne, (c) CO,, and (d) H, with sample 1. The green
line is a smoother fit of permeance, using additional points when fitting the slope. Demonstrates
that kinks and changes in slope in the measured deflection that are indicative the corresponding
changes in permeance. Adapted with permission from Drahushuk, L.W. et al. ACS Nano 10, 786-

95 (2015). Copyright 2015 American Chemical Society.*
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3.3.3 Hidden Markov Analysis of Time Dependent Permeance

Each individual experimental run is isolated by the preparatory step of re-
pressurizing the microcavity. However, all experiments are performed on the same
membrane, and therefore, we assume that the observed transport properties are consistent
across all experimental runs for a given gas. To visualize trends, we have concatenated
the data from each run with that gas species into a single time axis referred to as
“observation time” in Figure 11. We included only data points corresponding to
measured deflections above 50 nm, as points at low deflections were more sensitive to
experimental error; and permeance was extracted by using five data points, equivalent to
the green line of Figure 10. To help analyze and fit the data to discrete states, we
employed hidden Markov modeling via the program HaMMy.*® This fits the permeance
data to up to ten discrete states with instantaneous transitions between them. Some of
these transitions fall at the time points corresponding to breaks between experimental
runs, but these transitions were excluded from later quantitative analysis of transition

frequency.
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Figure 11. Permeance versus time for all experiments (blue open circles) concatenated for each
of (a) He, (b) Hy, (c) Ne, and (d) CO, with sample 1. Red lines represent a hidden Markov model
fit to discrete states. Bars in the right of each pane represent time spent in each fitted state.
Orange vertical lines mark the transitions where data was merged between different experimental
runs. Reprinted with permission from Drahushuk, L.W. et al. ACS Nano 10, 786-95 (2015).

Copyright 2015 American Chemical Society.®

As an alternate visualization of the states, the derivative of the cumulative
frequency of observed permeance values is plotted in Figure 12. All the data points are
arranged by permeance to give the cumulative distribution, and taking the derivative
yields the differential frequency as the distribution of observed permeance values. This
presentation assists in identifying the most commonly occurring states. The temporal
information is lost in this presentation, which makes it more difficult to identify rarer that
were distinct states in Figure 11, most notably the higher permeances. This plot

accurately summarizes the most commonly occurring states. The states from the above
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HaMMy fitting are also represented in Figure 12, showing overlap between some though

not all of the features appearing in the differential frequency distribution.
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Figure 12. Cumulative frequency of observed permeance (orange dots) along right vertical axis,
differential frequency (blue line) plotted against left vertical axis, and HaMMy fits from Figure

11 for each of (a) He, (b) Ha, (c) Ne, and (d) CO,.

3.3.4 Evaluation of Average Permeance in Relative to Expected Behavior
Figure 11 and Figure 12 illustrate the variance in the observed permeance over the
course of the experimental study, however, some observations can still be made for the
relative permeances of the gases to illustrate the transport mechanisms involved. Figure
13 summarizes the permeance results versus the inverse square root of molecular weight
to compare to the Knudsen effusion model, including sorﬁe gases, N>O, Ar, O,, and N,
from work other than that discussed above.*> Knudsen effusion behavior, described by
equation (2.1), has an inverse square root dependence on molecular weight, meaning the
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data points would be linear from the origin in Figure 13b-d. The plots show that few, if

any, of points would fall on the same line through the origin.
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Figure 13. (a) Permeance plotted versus the inverse square root of the molecular mass of
He, Ne, Ar, Hy, N>O, CO,, Oy, and N; in log scale. (b) in linear scale. (c) Permeance
versus square root of the molecular mass of Ar, O,, and N,. (d) Permeance versus square

root of the molecular mass of the noble gases. Reprinted with permission from Wang, L. et al.

Nat Nano 10, 785-90 (2015).

3.4 Conclusions

In conclusion, the technique of measuring gas permeance through AFM measured
changes in the bulge deflection over time can be used to extract the permeance and the

gas transport characteristics. Further, we demonstrated the permeance can be tracked
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over time and revealed stochastic and discrete changes among difference states with large
changes in permeance. This chapter details the analysis of the first time stochastic state
switching has been observed in a gas phase system, and the extraordinary sensitivity of
the gas permeance and the localization of the transport at a single point gives this
platform potential to be applied to issues of sensing and nanoscale material management,

such as “nanoprinting” or nanocatalysis.
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4 ANALYSIS OF MULTIPLE STOCHASTIC STATES IN
FINITE PORE SYSTEM

4.1 Introduction

In Figure 11, the data sets corresponding to H,, Ne, and CO, all show large
changes in permeance up to around a factor of ten, and multiple states are observed, with
HaMMy fitting between seven and ten states. Many examples of state switching in pores
occur as two states, and more observed states are the result of multiple two-state pores.
To investigate whether multiple pores could be responsible for the many states observed
in Figure 11, we looked at the relations given by the Markov network for a fixed number
of pores and applied analysis based on them to the data. With multiple two-state pores,
two pores yields four possible observed states, three pores yields eight possible observed
states, four yields sixteen possible observed states, and so on. A three pore system has a
comparable number of states to those from HaMMy fitting; therefore, our analysis

focuses on matching a three pore system.

Stochastic fluctuations of the gas permeance can be analyzed using a Hidden
Markov model to fit discrete states and estimate the activation barrier for switching. Our
formalism also teaches how to use the relations between the states given by the Markov
network for a collection of pores to determine the operative number that describe the

data.
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4.2  Assignment of system to discrete number of pores described by

Markov Network

4.2.1 Three pore model

For evaluating goodness of fit for the data discussed in the previous chapter to the
three pore model, the constraints imposed on the observed state permeance level and state
transitions are what differentiate the alternate hypothesis of fewer than three pores having
many states. The first step in evaluating those properties is to describe the system to by
eight states, which are determined by four underlying parameters. The eight states
correspond to the possible combinations of the two-state pores, which we describe as
having “high” and “low” permeance states. How well the data can be fit by these four
parameters can be one test of the three pore hypothesis. The relations that describe the
eight observed permeance states are described by the matrix problem in equation (4.1); x
is the combined permeance of the low states for all three pores; y,, y», and y. are the
difference between the high and low states for the first, second, and third pores

respectively; and I1; is the permeance value for the jth observable state.

00 0 I,
100 I,
01 0 I,

Yello 0 1 I,

Vs - O+x= m, 4.1)

YeJ 1 0 1 I,
01 1 I,
11 1),
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With the convention that y, < y, < y., the permeance values I1; in equation (4.1)
are always ordered in increasing permeance with the exception of Il and I1s, the order of
which should be swapped if (y, + y5) < .. Table 5 summarizes the set of relations

described by equation (4.1) under the column for observed permeance.

Table 5. Summary of nomenclature defined in equations (4.1)-(4.11) with illustrations showing

the corresponding pore configurations.

Individual pore
State Pore Individual permeance S;Zﬁ??: S(,Zitt : tgl me
“Low” & > X (1- pa)
“Highl D Xa+ Ya Pa
Observed states (three pores)
- Pores Oliseined perisioe Fractign of total time
. b " spent in state
1l > | =%t nx=x |P=(1p) (pp) (1)
2 ey - | L=xty P2 =pa (1-ps) (1-pc)
3| @ - | L=x+ty, P3;=(1-pa) ps (1-pc)
4 | - c S| L=x+y Py=(1-pa) (1-ps) pe
5 [ - | L=x+y *y, Ps = paps (1-pc)
6 | coe| L=x+y +y Ps=pa (1-ps) pe
7T | &> | [L=x+y, +y P7=(1-pa) p pe
3 o 5| 0=x2, 2,45 |Ps=ppp.
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After defining the permeance levels of the states, we move on to look at the dwell
times and transitions. Ideally, the statistics of the transitions from state to state can show
unique characteristics of a three pore system, however the transitions are more difficult to
use as a distinguisher because of the effects of smoothing that occurs from the calculation
of permeance from deflection and the fact that the full data set is a concatenation of many
shorter, isolated segments of AFM measurements. However, the dwell time, in particular
the total time spent in each state, is relatively unaffected by those issues and is useful as a

distinguishing measure.

In our analysis, we define the lower case p; to be the fraction of time a single pore,
in this case pore a, b, or ¢, spends in its high permeance state, given by equation (4.2),
where ¢; is the time spent in the high permeance state of the ith pore and #,,,, is the total
time. It can also be considered the probability ot finding the pore in its high permeance

state.

p=— (42)
total

pi as defined by equation (4.2) is an underlying property of an individual pore,
related to the thermodynamic equilibrium and free energy difference between the two
states; it is not directly related to a single observable state, as the observed states come
from a combination of pores; it can be calculated as a sum of observed state times, or
from other relations as shown below. We use the capitalized P; of equation (4.3) to
indicate the fraction of time spent in each observable state, where #; is time spent in the

jth observed state from experimental results.
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t.
P =—_ (43)

J
total

The fraction of time in each of the eight observable states, the eight Pj, should be
related to the probabilities the individual pores are in their high permeance states. The
relations are described by equations (4.4)-(4.11) and are also summarized in Table 5

under the column for fraction of time spent in state.
R =Fy=0-p)1=-p)1-p,) (44)

P, =By =p,(1-p,)1-p,) (45)

B =L, =01-p)p,(1-p.) (4.6)

b =Fa=0-p)1=p,)p. (4.7)

K =Hhy=p.p,(1-p.) (48)

K =Ry, =p,(0-p,)p. (49)

B=5,=0-p)p, p. (4.10)

B=F,=p,p,p. (411)

From equations (4.4)-(4.11), the probability that each of the pores is in the high

state (p4, p» and p.) can be found by solving the system of non-linear equations for these
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three variables, as done below. These parameters are related to four of the P; values

analytically via:

R
= 4.12
Pa P +P (4.12)
R
= 4.13
Py P +FR ( )

8

4.3 Comparison to simulated data sets

Going further in order to establish confidence in assignment to a three pore
system, we used a Monte Cario approach to generate simulated data in the form of the
experimentally obtained permeance versus time. First we simulated data corresponding
to three independent pores, as described by the equations of the previous section,
summarized in Table 5; we refer to these as “positive simulations.” At each fixed time
step, each of the three pores had a given probability of changing its state from high to
low, or low to high. The probabilities of both those transitions are distinct, meaning six
probabilities are used to control the transitions to and average time spent in each state. In
addition to six probabilities, a variable for each of the three pores, y,, y», and y., describes
the difference between that pore’s high and low permeance states, and the overall lowest
observed permeance state, x, is described by a single variable. With values for these
parameters, we simulated permeance versus time points for the same number of time

points as the experimental data set. The data was smoothed by averaging the four closest
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points in time to emulate the smoothing that results from the calculation of permeance
from experimentally measured deflection of graphene over the microcavity. A small
amount of random Gaussian noise is also added to the simulated permeance data set. The
total number of simulated data points was set to 700 to match the size of the experimental
Ne data set, as the size of the data set is an important factor in the level of confidence that
can be achieved. Figure 14a shows an example simulated data set generated with the

three pore model.

For the case of three independent pores, the observed permeance levels and state
probabilities are constrained by the relations in equations (4.1) and (4.4)-(4.11) and
determined by the hidden parameters for the three pores; in a system with eight
uncorrelated states, the observed states would not be bound by those relations. In an
equivalent manner as the previous described positive simulations case, alternate
simulations were carried out such there were eight states with independent parameters,
unconstrained by the relations of a three pore system; we refer to such simulations as
“negative simulations.” The resulting simulated data sets were qualitatively similar the
experimentally obtained permeance versus time. Figure 14b gives an example data set
from a negative simulation. To test the hypothesis and evaluate the confidence in
assigning the experimental system as three pore, we performed 450 negative simulations
with eight states not constrained to a three pore system and 150 simulations of a model
three pore system. These sets of simulations were generated with parameters that would
result in data qualitatively similar to the experimental data in terms of the frequency of
transitions; full details of parameters of simulations can be found in the supporting

information.
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Figure 14. (a) Example simulated data set generated using three pore model, positive simulation.
(b) Example simulated data set generated with eight states unconstrained by three pore model

relations, negative simulation.

4.3.1 Simulation procedures

The positive simulations were generated with the three pore model and a set of
parameters to give data sets qualitatively similar to the experimental data sets. At each
time step, each of the pore in the “low” permeance state had a probability of randomly
switching to the “high” permeance state, and each pore in its high permeance state had a
distinct probably of randomly switching to its low permeance state. Once the pores are
given a chance of switching states, the output permeance value is a sum of the low
permeance states, plus the difference between the high and low permeance states for any
pores in the high states, as summarized in Table 5. The probabilities for switching states,
and the permeance difference between the high and low states are given in Table 6. The

sum of the low states in these simulations was 0.109 x10™ mol s™ Pa™'. This process was
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repeated for each time point to generate data that adheres to the three pore model. Once
the data at each point was generated, the permeance value of each point was averaged
with its two nearest neighbors, both before and after the point, to emulate the smoothing
that results from fitting in the experimental data; a small amount of random normal noise,
standard deviation 0.002 x10™ mol s™ Pa”', was also added to each smoothed data point.
The purpose of these simulations was to determine the how well a data set of limited size

would conform to the relations of the three pore model.

Table 6. Simulation parameters for positive simulations following the three pore model.

Probability of switching | Probability of switching Permeanc‘:‘e d 1f£erence
Qs a9 ] s between “high” and
Pore to “high” permeance to “low” permeance > 23
) . low” states (10™” mol
state at time step state at time step s'l Pa'l)
a 0.13296 0.01911 0.0829
b 0.06575 0.10354 0.1814
c 0.01191 0.08037 0.4042

Data sets from negative simulations were generated in a very similar manner as
with the positive simulations. In these simulations, the system was given a probability to
leave its current state at a given time step, and then could enter any of the other seven
states. The relative probabilities and permeance values for the eight states were all
distinct, and their averages were given by
Table 7. When in use, the relative probabilities were renormalized to a sum of one. For
the probability of entering the state, and the permeance value of the state, the parameters

between simulation runs varied by a multiplier centered at one with normal random

deviation with standard deviations of 0.11 and 0.03 respectively. The probabilities of
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leaving a state were varied from state to state and across simulation runs according to
equation (4.15), where M was a constant corresponding to the average probability of
leaving the state and » was a normal random number centered about zero with a standard

deviation of 4.

probability of leaving state = 2 4.15)
(+r+M)

At each time point, the current state’s probability of leaving determined the
random chance of leaving that state and transitioning to a new one; if leaving the state,
the probabilities for entering the other seven states were renormalized to a sum of 1 and
one state was randomly chosen, weighted by the probabilities, for the new time point.
This procedure was repeated for each time point in simulated data set. Parameters were
randomized as described above between simulated data sets. Data points were smoothed
with averaging and a small amount of random noise was added in the same manner as
described above for positive simulations. The parameters for negative simulations were
randomly varied because the purpose of negative simulations was to determine the
likelihood that a data set of limited size that was not generated as a three pore system

could be fit well to the constraints and modeling of a three pore system.

Table 7. Average simulation parameters for randomized parameters in negative simulations
having eight states unconstrained by the relations defining the three pore model. The relative

probabilities of the entering a state were renormalized to a sum of one when used in simulations.

i.‘é%r:]i;: els?zzterin Average probability of | Permeance value of
State ptat u onyl vin & leaving state at time state
:mofherr) e step (102 mol s™ Pa™)
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1 0.3 0.0952 0.1000
2 0.25 0.1111 0.2143
3 0.2 0.1429 0.3286
4 0.15 0.1818 0.4429
5 0.09 0.1333 0.5571
6 0.05 0.1000 0.6714
7 0.08 0.1538 0.7857
8 0.05 0.1818 0.9000

4.3.2 Analysis of Goodness of Fit of Data Sets

For analyzing either the experimental data sets or simulated data, the data set was
fit with a least squares approach to the eight states using the definition of sum squared
error, SSE7, defined by equation (4.16), where N is the total number of permeance data
points, II(#) is the permeance value at a given time point #, and the set of IT(x, ya Vs, ye)

are the model permeance states defined by equation (4.1).
N . 2-1

SSE,, =Zg}g{(l’[(lk)—Hj(x,ya,yb,yc)) | @16
k=1

After fitting permeance data points to the model states as described above, we
then assigned each point to a given state and calculated fraction of time spent in each
observed state, P; as described in equation (4.3). To provide a measure of the goodness
of fit to three pores, we then applied a second least squares fit on the eight values of time
spent in each state, P, The sum of squared error for this fit, SSEp, is described in

equation (4.17),

8

SSE, =3 (P, p = PPus Py 1)) (4:17)

J=1
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where P; 45 is the value calculated directly from the data set and Py(p,pspc) is the
value calculated appropriate expression in equations (4.4)-(4.11), with p,, ps, and p.
varied as parameters for the least squares optimization. Figure 15 illustrates this fitting

for the case of the Ne data set studied; the fitted values are summarized in Table 8.

O observed
0.4 - X fitted

0.3+

0Ox
ox

0.2 4

X0

0.1

fraction of time spent in state

1] & ®

0.0 , ; . . ,
0.0 0.2 0.4 06 08

state permeance (*10*mol/s/Pa)

Figure 15. Comparison of the values for fraction time spent, P;, between the observed values
from the experimental results and the values calculated from the three fitted parameters of the

three two-state pores model in equations (4.4)-(4.11).

The sum of squared error for this fit, SSEp from equation (4.17), provides a
measure for the goodness of fit to three pores; there are eight values of fraction time spent
for the eight observed states fitted with least squares using three parameters. We
preferred this distinguisher when comparing the analysis between simulation and
experimental results, as it is less sensitive to the magnitude of noise in the permeance
values. The histogram in Figure 16 compares the distribution of SSEp values between the

positively and negatively generated data sets, as well as marks the experimental value for
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the Ne data sets with a vertical line. There is significant overlap between the two sets,
meaning distinguishing between the two is often difficult data sets of this size, however,
the evaluation of the SSEp for the experimental data shows that it can be distinguished in
this case. The experimental data set for Ne lies at the 15" percentile for positive
simulations of the same number of data points as collected for Ne, placing them within
the typical range of simulations. For the negative simulations, not generated with a three
pore model, the experimental results were at the 1% percentile, being a better fit than
nearly all of the simulated data sets. This allows us to place a high degree of confidence

in our statement that the experimental sample is consistent with a three pore system.

S8 Positive simulations
%7/ Negative simulations

Count

0.02

SSE,

P
Figure 16. Histogram of the sum squared errors (SSEp) when fitting fraction of time spent to
three pore model. Positive simulations (green) are generated by a mock three pore system;
negative simulations (red) are generated with randomized parameters for eight states
unconstrained by three pore relations. The vertical black line represents locations of experimental
results for Ne with sample 1. Reprinted with permission from Drahushuk, L.W. et al. ACS Nano

10, 786-95 (2015). Copyright 2015 American Chemical Society.®
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Additional simulations summarized in the Figure 17 of the supplementary
information show that the overlap and spread of the positive simulations results from the
finite size of the data set and the smoothing/noise inherent to the analysis of the
experimental data or intentionally added in simulations. These simulations were
performed with the same parameters as those in Figure 16 but with a much greater
number of simulated data points, 7000 instead of 700, and without added smoothing.
Increasing the number of data points averages out the stochastic nature of the fluctuations
and makes the observed values more consistent with the ideal relations defined in the
main text. These simulations served to confirm that the “positive” simulations fit to the
three pore model and that “negative” simulations are not accurately fit by the model by
removing the other factors, small data sets and smoothing. Figure 17 gives the
distribution of SSEp, defined in equation (4.17), for these simulations; it is consistent with
expectations, in that the positive simulations can be fit near perfectly (sum squared error

near zero), and the distinction between the positive and negative sets is much clearer.

S5SH Positive simulations
7/ Negative simulations

Count

o
e Berflrynd Dhen =

0.00 0.01 0.02 0.03 0.04 0.05

SSE

P
Figure 17. Histogram of the sum squared errors (SSEp) when fitting fraction of time spent to

three pore model for unsmoothed, 7000-point simulations. Positive simulations are generated by
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a mock three pore system; negative simulations are generated with randomized parameters for
eight states unconstrained by three pore relations. Reprinted with permission from Drahushuk,

L.W. et al. ACS Nano 10, 786-95 (2015). Copyright 2015 American Chemical Society.®

The coefficient of determination, R’, from both the least squares fitting of the
states permeance levels, SSEy, and the fitting of fraction of time spent in each state, SSEp,
and the resulting fitted values for the individual pores are summarized in Table 8. As
shown in Figure 11a, He did not exhibit significant state switching behavior and its fit is
included only for comparison. The assignment of fitted values to pores a, b, or ¢ was
done according to increasing y values, the difference between the permeance of high and
low states, assuming the trend is consistent between the gases. The exact values of x and
the three y; should not be the same for both gases, or even necessarily scale
proportionally, as the interaction between the pore and the gas molecule is not simple.
However, the three values of p;, the likelihoods of the individual pores being in a high or
low state, are likely to be properties of the pores themselves; and the fact that the three p;
values are similar between the three different gases is consistent with this interpretation.
A more specific interpretation for the meaning of the p; values is given in the below

section.
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Table 8. Summary of three pore model fitting for experimental results for the experimentally
measured gases with sample 1. N is the number of data points; R? is the coefficient of
determination calculated with the appropriate sum of squared error; SSEy is defined by; equation
(4.16); SSEp is defined by equation (4.17); the three p; are defined by equation (4.2); x and the

three y; are used and defined by equations (4.1).

2 2 X Ya Vb Ye
Gas N R*(SSEn) | R°(SSEp) | pa Db Pe |1 05 mcl)l (s Pa)|
Ne 699 0.97 0.99 038 | 0.37 | 0.11 || 0.11 | 0.08 | 0.18 | 0.40
H; 484 0.97 0.99 046 | 0.28 | 0.11 || 0.32 | 0.32 { 0.71 | 1.47
CO, | 288 0.95 0.96 0.50 | 0.21 | 0.04 | 0.28 | 0.49 | 0.89 | 2.23
He 109 0.97 0.50 036 | 032 | 0.72 || 1.36 | 0.15 | 0.25 | 0.32

4.3.3 Mechanism for switching

The transport through the pore is limited by the energy barrier the molecule
experiences when passing through the pore, as the separation factors between gases
exceed the molecular weight based Knudsen selectivities from an effusion mechanism.*’
This barrier energy is different for each molecule-pore combination, and the differences
in the barrier energy between molecules are the source of the observed high selectivities.
We explain the observed permeance switching as the result of a small rearrangement in
the pore, in essence a small chemical change, that alters the energy barrier that the gas
molecules experience passing through the pore. Because of the strong dependence on the
energy barrier, relatively small changes in the pore can effect a large change in
permeance. The large stochastic changes in permeance observed are a direct effect of

these molecular scale rearrangements at the pore.

With this view of the switching, we can define clearer meaning to the p; values
used in the model of the previous section. The p; values define the fraction of time the
pore spends in each state, and they effectively represent the thermodynamic chemical
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equilibrium between the two pore configurations, ultimately a function of the relative free
energies of the two configurations. The differences between p,, pp, and p., the values for
the three pores, in Table 8, stem from differences in the configurations and energies of
the three individual pores. The fact that variance for a specific p; value across the studied
gases with observed fluctuations is much smaller compared to the variance across pores

is consistent with this interpretation of stochastic changes in pore configuration.

Additionally, in Figure 11a, the large jumps in permeance are not observed for
He. We explain this as a result of the fact that He is the smallest gas tested, significantly
smaller than the pore compared to the other gases, and it thus experiences a very small or
no barrier to transport through the pore. Because the molecule is significantly smaller
than the pore, the slight rearrangement in the pore edges does not significantly affect the
barrier energy and therefore does not result in a large permeance change. For the other
gases, whose sizes are more commensurate with the pore, the small changes in pore size

69, 70 to

and chemistry are more impactful. Figure 18 uses Lennard-Jones potentials
calculate the energy barriers for two configurations of a toy pore and demonstrates that
He is insensitive to the small change between the two configurations, whereas the

predicted permeance change is comparable to the experimentally observed permeance

fluctuations for the other gases tested.

76



Transport of Molecules through and on Carbon Nanostructures Lee Drahushuk
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Figure 18. (a) Example of a small scale rearrangement for a simplified model pore formed from
eight carbon atom vacancies. (b) Estimations for energy barrier for gas transport and the
associated ratios of expected permeances for He, Ne, H,, O,, Ar, and N, gases. Reprinted with
permission from Drahushuk, L.W. et al. ACS Nano 10, 786-95 (2015). Copyright 2015 American

Chemical Society.®

The frequency at which the switching between permeance states occur can be
used to gain a rough estimate of the activation energy for the pore rearrangement.
Counting the number of transitions from the Hidden Markov fits for H,, Ne, and CO»,
while excluding any transitions that occur where separate experimental runs are merged
together, transitions in permeance states occurred every 15 minutes on average.
Considering that three pores are responsible for the transitions, we use an average
frequency for the forward transition of 45 minutes. By assuming an Arrhenius
dependence with an attempt frequency of 10" 1/s, corresponding to the order of
magnitude for molecular vibrations,” we calculate an activation energy for switching to
be 1.0 eV. This value is commensurate with the activation energies for bond
rearrangements, such as cis-trans isomerization,”' which is consistent with the proposed
mechanism of small scale rearrangements giving rise to the observed switching in
permeance.
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4.4 Conclusions

Through analysis based on a three pore Markov network, we showed that the
multiple observed states arose from a combination of three independent pores alternating
between two states; comparing to simulated data sets to show the quality of the
experimental data’s fit was within expectations, 15" percentile, for a three pore Markov
network and outside the range of that for a non-three pore controls, 1% percentile. We
attributed the source of the fluctuating states for the individual pores to small scale
rearrangement in the pore structure, and could estimate the activation energy for
switching as 1.0 eV, comparable to the energy required for a bond rearrangement. This
chapter highlights the value in the study and consideration of pore stability in theoretical
work on graphene membranes, and emphasizes that pore stability and averaging across
configurations may play an important role in determining the performance of large scale

membranes.
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5 EXPLORATION OF DIRECT WRITE SYNTHESIS VIA A
NANONOZZLE: FUNDAMENTAL SCALING LAWS

5.1 Significance of direct write nanoribbon synthesis

The synthesis and placement of nanomaterials at the nano- or atomic scale
precision remains a longstanding, largely unsolved challenge of nanotechnology. 1
explore, at a conceptual level, the viability of using a nanopore as a ‘“nano-nozzle” to

localize reagent as a direct write method for synthesis and patterning.

In particular, I will focus on the example case of graphene nanoribbon growth on
a substrate. There is significant interest in developing electronic components from

7 to have a favorable bandgap

graphene nanoribbons, which are predicted’” and shown
for digital electronic applications, unlike full two dimensional graphene. However, to
achieve such a bandgap and maintain the innate high electron mobility of graphene, the
nanoribbon must have defect free edges and a width on the order of a nanometer. This
has proven difficult to achieve with current fabrication and placement methods in a

™ A nanonozzle has the ability to localize a small flux of molecules;

scalable fashion.
using this aspect to localize a reagent for nanoribbon growth would yield different results
than a bulk reaction. I will seek to evaluate this method and determine the conditions
necessary feasible nanoribbon growth technique, with particular focus on evaluating the

predicted width of the nanoribbon. A concept illustration of a device to realize this idea

is given in Figure 19.
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Figure 19: (a) Idealized illustration of concept for graphene nanoribbon growth by a nanonozzle
formed from a single walled carbon nanotube (SWNT) that delivers reagent to the site of the

growing nanoribbon.

5.2 Simplified analytical models for describing ribbon growth from a

nanonozzle

Graphene growth on a copper surface occurs by first nucleating a seed and then
growing outward from the edges in a monolayer. In the following analysis, I will assume
a starting seed exists and that a ribbon grows in a monolayer extending from the seed. By
localizing the addition of reagent to the region of the ribbon seed, I will assume that the
only reaction that occurs is addition to the edges of ribbon and that nucleation of addition
seeds is negligible. I will consider a number of models with a range of dimensions and

assumptions.
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5.2.1 1D toy model with diffusion, convection, and reaction

Figure 20: (a) Illustration representing 1D model for nanonozzle growth of a nanoribbon; blue
arrow represents nozzle movement; green arrow represents diffusion of reagent in the 1D

direction; red bar represents growing nanoribbon.

At its simplest, the system can be represented by a quasi-1D model, illustrated in
Figure 20, where all material leaving the system though a homogeneous reaction term is
added to the width. Width is treated as a variable along the one-dimensional length, but
isn’t considered in terms of changing the 1D nature of the ribbon. 1 consider the
reference frame to be the tip of the nozzle, such that the movement of the nozzle can
instead be written as a constant convective velocity in the x-direction, v. For simplicity,
reagent is only allowed to diffuse in only one direction away from the nozzle. The 1D

convection-diffusion equation in this case is as follows in equation (5.1).

,4C _ pdC
dx dx”

=ik C

Where C is the 1D concentration, D is the diffusion coefficient, and k,, is the rate
constant for a first order reaction representing the growth in width of the nanoribbon.
The solution to this equation is given by equation (5.2), where C; is the concentration at
x=0.
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C(x)=Ce *° (5.2)

Note that C; can alternatively be replaced with a term derived from a constant
flow of material from the nanonozzle outlet, n. This alternative form is given by equation

(5.3).

v—wl4Dk“,+v2 .
2D (5.3)

C(x)=

\/kW(D—%O')e

The growth rate of the width at any given point x can then be described by

equation (5.4), where o is the areal density of graphene.

dW(x)

= kWC(x)—g_— (5.4)

To follow a fixed point along the ribbon in time, I account for the moving
reference frame by making the substitution x — v t. The expression can then be
integrated over time to find the final nanoribbon width, as setup in equation (5.5) and
solved in equation (5.6), with W, representing the minimum width defined by the leading

edge of the nanoribbon.

-k

w_. =WO+[0 = Clx=vi)ds (5.5)
C 4Dk,

o =WB+E[1+ v2 +1] (5.6)
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Equation (5.6) provides a measure of the effect of diffusion on the width of the
nanoribbons. In this simple 1D model, all material ends up as part of the nanoribbon,
therefore there is a minimum width (W + C; / ) in the limit of no diffusion. However,
diffusion can result in a larger width according to the size of the term (4 D ky v?).
Considering that the maximum translation speed of the nanoribbon is the growth rate

along the length of the tube, as described by v = k(C; / o, then this term can be rewritten

2
wl —w+-S | 14 %+1 (5.7)
i 20 *,C)

And further simplification assuming k = k¢ = 0.5 ky, that the growth rate at for

as follows.

both the width and the length is the same (accounting for the fact two edges are
associated with growth of the width), equation (5.7) can be further simplified in the limit

of low concentration, as shown in equation (5.8);

=W, +,|— (5.8)

This form highlights that the ratio of diffusion to reaction is what controls the

minimum achievable width, which will be consistent with the next model as well.

5.2.2 2D model with diffusion and reaction
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Figure 21: (a) Illustration representing 2D model for nanonozzle growth of a nanoribbon; blue
arrow represents stage movement; green arrows represent diffusion of reagent in the 2D plane of
the substrate; red bar represents growing nanoribbon. (b) Semi-log plot of component in equation

(5.17) for nanoribbon width that is determined by the non-dimensionalized nanonozzle size, p.

Though simple, the 1D is further removed from a physical system. A 2D model,
illustrated in Figure 21a, adds back some of the complexity. In a 2D perspective, reagent
leaves the nanonozzle and spreads out via diffusion in a plane, with the motion of the
nozzle relative to the substrate acting as an effective convection term. This full 2D case
becomes too complex for an analytical solution; however, considering the case where
convection is negligible and adding a first order consumption term across the entire

surface, not only at the ribbon edge, yields usable results.

Ignoring convective terms appears to be a reasonable simplification under the
assumption that the growth rate will be similar to the rates of current CVD growth
processes for graphene, which advance at a rate of order 1 pm/min.”* ° Comparing this
to diffusion coefficients in air, which are of order 10, reveals that the Peclet number, the
ratio of convective to diffusive contributions, is negligible at length scales smaller than
~10 m, and can therefore be ignored as I am considering length scales on the order of

nanometers. The inclusion of a first order consumption term is not as readily justified.
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From the perspective or diffusion on a surface, it can be considered the rate at which
reagent desorbs from the surface and is lost. It can also be considered a proxy term to
represent mass the forms the nanoribbon. By including without rigorously justifying
those perspectives, I will only use the results drawn from this model as qualitative

observations that will inform the direction for more advanced models.

These assumptions allow the differential equation to be simplified in radial
coordinates in equation (5.9), where k_4 is the rate constant of the first order consumption

term.
——(r—)—k_AC =0 (5.9)

The solution is described by equation (5.10), with A as a constant to be defined by
the boundary condition, K, being the modified Bessel function of the 2nd kind, and p as

non-dimensionalized radius.

C(r)= AK,| ——— |= 4K, (p) (5.10)

= =
vk,
The boundary condition is defined in equation (5.11) as a constant flux outwards

at the dimensionless nanonozzle radius, pn.

dcC
BC: n=-27mp,D— 5.11
n P dp ( )

PN
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As done previously, tracking the width at a given point on the substrate can be

related to an integral along the length, as defined in equation (5.12).
W=W,+ [ == 4K, (p) / dp (5.12)
P vOo k—A

In this case, there is not a general analytical solution with a simple form.
However, making the assumption that py, the nanonozzle radius, is small, the

simplifications described by equations (5.13) to (5.17) are possible.

lim K p)dp= f/ (5.13)

PN —’0

lim 4= "
py—0 2rD

(5.14)

lim C ~
p;TO (Px) 2r

nptln(%N)"yE)Jfo(Pz) (5.15)

nk, @ n
lim W =W, +——=—=W, + 3.16
pu—0 4Dk, " 2C(py)Dk_, o1

lim 17 = W, + /kD id (5.17)
B

ve is Euler’s constant. The combined value of the numeric terms in equation
(5.17) is plotted in Figure 21b. An important observation from the result of this limit is

that the flow out of the nozzle cancels out of the final expression for width. This removes
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an intuitive parameter to control growth, and emphasizes the importance of the length
scale defined by the ratio of diffusion to reaction rate. In practice, the width can always
be made larger by operating a lower velocity than the maximum possible, but the

minimum width is strictly defined by the transport and chemical properties.

5.3 Models and Simulations in 3D

The various lower dimensional models highlighted the importance of the
consumption term in obtaining a finite width and determining the minimum width
possible nanoribbons grown from a nanonozzle. However, in the models this term was
poorly defined as a quasi-homogenous reaction, despite the fact that it can only occur at
the ribbon edges. To evaluate the feasibility of a nanonozzle system for nanoribbon
growth, I performed simulations that more accurately represent the reaction occurring
only at the edges of the nanoribbon. In the simple 2D model, the consumption term did
not have a rigorous physical definition; it is important to determine whether or not
reaction only at the edges is sufficient to yield a finite width nanoribbon, as well as

provide a measure to evaluate the basic correlations implied by the simple models.
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5.3.1

Table 9: Summary of relevant parameters in the nanonozzle system in three dimensions.

Nanonozzle Simulations

Description SI units
D | Diffusion constant m’s’
k | Edge reaction constant m’ s’
o | Material area per mass m° mol”
h | Nozzle outlet height m
Q | Reagent flow rate out of nozzle mol s
v | Stage translation velocity ms’
r Nozzle outlet radius m
x Distance from nozzle outlet along m
surface
W | Ribbon width at distance X m

To explore this concept, we developed a simple simulation of the system. The

definitions of the relevant parameters are summarized in Table 9. We assume that the

growth occurs as a monolayer ribbon, growing only at the edges of the existing ribbon,

and starting from a seed at the beginning of the simulation. Considering the case of

transport by diffusion only, we applied the following equations for the simulation, with C

as the concentration of reagent.

d_C:D(
dt

const

gen =< —kC

d’C d*c d*C

+ +
dx*  dv*  dZ?

@ nozzle outlet
@ ribbon edge

else

(5.18)

(5.19)
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The const at the nozzle outlet is determined by the nozzle outlet area and the flow
rate, Q. The ribbon edge position was tracked and updated according to the amount of
material consumed from the gas phase. The stage movement was appliéd by shifting the
ribbon position to match the growth rate at the leading edge of the ribbon. To assist in
exploring the parameter space, we could also set a constant stage velocity and have the
growth at the leading edge adjust to match that velocity, effectively assuming an arbitrary
anisotropic growth rate that allows the ribbon to extend at the appropriate rate relative to
the defined width extension rate constant. The final width along the length of the ribbon
is saved as the result of the simulation. Figure 22 shows an example progression of the
simulation, visualizing diffusion from the nozzle and ribbon growth. In the initial pane,
the stage has not begun moving, as the reagent has not yet diffused to the enough to reach
the ribbon seed below. In subsequent panes, the stage is moving to match the growth rate

of the leading edge of the ribbon, resulting in an elongated island and eventual ribbon.
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Figure 22: Example progression of diffusion from nanonozzle and nanoribbon growth. Red
illustrates the monolayer coverage of the ribbon; black cylinder represents nozzle delivering
reagent above the surface; dot density and color vary as a visualization of a continuous 3D, gas

phase reagent concentration profile.

5.3.2 Low Reaction Rate 3D Analytical Solution

The previous lower dimensional models were simple enough to be solved with
including a reaction term, giving insight into the importance of the ratio of reaction and
diffusion. However, to compare to the simulations directly, we will need to use a three
dimensional model. In order to solve for this case, we will have to assume the reaction is
negligible relative to diffusion, meaning the growth of the ribbon does not influence the
concentration profile in the gaseous phase. A first order reaction rate will still control the

rate at which width increases.
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With that assumption, we start with the solution for diffusion from a point source
above a surface, given by equation (5.20) below. This provides an approximate solution

for the case of low reaction rate at the surface.

Croy=—2 ! L (5.20)

N E RN R

where Q is the molar flow rate from the nozzle, D is the diffusion constant, and h
is the height of the nozzle outlet above the growth surface. Considering only the

concentration at the surface, the equation becomes:

0 1
Cz=0)=————— (5.21)
( : 22D\ +¢?
If we make the assumption that the consumption of material due to reaction is
small relative to the rate at which material is supplied via diffusion, then this equation can
be used to calculate the width a nanoribbon. For a first order reaction, the growth rate of

the ribbon width, W, can be defined in terms of the concentration profile.

a _ 2k oC (5.22)

dt
ky is the reaction rate constant for growth from a ribbon edge in the width
direction, and o is the molar surface area. Assuming the ribbon width is small relative to
the length scale of the system, the radial position, r, at the ribbon edge can be simplified

to the rectangular coordinate x. Considering the v as a constant velocity for stage
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translocation to be equal to the rate of change in surface position, dx/dt, the ribbon
growth rate can be integrated along length, x, to find the ribbon width at a fixed distance

from the nozzle.

" k,oQ 4 1
aw =5 dx (5.23)
}[ nDv ‘o[ VA +x?
w, =592 o csinh (X % ) (5.24)
wDv

In order to grow a continuous ribbon, the velocity at which the stage translates
below the nozzle must not exceed the rate of at which the ribbon can grow in length from
its leading edge. This constraint gives a definition for maximum velocity in terms of the
ki, the rate constant for growth from an edge in the length direction, which is equal to ki,
in the case of anisotropic surface growth, and the maximum reagent concentration

occurring under the nozzle.

Viax = k0 C(r=0,2=0) (5.25)
y = JoQ (5.26)
" 2xDh

Operating at the maximum velocity results in the minimum ribbon width, so this
operating state is of particular interest. Applying the definition of vy, in equation (5.26)

to the solution for ribbon width in equation (5.24) yields the following.

W,, ., =2harcsinh [X % ] (5.27)
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The minimum ribbon width in equation (5.27) at a fixed distance becomes
dependent only on the length scale in the system, the nozzle outlet height, h. It also does
not converge to a finite width. To apply this concept practically to a real system,
additional phenomenon in the system will need to be considered to achieve finite width
that is below the minimum described by equation (5.27). One relevant approach is to
apply local heating to define a more limited reaction zone. Another is to apply a
convective flow to the system, which would allow the concentration, and therefore

reaction rate as well, to drop off faster than diffusion alone.

5.3.3 Non-dimensional Notation

Buckingham Pi analysis can reduce the number of relevant variables to a smaller
set of dimensionless variables. Table 9 summarizes all the relevant variables in the
system.  Applying the analysis to this system and choosing some recognizable

dimensionless groups yields the following equations.

k
m=% (5.28)
m =" (5.29)

14

m =2 (5.30)

hv

m, :%Q (5.31)
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m =X (5.32)

(5.33)

I1; 1s the Damkd&hler number in the system; IT; is the height length scale ratio; IT;
is a quasi-Peclet number as the ratio diffusion to stage movement; and Il is a ratio of
mass between the gas phase and the surface; IIs is the length scale ratio for distance
along the ribbon; and Il¢ is the length scale ratio for the width of the ribbon. The
previously derived analytical expressions can be rewritten in terms of these Pi. The

analytical solution for ribbon width, equation (5.24), rewritten in terms of Pi is:

2
H() = M.ar(:sinh(n%l j (534)
4 2

Additionally, the definition of maximum velocity for low reaction rates given by
equation (5.26), which is a requirement of continuous growth, can be rewritten in term of

Pi as well as a growth extension inequality.

H12H3H4
27

1< (5.35)
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5.3.4 Comparison between 3D Model and Simulations
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Figure 23: A comparison between the simulated results for ribbon width when varying (a) I, =

k/D, (c) I1; = D/(h v), and (e) I1, = 6Q/k compared to the calculated analytical solution from

equation (5.24), which is derived in the limit of low reaction rate. The ratio of simulated to

calculated ribbon width is also given for (b) ITj,(d) I1s, and (f) IL;. The full parameters and

corresponding Pi group values of the simulations discussed above are summarized in Table 10 to

Table 13.

95



Transport of Molecules through and on Carbon Nanostructures Lee Drahushuk

Figure 23 plots the steady state ribbon width at a fixed distance along the ribbon
for a range of different parameter, comparing the results to the analytical solution in
equation (5.24). The primary approximations that were made to justify the derivation of
the analytical solution were that the reaction for ribbon growth does not alter the
concentration profile from the no reaction case, that diffusion occurs from a point source,
and that the ribbon width is small relative to the length scale. The first assumption, that
the concentration profile is unperturbed by the reaction, is represented by the Damkohler
number, II; = k/D. When II; is low the reaction rate, the rate at which material is
depleted from the gaseous phase to form the growing ribbon, is low relative to the rate at
which diffusion transports material, and the concentration profile is undisturbed. This
can be seen in Figure 23b, where the ratio of the simulated ribbon width to that calculated
width diverges from 1 at higher I1; values. Figure 23d demonstrates the contrast when I13
varies, as the ratio is nearly independent of I3, holding steady around the value expected
the constant value of I1; = 0.2 used in all runs in Figure 23d. The same holds true for Iy,
shown in Figure 23f, not being a factor in the degree the simulations diverge from the

analytical calculations.

The approximation of the analytical solution that diffusion occurs from a point
source is held simply with the condition that is IT, = h/r is large; if height of the nozzle
outlet above the surface is large relative to the radius of the nozzle outlet, then the outlet
can be approximated as a point source. The simulations used values of I, = 20. The final
approximation, that the width is small relative to the length scale of the system is more
difficult to define distinctly. In the case of an approximate point source, the most

appropriate expression is that I1¢/IT, = W/h should be small when X ~ h. This value, W/h

96



Transport of Molecules through and on Carbon Nanostructures Lee Drahushuk

when X=h, ranges from 0.0001 to 2 in the above simulated results depicted in Figure 23¢
and d, so it may contribute to the divergence of the simulated results from the calculated

for some of the points.
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Figure 24: A comparison between the simulated results for ribbon width and the calculated

analytical solution from equation (5.24) when along the length of the simulated ribbon for a range

of I'l, = k/D, values.

The widths reported in Figure 23 occurred at a constant lateral distance , X / Ax =
180, from the nozzle. Figure 24 illustrates the ratio of the simulated width to the
analytically calculated along the full length of the simulation for the various II; values
shown in Figure 23b. As shown, the divergence of the simulated results from the
calculated does vary slightly along the length of the ribbon, though not as strongly as the

variation with IT;.

The full parameters and corresponding Pi group values of the simulations
discussed above are summarized in Table 10 to Table 13. Iy, IT,, IT;, and I14 are defined
by equations (5.28)-(5.31). Box length, width, and height refer to the size of the
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simulation. Ax, Ay, Az refer to voxel size in the respective length, width, and height
dimensions. At is the time step size. Nozzle outlet x-, y-, and z-positions refer to the
location position of the center of nozzle outlet; nozzle size sets the length of a side of a
square nozzle outlet, which sets the positions in the xy plane that are treated as the nozzle

outlet defined by equation (5.19). Q, D, o, v, and k are defined in Table 9.

Table 10. Pi group values and varying simulation parameters for results in Figure 23a-b.

run # 1 2 3 4 5 6 7 8 9 10
IT, 0.002 0.02 0.1 0.2 0.2 0.2 0.2 0.2 0.3 0.4
IT, 0.019 0.019 0.019 0.019 | 0.019 0.019 | 0.019 0.019 0.019 0.019
I3 0.086 | 0.086 0.086 0.086 | 0.086 | 0.086 | 0.086 0.086 0.086 0.086
I 563 563 563 563 563 563 563 563 563 563
Q 5.63E-11{5.63E-11|5.63E-11|5.63E-11{1.13E-10|5.63E-11|5.63E-11|5.63E-11{5.63E-11|5.63E-11

box length / Ax | 400 400 400 200 200 400 400 800 400 400
box width / Ay 160 160 160 100 100 160 240 240 160 160

box height / Az 70 70 70 60 60 70 90 90 70 70
D 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
c 2.0E+07 | 2.0E+08 | 1.0E+09! 2.0E+09 | 1.0E+09 | 2.0E+09 | 2.0E+09 | 2.0E+09 | 3.0E+09 [ 4.0E+09
v/ (Ax/At) 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 04 0.4
k 2.0E-06 | 2.0E-05 | 1.0E-04 | 2.0E-04 | 2.0E-04 | 2.0E-04 | 2.0E-04 | 2.0E-04 | 3.0E-04 | 4.0E-04
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Table 11. Pi group values and varying simulation parameters for results in Figure 23c¢-d.
run # 11 12 13 14 15
I, 0.2 0.2 0.2 0.2 0.2
I, 0.019 0.019 0.019 0.019 0.019
I1; 0.005 0.011 0.022 0.043 0.086
I, 1125 1125 1125 1125 1125
Q 1.13E-10{1.13E-10{1.13E-10{1.13E-10(1.13E-10
box length / Ax 400 400 400 400 400
box width / Ay 240 240 240 240 240
box height / Az 90 90 90 90 90
D 0.001 0.001 0.001 0.001 0.001
[y 2.0E+09 | 2.0E+09 | 2.0E+09 | 2.0E+09 | 2.0E+09
v/ (Ax/At) 6.4 3.2 1.6 0.8 0.4
k 2.0E-04 | 2.0E-04 | 2.0E-04 | 2.0E-04 | 2.0E-04
Table 12. Pi group values and varying simulation parameters for results in Figure 23e-f.
run # 16 17 18 19 20 21 22 23 24 25
IT, 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
I1, 0.019 0.019 0.019 0.019 0.019 0.019 0.019 0.019 0.019 0.019
Iy 0.086 0.086 0.086 0.086 0.086 0.086 0.086 0.086 0.086 0.086
I, 28 141 141 563 563 563 563 563 563 1125
Q 5.63E-11{1.41E-11{5.63E-11}5.63E-11]|1.13E-10|5.63E-11|5.63E-11|5.63E-11{5.63E-11|5.63E-11
box length / Ax 400 200 200 200 200 400 400 800 400 400
box width / Ay 240 100 100 100 100 160 240 240 240 240
box height / Az 90 60 60 60 60 70 90 90 90 90
D 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
c 1.0E+08 | 2.0E+09 | 5.0E+08 | 2.0E+09 | 1.0E+09 [ 2.0E+09 | 2.0E+09 | 2.0E+09 | 2.0E+09 [ 4.0E+09
v/ (Ax/At) 0.4 04 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
k 2.0E-04 | 2.0E-04 | 2.0E-04 | 2.0E-04 | 2.0E-04 | 2.0E-04 | 2.0E-04 | 2.0E-04 | 2.0E-04 | 2.0E-04
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Table 13. Simulation parameters that are held constant for all results in Figure 23.

Ax 0.001

Ay 0.001

Az 0.001

At 0.0001

nozzle size / Ax 3

(nozzle outlet x-position) / Ax 20
(nozzle outlet y-position) / (box width) 0.5
(nozzle outlet z-position) / Az 30

5.3.5 Towards Realizing an Experimental Nanonozzle System

Perfecting an experimental nanonozzle system for nanoribbon synthesis and
patterning will be a significant experimental endeavor. However, there are established
elements which can provide a starting point; tips for near-field scanning optical
microscopy (NSOM) normally provide a conduit for light to pass through an aperture
ranging from tens to hundreds of nanometers in diameter, and operate at a distance of
tens of nanometers above a surface.’® Interfacing an NSOM tip with a nanofluidic conduit
instead of light is an approach that can take advantage of existing technology for

controlling a tip at a short distance from a surface.

Table 14 takes geometric estimates from an NSOM tip along with physical
parameters based on graphene and current graphene synthesis to summarize values for

the relevant parameters to an experimentally realizable nanonozzle system.
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Table 14: Estimates for values for relevant parameters to experimentally realizable nanonozzle

system.
Variable | Description SI units | Est. Value | Est. Source
D Diffusion constant m? s’ 107 ;lilgf;lswn of methane in
k Edge reaction m’ s’ 9x10° equation (5.26)
constant
c nl\;I:::rlal area per m’mol”" | 6.1x10” graphene material property
h Nozzle outlet height | m 5x10® 50nm as achievable height
Reagent flow rate out y " Hagen—Poiseuille estimate
Q mol s 10 for max nozzle flow w/
of nozzle
water as proxy for reagent
\ Stage' translation ms! 1.7%107!"! target velocity
velocity
r Nozzle outlet radius | m 5x107 NSOM tip aperture
In

Lee Drahushuk

Table 14, an arbitrary reaction is assumed to occur with a reagent of similar
diffusivity to the current common graphene feedstock, methane. We assume a minimum
stage velocity of 1 nm/min for an experimental result and use equation (5.26) for
maximum stage velocity to calculate a necessary edge reaction rate, k, of 9x10°® for such
a system. This provides a benchmark for choosing possibly reaction chemistries for an

experimental demonstration.
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5.4 Conclusions and Outlook for Nanonozzle

The preceding work establishes a variety of models for predicting the behavior and
relevant parameters of a nanonozzle system for nanoribbon synthesis. The nanonozzle
has the potential to be a novel approach to nanoribbon synthesis and patterning, as well as
nanopatterning more generally. The 3D analytical model provides a simple and
reasonably accurate estimation for the expected ribbon resulting from nanonozzle growth,
validated by the more complex nanonozzle simulations. Such simulations would allow
exploration of a wider range of conditions in future work on this topic, exploring things
like reactions other than first-order, imposed convection, local heating, and other effects
that can provide more control over the ribbon width. Simulations can also be used to
provide an estimate of the sensitivity in the system to perturbations in the operating
conditions, looking at the non-steady states results from perturbations as a measure of
quality. The models provide a means for estimating the necessary specifications for

eventually experimentally realizing nanoribbon synthesis via a nanonozzle.
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6 CONLUSIONS AND FUTURE APPLICATIONS

The focus of my work has been the investigation of transport at the nanoscale,
considering how nanomaterials define separations (chapters 2 and 3), how the stochastic
behavior of nanopores can change the results of gas transport (chapters 3 and 4), and how
the nanopores might be used in conjunction with diffusion as a new method for nanoscale

CVD growth (chapter 5).

I began with a fundamental look at the transport through 2D membranes, an
emerging field with basic principles distinct from standard, finding similarities to
heterogeneous catalysis. This theory established a framework to understand molecular
dynamics simulations and experiments, defining contributions from simple gas phase
transport with a pore as well as transport via and adsorbed phase. Aspects of both types
of transport have been seen in subsequent experiments in the literature. Knudsen
selectivities have been demonstrated for small molecules and larger pores,*” > 78 7
consistent with expectations for nanopores in general; in addition, larger molecules of
CO; and N;O have been observed to greatly exceed the flow rates expected by the
Knudsen model relative to He and H,,* indicative of a significant contribution from an
adsorbed phase. These models and the general framework will continue to be useful as
more experimental single layer graphene membranes are developed and tested; additional

experimental results and simulations will refine the preliminary estimations used in the

models.

103



Transport of Molecules through and on Carbon Nanostructures Lee Drahushuk

Applying the understanding of the fundamentals gained from developing the
models of gas transport through 2D membranes, in chapter 3, I extracted time-varying
gas transport characteristics from experimental data for graphene membranes collected by
our collaborators in the Bunch lab. The graphene membrane was suspended over a
microcavity and deflected upwards after the microcavity was pressurized. The deflection
of the microcavity was monitored with AFM as a means to measure the flow of gas out of
the microcavity. As a batch process, the microcavity can be tested as it deflates and then
repressurized. A mechanical model of the graphene deflection allowed us to correlate the
change in deflection to the flowrate. Additional analysis beyond that allowed us to
determine that the flow rate was switching stochastically between different states, both
between different runs and within a single run of measuring the deflation. These
stochastic changes were attributed in changes to spontaneous changes to the pore
configuration, as an activated process with an approximate energy barrier of 1.0 eV,
consistent with the energy of molecular rearrangements. The equations applied
correspond to the experimental platform used by the Bunch group, with a layer of
graphene covering a microcavity, which is useful as a way to investigate permeation over
a small area, allowing for a more fundamental probe of graphene pores than large area
membranes with many pores. Additionally, the understanding of how to look for and

treat stochastic changes is applicable to any platform with few nanopores.

Beyond recognizing and adapting the gas transport analysis for stochastic
behavior, in chapter 4, I established three pores as responsible for the different permeance
states observed in the experimental data and fit parameters to the individual three pores.

In the experimental etching, the membrane is briefly exposed to UV induced oxidative
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etching before checking if the deflection has changed; this is repeated until at least one
pore forms, at which point the deflection will have dropped significantly due to the
higher leak rate of gas out of the microcavity. Due to this method, we expect one or few
pores to form, but the exact number is unknown. Because the individual states of the
pores could not be observed, Hidden Markov model style analysis was used to fit the
states. The results were shown to be consistent with three pores that switch between two
states. In addition, to establish confidence, I generated Monte Carlo style simulated data
sets of the same size as the experimental data set. Applying the same analysis to these
simulated data sets allowed us to establish confidence in the assignment of the limited
experimental data set. Stochastic changes are frequently observed in aqueous nanoporous

systems,* but this is the first time they have been observed in gas phase transport.

In chapter 5, I explored the concept of using a nanonozzle for the model
application of direct write growth of graphene nanoribbons, but more generally as a
platform for nanoscale patterning and growth. Applying our familiarity with nanopores,
the concept is to use a nanopore to locally deliver a precursor for a CVD reaction in such
a way that a nanoscale pattern will grow, with diffusion creating a concentration gradient.
I used a combination of analytical models and simulation to predict the behavior of such
a system, showing the expected and simulated dependence on a selection of
nondimensional groups of parameters. The analysis revealed some limitations of the
approach in its simplest form in terms of controlling ribbon width and achieving constant
growth, motivating further study with additional phenomenon, such as imposed
convection or local heating, included. Beyond those additions, future studies could

investigate the effects of perturbations and disturbances in the system on the output

105



Transport of Molecules through and on Carbon Nanostructures Lee Drahushuk

ribbon quality to establish the resilience of the platform. Eventually, this line of study
can help experimental design and implement of a nanonozzle system. Also, the concepts
behind the nanonozzle could be applied more generally to CVD systems as a means of

using confinement and localization to achieve novel growth geometry.
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