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ABSTRACT

This dissertation systematically explores the fundamental connections between
mechano-chemistry, nano-tribology and nano-mechanics. Mechanically induced chemical
change is arguably the most primitive class of chemistry humans have explored, yet its
physical origins largely remain a mystery. A theoretical framework based on chemical
kinetics and transition state theory is provided to rationalize the influence of force on
thermal and electrochemical reactions. Thermal reduction of graphene by a heated atomic
force microscope tip and electrochemical oxidation of graphene through local anodic
oxidation can be effectively measured by monitoring friction change. It is observed that
applied normal force can accelerate the reactions and reduce the energy barrier by
distorting the energy landscape of the underlying chemical processes. The activation
length can be estimated from our experiments from accompanying MD simulations to
assess the nature of contact between the tip and substrate. The force-modified energetics
or Hammond effect can be utilized to alter the reaction conditions, forward and backward
rates and even render reactions barrierless. The same notion of thermally activated process
modulated by force was applied to describe folding and crease formation events in three-
dimensional crumpled graphene structures. Force-indentation curves on crumpled
structures show reversible and irreversible energy dissipations that bear indications to the
quantity of crease formation events during deformation. The energy absorption
characteristics of crumples depended strongly with chemistry of their starting flat sheets,

where, graphene oxide showed greater amenability to form stable folds. The fundamental



insights of mechano-chemistry were tested at the gram scale by introducing a novel
mechano-chemical reactor. By adding force control and measuring impacts with
microsecond time resolution, kinetics of particle size reduction was demonstrated to
strongly depend on the magnitude of applied force. Incorporating in situ chemical
measurement techniques can transform the reactor into an indispensable tool for probing
solid state reactions in both labs and other research facilities. The theoretical framework,
nanoscale tip-based experiments and gram scale synthesis discussed in this dissertation

lay the foundation to conduct mechano-chemistry across spatial scales.
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CHAPTER |
INTRODUCTION TO MULTI-PHYSICAL MECHANO-CHEMICAL REACTIONS*
Introduction

Mechanochemistry or mechanically induced chemical change is arguably the most
primitive class of chemistry that humans have explored[1]. The earliest mechanochemical
reaction can be attributed to man creating and controlling fire by rubbing wood pieces
against each other. The oldest surviving document of chemistry was written by
Theophrastus, a Greek philosopher, in the fourth century B.C. and possibly describes
mechanochemical conversion of mercury sulfide into pure mercury by grinding in a
copper vessel. Whereas, the nineteenth and twentieth century has seen more systematic
observations of chemical effects due to mechanical action in the fields including grinding
and milling[2], photography[3], phase transformation and mechanical alloying[4],
geology[5] and solid-state organic chemistry[6].

Mechanochemistry is fundamentally different from other conventional classes of
chemistry such as thermochemistry and photochemistry. Mechanical energy on a chemical
bond can act along with other forms of energy, thereby altering the reaction conditions
and the energy barrier of a reaction. However, force being a vector quantity and chemical
bonds inherently being directional together lead to strengthening or weakening of

chemical bonds. This results in unique reaction pathways that can accelerate or retard

*Reprinted with permission from “Driving Surface Chemistry at the Nanometer Scale Using Localized Heat
and Stress” by Raghuraman, S., Elinski, M.B., Batteas, J.D. and Felts, 2017. Nano Letters, 17(4), 2111-
2117, Copyright [2017] by American Chemical Society and “The Role of Mechanical Force on the Kinetics
and Dynamics of Electrochemical Redox Reactions on Graphene” by Raghuraman, S., Soleymaniha, M.,
Ye, Z. and Felts, J.R., 2018. Nanoscale, 10(37), 17912-17923, Copyright [2018] by The Royal Society of
Chemistry.



chemical processes. Further, in chemical systems beyond simple diatomic molecules, the
direction of applied force can affect the ensemble of chemical bonds differently and
influence product selectivity.
Atomic Force Microscopy in Mechano-chemistry

Despite its unique nature, the physical origins of mechanochemistry remained
largely unexplored for most of the twentieth century until the invention of Scanning Probe
Microscopy (SPM), alternatively known as Atomic Force Microscopy (AFM). AFMs
primarily consist of an atomically sharp tip raster scanning on samples making it a high-
resolution surface imaging technique (Figure 1(a)). The AFM tip is a spring like cantilever
with a sharp conical or pyramidal tip at its end (Figure 1(c)). The position of the tip along
the Z (vertical) axis is controlled by a piezo positioner. When the piezo positioner extends,
tip pushes against a sample and the cantilever bends or deflects proportional to the applied
force. This deflection is typically tracked by a laser bounce back method, where a laser
shining on the polished back side of the tip gets reflected and detected by a photodetector.
The photodetector has a four-quadrant detection (Figure 1(a) shows the four quadrants A,
B, C and D) in which a vertical cantilever deflection alters the position of the laser on the
detector along the vertical axis. Therefore, difference in laser intensities between the top
two and bottom two quadrants (i.e. (A+B) ~ (C+D)) is proportional to the vertical
cantilever deflection. Imaging in an AFM is typically performed by raster scanning the
sample stage using piezo positioners in the X and Y directions. When the tip is in contact
with the sample, any movement in the X direction causes the AFM tip to twist due to long

range forces and friction. This torsion due to friction is picked up by the photodetector as
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a change along its horizontal axis. A change in intensity between the left two and the right
two quadrants of the photodetector (i.e. (A+C) ~ (B+D)) is a measure of friction between
the tip and surface.

The simplicity behind AFMs enabled atomic scale imaging and laid foundations
for investigations of chemical bonds using atomic scale forces in unprecedented spatial
detail. AFMs transformed from just an imaging tool into a nano-reactor which can explore
complex chemical processes with sub 1nN force scales. AFMs are versatile as shown in
Figure 1(b), where the chemistry of the tip, surface and the environment can be arbitrarily
chosen to mimic real-operating conditions. Attaching a functional group to an AFM tip
can make it chemically sensitive to specific functional groups on surface. AFMs can be
run in ambient, liquid and ultra-high vacuum environments. In addition, external stimuli
such as electric field, light and magnetic fields can be employed to obtain chemical
measurements and to explore specific reaction pathways. Nano IR and tip enhanced
Raman spectroscopies on 2D materials are prime examples of adapting AFM to obtain in
situ independent chemical measurements while driving interfacial chemical processes.
AFMs have also been integrated with Scanning electron Microscopes (SEM) and
Transmission Electron Microscopes (TEM) to directly observe Tip-Surface interactions at
the atomic scale.

The ability of AFMs to driving many classes of chemical processes combined with
its high degree of control over applied forces makes it the most suitable tool to investigate
nanoscale analogs of real life mechanochemical reactions. AFMs can detach individual

molecules from a surface and in the process measure the rupture force as a function of



force loading and unloading rates[7-11]. Several scanning probe based studies of
mechanochemistry show that applying force on the reacting species can significantly
affect the rate of a chemical reaction and even result in products impossible through other
chemical methods[12, 13]. AFMs have been employed extensively to mimic real life
sliding interfaces to probe high pressure and high shear wear at solid-solid and solid-liquid
interfaces. Both wear and film growth phenomena have been shown to strongly depend
on applied load suggesting the can be explained as thermally activated processes. Atomic
scale stress assisted photochemical and electrochemical reactions have been explored
using tip-based techniques.

In spite of substantial progress in tip-based chemistry, there is a lack of quantitative
framework — similar to thermo-, electro- and photo-chemistry - which prevents us from
unifying mechanochemistry with the rest. As a result, most studies are qualitative and fail
to describe the force-driven reactions in terms of traditional thermodynamic descriptors,
providing little insight into the rates and energetics of the processes driven.

This dissertation explores mechanochemistry at the nanoscales and the macroscale
and provides a theoretical and experimental framework based on chemical Kinetics to
unify mechanochemistry with tribology. This quantitative approach enables us to
rationalize findings at the nanoscale in terms of reaction dynamics and extend the insights
to gram scale material synthesis.

Theory of Multi-Physical Mechano-chemical Reactions
There are several means of accelerating a chemical reaction and perhaps the most

common ways are using heat (thermochemistry) and electric field (electrochemistry). A

4



relatively less understood way of initiating chemical reactions is by using mechanical
force (mechanochemistry). Decades of research shows that electrochemical or
mechanochemical reactions can lead to different reaction pathways in comparison to
thermochemical reactions and sometimes even lead to different products even when
starting from the same reactants[14, 15].

Despite this, an efficient way to describe all chemical reactions in general is by
representing how the potential energy of the reactant structure changes as it undergoes the
chemical transformation. Such representations are called potential energy surfaces (PES),
are multi-dimensional quantum mechanical calculations and consider the bond distances
and structural changes along various geometric coordinates during the transformation. For
example, Figure 2A shows an arbitrary model potential energy surface (PES)[16], where
two axes are geometric coordinates and the third axis is the potential energy. PESs can
immediately indicate two distinct features - potential energy wells and energy barriers
(hills). The lowest points of the energy wells are the reactant and product structures. The
first order saddle point on the energy surface is called the Transition structure. Basically,
this is the point which is minimum in all directions except one.

A chemical reaction can therefore be described as the path taken along the energy surface
during the reactant to product transformation while going through the transition structure.
This path is more formally called as the “Reaction Pathway” and is shown as a thick red
line in Figure 2A (also shown in Figure 2B by projecting along the reaction pathway). The
notion of reaction pathways can simplify complicated multi-dimensional PES onto 1D

profiles often called as “Reaction Coordinate Profiles”[17].



While the PES and the resulting 1D reaction coordinate profiles are calculated
from the interatomic potentials, the energy wells can be approximated to be parabolic in
the limit that the bond is not stretched too far away from the equilibrium position[18].

Mathematically,

Vo(x) = — 1)

x-axt)

here, curve V. and V, are the potential energy profiles for the reactants and products as a

+ AG, (2)

function of the path length coordinate (x) (blue curve in Figure 3. The path length Axi is
the distance between the reactant and product states along the reaction coordinate, and ;.

and y, determine the width of the parabolic well and are analogous to spring compliance.

The net chemical reaction is the sum of forward and backward reactions, where both the
reactants and products proceed through a common transition state. The energy difference
between the reactant and product minimum is the standard Gibbs free energy (AG,). The
energy difference between the reactant state and the top of this barrier is the activation
energy.

The picture of reaction coordinates given so far is for a purely thermochemical
reaction. Whereas, we study reactions driven by multiple sources such as force and electric
field in addition to temperature. Each of these drivers can influence the potential energy
surfaces and the reaction coordinate profiles. For instance, applying an electric field

applies a force on the electrons, causing them to migrate towards surfaces and altering



transition state barriers. Thus, the external work done by the electric field significantly
enhances the forward reaction and lowers the energy barrier. This can be perceived as
translating the reactant potential vertically by the constant external work.

On the other hand, when mechanical force is applied to the reactants, the
mechanical energy performs work to drive reactants from one energy minimum to another
when the applied force aligns with the reaction coordinate[19-21]. An applied force
distorts the multi-dimensional PES. Considering a single representative reaction
coordinate simplifies this notion and in 1D the effect of force is a tilting of the potential
energy curve shown by the red curve in Figure 3. Such tilting can accelerate or decelerate
reactions dependent on the direction of the applied load[22]. We modified the potential

energy curve for a thermochemical reaction to incorporate the effects of applied force F

and Voltage V as,

x2
V(x) = ——Fx—n.FV ©)

Yr

2
x — Axt

V,(x) = (y—")+ AG, — Fx (4)

P

where, n, is the number of electrons transferred and F is Faraday’s Constant. The energy
barrier for the forward reaction is the difference between the transition state energy and

the reactant energy minimum, that is,

Eeff = Vr(xmax ) - Vr(xr,min) (5)
This results in an effective activation barrier (Eeff)for the forward reaction of the form,

Eeff =Eq + a(Fy,VI)n F.V — ¥(Fy) (6)



Ax2 AG,  AG?
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(Fw, V) [2 Yoz " 2%, | anxz ®)
Ax,  YAG, Y
¢(F)=[ + ]F+—F2 )
N 2 2Ax, [4]
Fu V) ~ aFy) ~ |2 VF] 10

where E, is the thermal activation barrier related only to the shape of the potential wells,
a(Fy,V) is the convoluted effect of force and applied voltage on the overall energy barrier
and conceptually represents the ratio of the slopes of the potential wells for the forward
and reverse reactions. For the case of an applied electric field only, and when the effect of
the applied electric field is roughly equal to the change in Gibbs free energy, a(Fy,V) ~
0.5, which implies that the slope of the PES for both the forward and reverse reactions are
roughly identical. Indeed, this is a common assumption in many electrochemical reaction
experiments, as the observed reactions occur over a small voltage potential window close
in magnitude to the change in Gibbs free energy[23, 24]. While still including the
application of force for this case, alpha merely becomes a linear function of force as in
equation(10). The term ¥ (Fy) is the effect of force on the energy landscape. This set of
equations (6)-(9) gives the general mathematical form for the activation barrier for an

electro-mechano-thermo-chemical reaction.
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Chemical Kinetics
Isothermal Kinetics: Now, we can see that the effective activation barrier (£/) is
a thermal barrier modified by the applied force and the rate of the forward reaction will
proceed according to an Arrhenius relationship as,
k= AT 1)
where, ki is the rate constant, A is the exponential pre factor (also called attempt
frequency), k is Boltzmann’s constant and T is the temperature. For a purely
thermochemical reaction E, ¢ can be obtained by neglecting force and voltage terms in
equation set (6)-(9). For an nth order reaction, at any given temperature, the reaction rates
can be expressed as,

da

— =kJCI" 12
= = krlC] (12)
where, ki is the rate constant, A is the rate of the reaction and C is the concentration.

Specifically, for a first order reaction,

AC(t) = Age rt + C, (13)
where, C(t) is the concentration as a function of time, k is the rate constant and ¢ is time.

Therefore, by measuring reaction rates as a function of time at several temperatures, the
activation energy can be obtained by using equation (11).

Non-lIsothermal Kinetics: As we probe chemical reactions driven by multi-
physical sources such as temperature, force and voltage, we require a compact and
efficient theoretical framework to describe chemical kinetics. By introducing another
variable (say force) into isothermal kinetics we can immediately realize that to reliably

measure activation energy as a function of force, we need to obtain several data sets at
9



many applied forces while each data set requires several constant temperature curves.
Clearly, including additional drivers of chemical reactions into the isothermal kinetics
framework will increase the size of experiments exponentially.

To overcome the limitations of the isothermal approach, we developed a non-
isothermal nanoscale thermal desorption microscopy (NanoThDM) technique to quickly
measure activation barriers during a AFM tip-temperature ramp using principles from bulk
thermal analysis techniques such as thermogravimetry and temperature programmed
desorption[25].

The rate of change of concentration during a linear temperature ramp is governed
by,

dC v (Eery)
L na- 14
3 _,BC e kT (14)

where f is the temperature ramp rate, v is the exponential pre-factor, C is the concentration

of species on the surface, n is the order of reaction, E, is the activation energy for bond
removal, k is the Boltzmann’s constant and T is the absolute interface temperature.
Integrating equation (14) over temperature has similar form to solutions developed over

the last few decades for bulk thermal analysis, and an effective estimation is[26],

v _Eerr [ k kT
¢= B* N <Eeff> [1 - <Eeff>l 15)
where,
Cl—n
0~ { ra-n’ 71 6)
1
Un(zg).  n=
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For a first order reaction, plotting In(Q) against % yields a straight line with the slope

proportional to activation energy (slope=-Eeff/k). For higher order reactions, a
computational approach could be taken to iterate on the reaction order that gives the best
straight line fit. Using this non-isothermal technique, activation energies can be directly
obtained from a single reaction curve as opposed to the isothermal technique where several
curves are required to measure activation energy. Performing temperature ramps makes
the experiment compact both in time and sample requirements.

Mechano-Thermal Reactions: To probe mechano-thermal reactions, recall from
equation (6) that the effective energy barrier incorporates ¥ (Fy) — the non-trivial effect
of applied force on thermochemical reactions. Therefore, for a mechano-thermal reaction,
by neglecting voltage terms in equations set (6)-(9), equation (14) can be modified to

incorporate the definition of effective energy barrier (Eeff) as,

dc (Ea—9(Fn))
& Y e (17)
dr B
By obtaining activation energies at various applied forces using the non-isothermal
kinetics, the effect of force on a chemical reaction can be experimentally measured using
equations set (15)-(16).
Mechano-Electro-Thermal Reactions: For an electrochemical reaction influenced
by applied force, we modified the non-isothermal kinetics for a voltage ramp at a constant
applied force. The rate of change of surface composition during a voltage ramp can be

given as,

dc
E = kfan (18)
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where, C is composition, t is time, a is concentration of reactant species and n is order of
reaction. For a linear voltage ramp rate ¢ [V/s], the time of the experiment is linearly
related to the ramp rate as,

_av
$=a
Combining equations (11),(18) and (19) provides a kinetic reaction model

(19)

dependent on voltage ramp rate, force, and applied voltage (equation (20)).

Fdc v vV EerfFnV)
—==| e kT dV (20)
o=z,

For a first order reaction, Egn 14 can be integrated with respect to V, where taking
the logarithm twice results in a linear relationship between the measured friction curve

and the applied voltage.

In(—InJ[(1 - C)) = Q, + Q,V (21)

B ART E, — p(Fy)
Q-1=In(= (Za:(FN,V)neFC) T RT 22)
a(FNI V)neFC
0, = - (et ) @3)

Plotting In(—In(1 — C)) against V' results in a straight line with slope Q, and
intercept Q,. From equations (21),(22) and (23), by substituting known constants, the
values of effective symmetry factor (a) and effective activation barrier (E.ss) can be
obtained from an experimental voltage ramp curve performed at a known applied load Fy,.

Thus, this modified non-isothermal Kinetics allows for determination of the dependence

12



of the activation barrier and the relative slopes of the forward and reverse reactions as a

function of applied voltage, temperature and force.
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CHAPTER Il
DRIVING SURFACE CHEMISTRY AT THE NANOMETER SCALE USING
LOCALIZED HEAT AND STRESS*
Introduction
Surface properties influence many chemical and biological processes that hold the
key to fundamental advancements in diverse fields such as energy storage and
conversion[27-29], 2D optoelectronics[30, 31], friction and wear modification and
mitigation[32, 33], wetting and self-assembly[34], medicine[35-37] and
nanofabrication[38, 39]. The chemical reactivity of many surfaces in a specific process
often depends on multiple factors, including local surface geometry and composition,
environmental composition, temperature, pressure, and any additional external stimuli,
such as light and electric field. Developing a comprehensive understanding of how to
drive and measure surface reactions at the nanometer scale under a wide range of
conditions is crucial for development of more efficient chemical reactors, fuel cells,
batteries and supercapacitors, flexible electronics, lubricants and biomaterials[40-46].
Presently, Atomic Force Microscopy (AFM) techniques have gained prominence
in studying nanoscale surface chemistry and structures owing to their ultra-high resolution
in ambient air or liquid. Functional AFM tips can drive adsorption and desorption from
surfaces in a wide range of environments via local application of electric field, light,

temperature, and force. AFM tips have previously demonstrated oxide growth and

*Reprinted with permission from “Driving Surface Chemistry at the Nanometer Scale Using Localized Heat
and Stress” by Raghuraman, S., Elinski, M.B., Batteas, J.D. and Felts, 2017. Nano Letters, 17(4), 2111-
2117, Copyright [2017] by American Chemical Society
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reduction, deposition of self-assembled monolayers, thermochemical modification and
phase change in organic films, optical lithography, and thermal deposition of polymers,
metals, and composites[47-51].

While AFM proves well suited to drive small-scale surface reactions, obtaining
quantitative, in situ information on the kinetics and thermodynamics of surface reactions
remains a significant challenge [52, 53]. Recent studies of atomic scale wear have begun
to directly measure reaction rates of the wear process of both sliding asperity and the
counter surface[54]. The results show great promise in using AFM tips to drive and
measure chemical reactions. However, it is difficult to interpret the results in the context
of conventional chemical kinetic and thermodynamic descriptions, which rely on
measures of surface concentration as a function of time and temperature in the absence of
an applied load. There is a need to develop tip-based techniques that can directly assess
chemical kinetics and thermodynamics at surfaces in situ, making it possible to measure
reactions driven by arbitrary multi-physical sources in virtually any environment and
interpret results in the context of conventional surface analysis techniques.

Methods

Material Preparation: GO/H20 was purchased from Sigma-Aldrich. The
dispersion was further diluted in deionized H20 to obtain 0.5mg/ml solution. Single
layered GO flakes on SiO2 were obtained by spin coating the solution at 4000 rpm for
120s.

Experimental Setup: AFM experiments were performed using an Asylum

Research MFP-3D. A closed-cell heater was used to maintain an ambient temperature of
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32 °C throughout the AFM experiments. Heated atomic force microscope tips were used
to perform all the local reduction experiments. A relationship between the cantilever
vertical deflection and tip force was obtained using force distance curves and
thermomechanical noise measurements[55]. These relationships were used to calculate the
deflection voltage necessary to apply a specified force. The raw data collected from the
experiments were pull-off force and relative friction as a function of tip force, cantilever
temperature and scans. The details of the experiments are described in the supporting
information.
Experimental Procedure

Here we measure the kinetics and thermodynamics of oxygen group desorption
from graphene oxide in ambient air by independently tuning both the force and
temperature of a heated atomic force microscope (AFM) probe[56]. The AFM probe is
single crystalline silicon with high-doped legs for efficient charge transfer, and a low-
doped resistive Joule heater-thermometer at the cantilever free end. The tip is heated by
applying a voltage across the legs of the cantilever. The heater electrical resistivity is a
strong function of temperature, making it possible to measure and control heater
temperatures in situ by correlating resistance to temperature via optical measurements.
Raman thermometry was used to calibrate the heater temperature as a function of applied
voltage[57]. The heater operates routinely from 20-800 °C with temperature resolutions
better than 1°C[58]. Placing the hot tip onto a substrate forms a nanometer scale hotspot

used here to drive local reduction of graphene oxide.
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Heated probes have previously demonstrated direct writing of conductive
nanoribbons on GO sheets through local thermal reduction [48]. Figure 4(a) illustrates the
experimental setup, where a heated tip locally cleaves oxygen groups from a graphene
oxide (GO) sheet via the application of both temperature and force. Previous AFM
mechano-chemistry studies on functionalized graphene show that measured friction
linearly relates to the chemical composition at the surface, and that the GO sheet can be
reduced solely through applied force [59]. Specifically, oxygenated graphene has two to
nine times higher friction than pristine graphene [60, 61]. Accordingly, friction force
images of thermochemically fabricated lithographic features reveals sub 100 nm low
friction lines as shown in Figure 4(b). Measuring the friction of the lithographic features
relative to surrounding unmodified GO (Figure 4(c)), termed “relative friction,” provides
a measure of the extent of reduction. We employed a two-step routine to cleave oxygen
groups and monitor the resulting change in relative friction. First, a 250 x 250 nm2 “drive
scan” (Figure 5(a)), with a heater temperature and tip force dictated by the experimental
conditions, cleaves oxygen. A subsequent 625 x 625 nm2 “measure scan” (Figure 5(b)),
with the heater at room temperature and 40 nN tip load for all the experiments in this
study, monitors the friction change. The average of friction values in the drive scan area
(indicated in blue) relative to the adjacent unmodified GO region (indicated in red)
constitutes a relative friction datum. Repeating this routine several times in the same scan
area to obtain a series of images shown in Figure 5(c) - and thereby a relative friction
datum from each image — effectively tracks the concentration of functional groups on the

surface. Thus, measuring chemical kinetics with the same AFM tip that drives a chemical
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reaction enables in situ characterization of the evolving surface composition and
quantitative understanding of the combined effect of heat and stress on a chemical reaction
driven locally at the surface.
Results

Thermodynamics of oxygen removal from graphene was first studied by
measuring the kinetics of reduction driven by the tip at various constant temperatures.
Figure 6(a) shows changes in relative friction for constant tip temperatures between 300-
375 °C as a function of cumulative tip dwell time. Recall that for isothermal Kinetics, the
concentration as a function of time is given by equation(13). As our two-step routine is an
intermittent reduction procedure with multiple passes, the total reaction time i.e.
cumulative tip dwell time (t) is the total time the tip spends at any scan point over multiple

scans spanning an entire reduction process. This was calculated as,

2
t= 4Ns E (24)

where, N is the number of AFM image scans, v is the velocity of the tip and p is the pitch
between scan lines. The tip radius a is measured by scanning a line on GO as shown in
Figure 4(c) and fitting a Gaussian curve. Contact radius is then estimated from the full-
width-half-max (FWHM) of the gaussian fit. A factor of 2 is included to account for the
trace and retrace scan of the AFM. For all the data, v = 12 um s~ ! and p = 0.9766 nm.
Figure 6(b) plots the fitted reaction rates as a function of tip temperature, showing a strong
exponential dependence. This thermally activated process was fit using the classical
Arrhenius activation model in equation(11). Applying this to the data as shown in figure

2B inset, the slope of the straight line yielded an activation energy of 0.7 + 0.3 eV, which
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compares reasonably well to previous AFM mechanochemistry measurements[59].
Although the activation energy measured here compares reasonably to some previous
experimental and theoretical works, the broad error in the activation energy resulting from
uncertainty in the exponential fits, and an assumption of a first order reaction prevent any
definitive conclusion regarding the chemical reactions under investigation. Gathering
additional isothermal datasets for longer dwell times to bring down the measurement error
would require prohibitively large amounts of data and an accordingly large sampling area,
thereby making the experiment practically impossible. This necessitates an experiment
compact in both time and sampling area to reduce the measurement error significantly.
To overcome the limitations of the isothermal approach, we developed a non-
isothermal, nanoscale thermal desorption microscopy (ThDM) technique to quickly
measure the temperature dependence of reaction rate during a tip temperature or force
ramp, using principles from bulk thermal analysis techniques such as thermogravimetry
and temperature programmed desorption[25]. Linearly increasing either the tip
temperature or the tip force between each scan provides a measure of the reaction rate as
a function of either tip temperature, force, or both. Figure 7(A) shows change in friction
as a function of temperature for different tip heating rates, determined by dividing the
temperature increase per scan (AT) by the tip dwell time per scan (equation(25)). The
effective ramp rates of 190, 380, 760 and 1500 °C/min correspond to scan rates of 1, 2.5,

10 and 20 Hz, respectively

[N

T
=7t (25)
N

22



The friction data obtained were normalized for the purpose of analyses throughout
this study. Error in relative friction measurements that arose from surface topography and
thermal noise was consistently within +3% for all the experimental data in this study.
Friction profiles obtained for 190, 380, 760 and 1500 °C/min effective ramp rates show
that the thermochemical reduction occurred between 50 °C and 450 °C heater temperature,
whereas, ramping beyond 450 °C did not cause any appreciable further reduction in the
relative friction. The derivative of the decomposition curve as shown in Figure 7(b)
provides the rate of removal as a function of temperature.

The rate of change of oxygen concentration during a linear temperature ramp is
governed by equation (14)[26]. The order of the reaction was estimated to be 1 by plotting
the In(Q) against 1/T as in equation(15)-(16). Applying this technigue to the data in Figure
7(a) yielded an activation energy of 0.62 + 0.07 eV with a reaction order of 1 (Figure 7(c)).
The nano-ThDM technique reduced the error in the activation energy by a factor of 4,
requiring far less data than the isothermal technique, and allowed direct determination of
reaction order from the experimental data.

The ability to independently control applied localized temperature and force
provides an effective means to quantitatively study the impact of force on the observed
energy barrier Ees. Figure 8(a) shows friction measured during linear temperature ramps
from 50 °C to 450 °C for various tip loads between 40-320 nN. Increasing the load spreads
the reaction over a wider temperature range as illustrated by the growing peak width of

the derivative curves in Figure 8(b). Activation energies calculated by applying
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equation(15)-(16) for decomposition curves as shown in Figure 8(c) decreased from 0.61
eV to 0.22 eV over a force range of 40-320 nN applied tip load, clearly demonstrating that
the applied stress substantially modifies the activation barrier.

The influence of applied load on observed activation barrier as shown in Figure
8(c) provides a basis to adopt an explicit mathematical form for the function ¥ (Fy) in
equation(6). A number of theoretical models describe stress assisted chemical reactions.
The Zhurkov model[62], originally developed to model fracture events, proposes a linear
reduction of the activation energy in response to an applied stress over some activation
volume. The model has been used previously to describe atomic wear at tip-substrate
interface in AFM scanning experiments, clearly showing an exponential dependence

between the observed reaction rates and the applied stress.

AE Bell = AE((F_N) = 0) —y(F_N)),
(26)
where Y(Fy) = FyAx

Bell’s theory in equation(26) [63] proposes a similar linear dependence between applied
load and activation barrier, but in terms of an applied force over some reaction coordinate
(x), where Ax is the distance between reactant and transition state configurations and AE
is the activation energy barrier when no external force is applied. This model has been
used to interpret the forces required to break chemical bonds and the change between
reactant and transition states in single molecule pulling experiments[64, 65]. Unlike single
molecule experiments, where a known load is applied to a single known bond, here it is

difficult to relate the applied load on the tip to the loads applied to each molecule under
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the tip, but these two models are directly related with appropriate choice of contact
mechanics model between tip and substrate.

Many studies have shown the failure of linear dependence suggested by Bell’s
model[22, 66, 67]. Bell’s model relies on an implicit assumption that the applied force
does not distort the potential energy landscape and does not change the reactant or
transition state structures. A study on disrotatory and conrotatory ring opening of cis-1,2-
dimethyl-benzocyclobutene (BCB) demonstrates that the Bell’s model fails to capture the
non-linear stress dependence and disappearance of reaction pathway beyond a certain
applied force[21]. A similar study on BCB shows that including higher order terms in
Bell’s approximation accounts for the non-linear stress dependence[68]. An experimental
study demonstrates rupture of Carbon-Carbon bonds at forces of ~2 nN, whereas
theoretical studies show that the maximum force required to rupture a C-C bond is about
6 nN, possibly indicating a modified reaction pathway[11].

Further, as our observations (fig. 4C) point to a non-linear stress dependence of
activation barrier, we adopt an extension of Bell’s model that includes second order
correction[68]. Including this correction yields an expression for the effect of force as in
equation(9) which was derived by assuming parabolic interaction potentials for the
reacting species. Data in fig 4C fits well with a second order polynomial revealing a non-
linear decrease in force dependence of activation. This phenomenon is commonly known
as the Hammond effect, where increased applied force shifts the energy levels of the
reactant state and transition state, thereby altering the minimum reaction trajectory through

the transition state and reducing the force dependence of activation barrier. [19, 69].
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The dependence of a chemical reaction to applied load was further assessed by
monitoring the decomposition of oxygen groups as a function of increasing force. Figure
9(a) shows relative Friction profiles as a function of linearly ramped force for 50, 100,
150, 200, and 250 °C heater temperatures. Figure 9(c)-inset illustrates the non-linear rate
dependence of activation energy. A molecular system with no change in mechanical
compliance following Bell’s model would exhibit a linear rate dependence on applied
load. On the contrary, including the Hammond effect in the definition of v (Fy) results in
a non-linear plot indicated by the red curve, which is again consistent with the data in
Figure 8(c).

Conclusion

The chemical kinetics and thermodynamics observed here differ significantly from
previous bulk thermal reduction studies on graphene oxide which suggest a second order
recombination reaction with an activation energy in excess of 1.3 eV[70, 71]. The
observed activation barrier of 0.62 eV is much closer to theoretical estimations of oxygen
diffusion on graphene and silicon oxide[72, 73], suggesting oxygen groups diffuse along
either surface or hop between surfaces. The measured first order reaction further suggests
diffusion or hopping. This is consistent with previous investigations of the stability of
graphene oxide films, which found reduction was largely driven by diffusion (indeed, they
must diffuse before they can recombine), with energy barriers of 0.81 and 0.35 eV for
epoxides and hydroxyls, respectively[74]. Finally, non-linear stress dependence of

activation energy suggests that higher loads increase stability of the oxygen groups.
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During sliding, thin graphene sheets undergo out of plane deformation[75] forming a
convex region around the periphery of the tip, where atoms bound are more stable[76].

In summary, we have demonstrated that nano-ThDM is an effective approach to
measure the kinetics of surface chemical reactions and to precisely tune the surface
composition. Varying the tip material, functional group to be cleaved, environmental
composition, and substrate material would provide chemical kinetics of virtually any
rubbing interface, and appropriate passivation of the tip material would allow the tip to
observe the reaction without significantly altering the reaction pathway. Incorporating
both molecular dynamics simulations, and in situ electron microscopies will provide a
more complete picture of the stoichiometric products, reaction pathway of the observed
reactions, and more accurate contact mechanics with atomic resolution. Importantly, this
technique has few limits on environmental conditions, making it ideal to study multi-
physical reactions in extreme environments, closely resembling operation of real chemical

systems.

27



Figures

e Retrace

Figure 4: A) Schematic of reduction by a hot AFM tip, where heat and pressure
locally remove oxygen groups. B) Friction Force image of the reduced graphene
oxide patterns. C) A friction drop of 60% due to removal of oxygen groups.
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A

Figure 5: A) 250x250 nm2 drive scan to cleave oxygen. B) 625 x 625 nm2 measure
scan to measure the friction change. Red box indicates the thermochemically
modified area. Blue box indicates the surrounding un-modified area C) Selected
images from a series of images taken at the same scan area shown to represent the
progress of thermochemical reduction.
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Figure 6: 2 A) Relative Friction drop as a function of cumulative tip dwell time for
various cantilever temperatures. The friction data obtained were normalized for the
purpose of analyses. B) Reaction rate as a function of temperature - inset shows the

Arrhenius plot. The friction data obtained were normalized for the purpose of
analyses.
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rightward shift in maximum removal with increasing ramp rates. C) A typical
constant heating rate curve — inset illustrates the calculation of activation energy.
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Figure 8: A) 760 °C/min constant heating rate curves for various tip forces. The
friction data obtained were normalized for the purpose of analyses. B) Normalized
relative friction derivative showing a shift in maximum removal towards lower
temperatures for increasing tip force C) Measured activation energy as a function of
tip force, showing a non-linear reduction with increasing force.

32



5 100 200 300 400 500
Z Force (nN)
"+1.04{ go0o
Sos] oo S
S - On = AX<0
£ 0.6- o =
J [m] [
?;0-4_ nn_ o
J a
n:. 0.2- ‘:‘nn Fgrce nN
J o a
E,o.o- | © Afa%ag8
100 200 300

Force (nN)

Figure 9: A) Normalized Relative friction drop as a function of tip force while a
constant cantilever temperature was maintained. The friction data obtained were
normalized for the purpose of analyses. B) Normalized relative friction derivative
showing a shift in maximum removal towards lower forces for higher temperatures.
C) A typical linear force ramp curve with inset illustrating the failure of Bell’s model.
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CHAPTER llI
THE ROLE OF MECHANICAL FORCE ON KINETICS AND DYNAMICS OF
ELECTROCHEMICAL REDOX REACTIONS ON GRAPHENE*

Introduction
Electrochemical reactions form the basis of many important processes both
naturally occurring—such as photosynthesis and corrosion—and those explored in
the fields of energy storage and conversion, chemical separations, and
electroplating[77-80]. Electrochemical reactions are surface reactions with rates
depending on the electronic state of the interacting surface atoms, which can be
strongly modulated by the applied stress, strain and chemical composition of the
participating surface[81, 82]. Improved understanding of the complex interplay
between surface chemistry and mechanics would enable rational design and
synthesis of surface structure with prescribed morphology to greatly enhance
electrochemical reaction rates. Although several techniques exist that measure
electrode Kinetics at the atomic scale, the reactions are traditionally driven by
macroscale stimuli, making it difficult to capture nanometer scale mechano-
chemical effects[83]. There is a need to develop tools and techniques that can relate
locally applied stress, strain, and chemical composition to reaction rates on a well-
defined surface structure to understand the relationship between stress and

electrochemical reactivity.

*Reprinted with permission from “The Role of Mechanical Force on the Kinetics and Dynamics of
Electrochemical Redox Reactions on Graphene” by Raghuraman, S., Soleymaniha, M., Ye, Z. and Felts,
J.R., 2018. Nanoscale, 10(37), 17912-17923, Copyright [2018] by The Royal Society of Chemistry.
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Atomic force microscopes (AFMs) have been used to measure and drive a
number of chemical processes in situ, providing insight into local electron densities
of adsorbed surface intermediates, and local electrochemical Kinetics[84-91]. Most
of these measurement techniques, such as non-contact atomic force microscopy
(NC-AFM)[92-94] and scanning electrochemical microscopy (SECM)[95-97], take
measurements some distance away from the surface, making it difficult to
simultaneously measure chemical reactivity and local stress/strain.
Electrochemical strain microscopy (ESM) uses measurements of local surface
strain under global bias to measure the rate of ion transport into a surface, providing
a relationship between surface morphology and reactivity, but it remains difficult
to determine how applied strain modifies the reactivity of the surface[98, 99].
Recent in situ studies of steel corrosion have begun to qualitatively investigate the
role of applied stress on the corrosion rate[80]. Interestingly, it is possible to locally
drive oxygen or hydrogen adsorption with a conductive AFM tip in contact with a
surface, which has been routinely demonstrated for semiconducting and conducting
materials, making it an ideal platform to study the relationship between
electrochemical reactivity and applied local strain [47, 100]. However, to date these
studies are merely qualitative, and disregard the influence of applied force on
electrochemical reaction rates, despite recent work showing that applied force has
a profound effect on reaction Kkinetics[11, 19-21, 56, 101, 102].

Here, we investigate the effect of applied force on the kinetics of surface

oxidation using a conductive AFM tip sliding on a graphene surface[103]. Atomic
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force microscope tips can localize the oxygen evolution reaction (OER) within the
contact between the tip and the sample by the formation of a microscopic water
meniscus at the tip contact[104]. Applying a voltage bias between tip and sample
splits water, where hydrogen atoms and oxyanions drift towards oppositely charged
surfaces as shown in Figure 10(a). The tip-surface voltage can be tuned to achieve a
narrow electric field distribution under the tip apex, resulting in oxide features
(Figure 10(c), (d) and (e)) with thickness ranging between 10 nm and 30 nm. We
introduce mechanical force as a significant modifier of electrode kinetics and
provide an explicit mathematical form for the rate of an electro-mechano-chemical
reaction. We devise a compact experiment to measure the kinetic parameters of the
oxidation. Results show that applied force can significantly enhance or suppress the
forward and/or backward reaction. The effect of load on the observed
electrochemical kinetics is discussed in the context of transition state theories of
mechanochemical reactions.
Methods

Sample Preparation: Silicon <100> substrates were coated with 100 nm nickel
using e-beam evaporation. Thick graphene flakes (>10 layers) were obtained by
exfoliating highly ordered pyrolytic graphite using a modified scotch tape method.[105]
Spring metal clips were used to mount and make electrical contact with the substrate. AFM
experiments were performed using an Asylum Research MFP-3D. A PEEK cantilever clip

fabricated with copper wire was used to mount a platinum coated Silicon tip with electrical
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contact. A Keithley 2400 source meter was used to control the voltage bias between the
tip and sample.

Molecular Dynamics Simulations: The fully atomistic model consisted of the
apex of a platinum AFM tip placed on a five-layer graphene surface, illustrate in Fig 7.
The graphene substrate had dimensions of 10x10 nm2; the bottom layer of graphene is
fixed. A model tip was constructed in a hemispherical geometry with a 2.5 nm radius, and
2.5 nm height; the topmost atoms in the tip were treated as a rigid body under a constant
load and connected by a harmonic spring to a support that moved laterally at a constant
speed of 1 m/s. The spring had stiffness of 8 N/m in the horizontal directions. A Langevin
thermostat was applied to the free atoms maintained a temperature of 300 K. The
simulations were performed using LAMMPS simulation software.

Finite Element Simulations: Quasi-static axisymmetric model was used in
ABAQUS/Explicit to model the AFM tip and graphene interactions. Tip was modeled as
half sphere rigid body with radius of 30 nm and was placed at 0.530 nm above the top-
most graphene layer. Double layer graphene sheet with thickness of 0.07 nm with
equilibrium separation of 0.33 nm is placed on rigid body silicon oxide substrate. For
substrate and tip, element types RAX2 of and for graphene sheets CAX4R element type
was selected. Interactions between graphene layers, tip/graphene and substrate/graphene
were modeled by Lenard-Jones (L-J) potential in VUINTER subroutine. Simulations were
done in displacement-controlled regime by moving the tip either 0.1 nm up or 0.1nm, 0.2

nm, 0.3 nm, 0.4 nm, 0.530 nm and 0.580 nm down. Young modulus and Poisson’s ratio
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of the graphene were selected as 5.5 TPa and 0.3, respectively. It was assumed that the
graphene deformation was purely elastic and the contact is frictionless.
Experimental Procedure

To understand electrochemical reactions, monitoring faradaic current as a function
of applied overpotential is an effective way to measure the reaction rate. In local anodic
oxidation experiments, where electrochemical reactions are confined to nanometer scale
double layers, the faradaic currents can be on the order of femto-ampere (fA) or lower
[106, 107]. It is difficult to measure such low currents in AFM without specialized
electronics. Further, it is not possible to measure applied overpotential relative to a
standard electrode, as it is not possible to integrate an independent electrode into the
microscale water meniscus surrounding the tip.

An alternative measure of charge transfer is the accumulation of oxygen species
on the surface. Oxygen evolution during water splitting is a 4e- process involving surface
bound intermediates, which depend strongly on solution pH, temperature, applied voltage,
and surface catalytic activity. Despite this complexity, the first step is often the
chemisorption of -OH onto the anode, followed by the creation of epoxides and/or
carboxylic acid before the final formation of O2. Generally, the epoxide and carboxyl
formation is the potential determining step (PDS) or rate determining step (RDS).
Previous LAO studies on graphene showed that hydroxyl groups are the primary species
adsorbed, with significant epoxides occurring only at higher voltages[108]. Therefore, at
the onset of surface oxide growth, the concentration of hydroxyls on the surface is

proportional to the total number of electrons transferred to the surface over time, where
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the derivative is the electron current. Thus, a measure of the evolving hydroxyl
concentration on the surface is a proxy for the integral of the electron current over time.

Several studies have shown that friction on functionalized graphene positively
correlates to surface concentration in a roughly linear fashion[109, 110]. Measuring
friction changes on the surface during a linear voltage sweep can generate a
voltammogram by taking the derivative of the friction data. We implemented a two-step
routine to measure the friction of the modified surface relative to pristine graphene. First,
a “drive scan” (250x250 nm2) with a voltage bias and applied force drives the
electrochemical reaction. Then, a subsequent “measure scan” is taken with 5 nN tip load
and no applied voltage bias to monitor the extent of surface chemical composition change.
Relative friction measurement from one such two-step routine constitutes a single data
point of a typical experimental reaction curve like those shown in this work. The routine
is repeated until a full reaction curve is obtained.

Figure 11(a) shows friction measured during a cyclic voltammogram. The surface
is first cycled between oxygenation and reduction, followed by hydrogenation and
dehydrogenation, demonstrating both the change in friction upon surface modification and
the reversibility of the process. Figure 11(b) shows the derivative of the friction signal,
showing peaks in electronic current upon surface modification, and zero current otherwise
(the current may not be zero, however, as a saturated surface does not necessarily imply
zero evolution). The magnitude of the current is estimated by assuming saturation at 100%
coverage of —OH or —H on a single side of graphene (which represents the total charge Q

transferred to the surface), divided by the time between scans. For the one electron transfer
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process considered in the study, the total current (I1,;) involved in depositing oxygen over
the surface can be calculated as,

Iyor = € X % (27)
where, n, is the total number of active sites in the given scan area. As a graphene unit
cell has 2 carbon atoms accounting for sharing and an area of 0.05 nm?, a scan size of
250 nm? contains 2,500,500 carbon atoms. However, several studies show that even at a
theoretical maximum functionalization of graphene, a significant fraction of the carbon
atoms would have functional groups attached. Nevertheless, for a conservative estimate,
n was assumed to be equal to the number of carbon atoms. The time per scan t is 15s and
charge of an electron e is 1.6 x 10~1° C. As friction directly correlates to composition, the

maximum friction observed can be attributed to a fully oxygenated surface. Accordingly,

the current per scan (Is.,y,) can be calculated as,

Af
Iscan = f X ltot (28)
max

where, Af is the change in friction per scan and f,,, IS the maximum value of friction
observed during the reaction. The current in our study was observed to be on the order of
a few fA.
Procedure to Obtain Kinetics and Dynamics Parameters
1. The reaction curve obtained by voltage ramps at a given applied tip load (Figure
11(a)) can be described by equation(20). Consequently, using equations (21)-(23),
plotting In(—In(1 — f)) against V results in a straight line with slope Q, and

intercept Q;.
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2. The value of symmetry factor, i.e. a(Fy, V), can be obtained from the slope Q2 by

substituting known values (ne = 1,F. = 96485.232 % R=

8.314ﬁ and T = 300K (room temperatue). The value of E, — {(Fy) can be

obtained from intercept Q1 by substituting a(Fy, V) assuming a value for attempt
frequency (A=1el3/s) [54, 111]. A voltage ramp rate of ¢ =-58.33 V/s was used
throughout our work.

3. Using equations(7) and (9), we get equation(29). By fitting equation(29) with a
second order polynomial, the stiffness of the potential (y) can be calculated from

the quadratic term.

Axo AG? Ax, yAGO Y1 2
~ ) = * 2axzy? l [ ZAxO]F -2l (29)

4. Using equation(10) and flttlng a straight line, the value of path length(Ax,) can be

calculated from the slope.

5. As it is not possible to integrate a reference electrode into the localized water
meniscus and with the estimated currents being on the order of fA, the
overpotential were not measured during the experiments. However, we can fit for
the overpotential from the value of standard Gibbs Free Energy Change (AG_0)
which can be calculated from the first order term of the quadratic fit to eq 13. The
standard Gibbs free energy for water splitting has been theoretically and
experimentally shown to be around 1.2V. We use this fact to fit for overpotential
and estimate a voltage offset of -3.63V. This offset was then propagated into the

experimentally applied voltage bias values to obtain the corrected values of the
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effective symmetry factor (a(Fy,V)) and effective energy barrier (Eqf(Fy, V))

shown in figures 6b and 6c.

Results

Voltage ramps were performed to study the kinetics of oxidation of graphene as a
function of applied force. Monitoring change in friction of oxygenated areas relative to
unmodified graphene (relative friction) as a function of applied voltage provided a single
cumulative reaction curve during a voltage ramp experiment. Figure 12(a) shows reaction
curves at 10, 100, 200, 300 and 700 nN tip load. The magnitude of onset voltage for
oxygen deposition decreases with increasing applied load, indicating a strong dependence
of oxygenation rate on applied stress. Figure 12(b) shows a sample fit to obtain quantities
QZland Q2 which were used to obtain Kinetics and dynamics parameter as discussed in the
experimental methods.

Interestingly, unlike previous local anodic oxidation studies on Silicon and
Graphene, a glaring non-uniformity in oxygen deposition was observed throughout the
experiments, as shown in Figure 13. To investigate this further, images for each
cumulative reaction curve (from experiments shown in Figure 12) were divided into 10x10
partitions. Reaction curves were extracted for each partition and a was determined from
equation(23). Figure 13(e)-(h) show the a maps for 10, 100, 300 and 700 nN tip loads
respectively. At low applied load conditions (Figure 13(e)) when the oxygen deposition
should be almost unaffected by force, meaning a~0.5, two distinct regimes (blue and
red) can be identified with significantly different a values. Correspondingly, a typical
reaction curve from each of these regions (Figure 13(a)) show vastly different reaction
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rates. This non-uniformity in reaction rate fades with increasing applied load as seen from
Figure 13(f)-(h) and their corresponding reaction curves shown in Figure 13(b)-(d).

Topographic inhomogeneity such as wrinkles and other defects cause stress
concentration, which enhances the local rate of deposition, and effectively lowers the
value of alpha. At low applied loads, such variations show up as a prominent difference
in the measured alpha values. Histograms of alpha values (Figure 13(a)) also show two
distinct peaks supporting the observation of vastly different reaction rates. At high applied
loads however, any rate variation due to topography is weak in comparison to the rate
enhancement due to applied force. Applied force sufficiently lowers the barrier for
adsorption such that the rates are uniform across the surface. As a result, the deposition
over the scan area becomes more uniform with increasing applied load. This can be clearly
seen from the histograms (Figure 13(b)-(d) insets) where the two distinct peaks at 0.1 and
0.5 blend into a single peak at 0.1 at high loads.

To obtain an average measure of a and E,ff, we chose several reaction curves
from the partitions. For low applied forces — 10 and 100 nN — we used histograms to
choose curves with higher alpha values, as these regions are the least affected by
topography. At high applied loads, the effect of topography was small relative to the effect
of applied load, so data from each partition was used. Using equations(21)-(23), the
symmetry factor and effective activation barrier were calculated as a function of applied
tip load (Figure 14(a) and (b)). Using equations(6)-(9), and experimental results shown in
Figure 13, the path length (Ax,) can be calculated (detailed in above section “Procedure
to obtain kinetics and dynamics parameters”). Importantly, the force used in the kinetic
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equation is the force per atom, requiring knowledge of how the total force applied to the
tip is distributed over the atoms within the nanoscale contact. In general, the force
distribution in a nanoscale contact is a complex function of atomic morphology of the tip,
substrate and constrained water molecules, which cannot be captured well by macroscopic
models of contact. Nevertheless, under the assumption that the contact area is well
estimated by the Hertz contact mechanics model, and the force applied within the contact
is evenly distributed over the number of graphene atoms in the contact, the calculated path
length is 2 orders of magnitude greater than typical C-O bond lengths, suggesting that
average force is an inaccurate estimation of force applied to the atoms in the contact.
Reasonable values of activation length emerge when assuming that the force applied in
the contact is distributed over 1-3% of the number of graphene atoms in the contact (Figure
14(c))

We performed molecular dynamics (MD) simulations of a platinum AFM tip
sliding on multi-layered graphene in the presence of a water meniscus to better understand
the relationship between total applied load and the force applied to the molecules in the
contact (Figure 15(a)). For a tip radius of 2.5 nm and an applied force of 10 nN, the contact
radius was estimated from the simulation to be 1 nm (Figure 15(b)). The contact area is
then 3.14 nm2, which corresponds to ~156 carbon atoms in contact under the water layer.
In the absence of water layer and assuming uniform force dissipation, the average force
would be 0.06 nN per carbon atom, which is much weaker than the forces typically
required to make or break covalent bonds. However, the simulations reveal that the force

is not supported uniformly across the surface. Figure 15(b) shows that the surface density
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of water molecules within the contact line is 16 per nm2 whereas the surface density
outside is 160 per nm2. Apart from having fewer atoms in contact, the force distribution
map in Figure 15(b) shows that around 5% of the water molecules experience a force of
InN or higher which is typically the magnitude of forces involved in covalent
mechanochemistry[21]. Consequently, the number of water molecules experiencing
significant forces within the contact is roughly 1-2% the number of graphene atoms in the
contact.

The non-uniform force distribution on atoms produced by the MD simulations
were taken into account to translate applied tip loads to force applied per atom within the
contact. Path length value of 0.47 nm calculated as a function of carbon atoms is
reasonable when the tip load is distributed over 1% of the total carbon atoms within the
contact, consistent with the result from the MD simulations, whereas the path length
quickly becomes an order of magnitude more than a typical covalent bond length when
5% or more of the total atoms present in the contact area are mechanochemically activated
(Figure 14(c)). Assuming the tip exerts a force on the water molecules in the contact
equivalent to 1% of the total carbon atoms within the contact region, the symmetry factor
and the effective energy barrier were calculated as a function of force per atom (Figure
14(b) and (c) inset). Applied force therefore reduces E, s non-linearly and « linearly in
accordance with equations(8) and (9) respectively.

The force applied at the contact could also manifest itself as strain in the substrate
material, which could be the source of the enhanced reactivity of the graphene. We

explored the strain on the graphene lattice due to applied stress using finite element
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method (FEM) simulations[112-114]. Here, we considered the effect of both out of plane
strain, quantified by the radius of curvature of graphene, and in plane strain due to the
stretching of the carbon-carbon lattice. It has been demonstrated previously that adhesion
between an AFM tip and graphene causes the graphene sheet to “pucker” out of plane to
conform to the tip structure, causing out of plane bending, while application of force in
the contact will exert a strain within the graphene basal plane. Considering flat graphene
to have an infinite radius of curvature, our results show that increasing applied load
decreases the maximum radius of curvature as shown in Figure 16. Recent density
functional theory (DFT) calculation of the adsorption of hydroxyls and epoxides onto
graphene have shown that a radius of 0.68 nm decreases the activation energy for
adsorption only by 0.08 eV, meaning that our larger radius of curvature induced here likely
plays a negligible role in the observed reaction[76]. Increasing the applied force induces
a 2% strain relative to flat graphene at 200nN with no significant increase at higher forces.
Several studies show that such strains of around 2% reduces the activation barrier by about
0.2 eV[115-117]. This suggests that while reactivity may be increased by simply straining
the graphene lattice, the effect is unlikely to account for the total observed decrease in
activation energy of 0.6 eV. Based on the experimental findings and the simulations, it is
hypothesized that the force applied to the water molecules in the contact works in concert
with applied electric field to split H20 into a chemisorbed —OH and free H+ that is
subsequently converted to molecular hydrogen at the tip surface.

Based on the hypothesis that applied load drives the reactant towards the product

state, we interpret the experimental results using the mechanochemical transition state
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formalism described above. The qualitative shape of the potential energy profile for force
modified electrochemical oxidation of graphene can be calculated from the experimentally
observed energy barriers and symmetry factors. The compliance of the potential (y) was
calculated (see above section “Procedure to obtain kinetics and dynamics parameters”) for
a range of percentage atoms in contact as shown in Figure 17(a). Here, again assuming the
number of molecules supporting the tip load as 1% of the number of graphene atoms in
the contact, the compliance of the reactant and product states is ~ 1.3 nm/nN. Now, from
the starting descriptions of the potential energy profile (equations(3) and (4)) the effect of
voltage and the effect of applied force can be individually obtained. For only applied force
conditions, the voltage term was excluded (V=0) and potential profiles for 10, 200 and 450
nN are shown in Figure 17(b) with path length corresponding to 1% atoms in contact.
Compared to the unmodified potential (Black curve), the qualitative shapes correspond to
the tilting effect due to applied force. By tilting the potential, applied force also shifts the
reactant minimum and the transition state closer to each other thus reducing the path
length. To visualize the effect of applied voltage, the force terms were neglected (F=0)
(Figure 17(c)). Applied voltage translates the reactant state relative to the unmodified

potential (Black curve).

Conclusion
The theory of force modified electrochemical reactions provided in this work
enables decoupling of the force and voltage effect on an electrochemical reaction with a

regular AFM set up in ambient air. Force applied directly on the atoms (stress) and strain
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of the graphene lattice can affect a chemical reaction in different ways. While it is likely
that the applied force dominates chemical kinetics in this study, the effect of strain on
chemical kinetics cannot be discarded in general. Further experiments could be devised in
combination with first-principles based studies to decouple the effect of stress applied
directly to the mechanophore versus strain applied to the surface atoms. Careful
comparison between molecular dynamics simulations and experiment can also provide a
relationship between the macroscopically applied load and the corresponding forces on
the atoms within the nanoscopic contact. This experimental technique has previously been
used to study chemical reactions on graphene as a function of temperature, and coupled
with the results here provide a compelling framework to study complex, multi-physical
activated surface reactions, with an emphasis on the relationship between applied load,
local surface morphology and applied temperature and electric field. Such studies would
improve our fundamental understanding of how all of these factors work in concert to

define the overall macroscopic reactivity of surfaces.
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Figures

Figure 10: A) Local anodic oxidation —setup. B) Tip-Surface contact showing electric
field induced water splitting within the water meniscus. C-E) Oxide features
fabricated on graphene as seen in friction images. All scale bars represent 50nm

49



=
©

Rel. Fric [a.u.]

Rel. Fric Der. [a.u.]

5 10
Voltage (V)

Figure 11: A) Cyclic voltammogram. The surface is cycled first with oxygenation
(solid circles), reduction (open circles), hydrogenation (solid boxes) and finally
dehydrogenation (open boxes). B) Relative friction derivative.
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Figure 12: A) Voltage Ramps at 10, 100, 200, 300 and 700 nN applied tip load. B)
Curve fitting a voltage ramp curve to obtain kinetic parameters.
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Figure 14: A) effective symmetry factor as a function of applied tip load. Inset shows
the same as a function of force per atom. B) Effective energy barrier as a function of
applied tip load. Inset shows the same as a function of force per atom. C) Path Length
as a function of percent atoms considered in contact.
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Figure 15: A) Molecular Dynamics (MD) simulation of a platinum AFM tip sliding
across multi layered graphene substrate with water meniscus at contact. B) Normal
Force distribution on the water meniscus due to the applied tip force showing force
concentration on a fraction of water molecules at contact.
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Figure 16: Results from Finite Element Simulation. Maximum curvature of
graphene sheet as a function of applied tip load. While curvature increases with
applied load, there is no significant increase beyond 50 nN tip load. Inset shows
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CHAPTER IV
NANOMECHANICS OF CRUMPLED GRAPHENE
Introduction

Crumpled 2D sheets are a novel class of nanomaterials that have garnered
significant research interest owing to their peculiar properties[118-124]. Deforming 2D
materials has shown to directly influence the band gap, thereby providing a unique method
to tune other material properties[125-128]. Both reversible and irreversible strain due to
crumples, wrinkles and corrugations can influence the chemical potential, optical
absorption and wettability of 2D materials[129, 130]. Nanoscale crumples are also
compact 3D structures which still possess very high accessible surface area rivalling that
of engineered layered and porous hierarchical materials[131]. A variety of 2D materials
such as graphene, functionalized graphene, hexagonal boron nitride and MXenes have
been synthesized into crumples while still preserving their chemistries intact, making them
prominent candidates for energy storage and conversion, energy absorption, chemical
sensing, strain sensing and material encapsulation[132-135].

Crumpled 2D sheets are a novel class of nanomaterials that have garnered
significant research interest owing to their peculiar properties[118-124]. Deforming 2D
materials has shown to directly influence the band gap, thereby providing a unique method
to tune other material properties[125-128]. Both reversible and irreversible strain due to
crumples, wrinkles and corrugations can influence the chemical potential, optical
absorption and wettability of 2D materials[129, 130]. Nanoscale crumples are also

compact 3D structures which still possess very high accessible surface area rivalling that
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of engineered layered and porous hierarchical materials[131]. A variety of 2D materials
such as graphene, functionalized graphene, hexagonal boron nitride and MXenes have
been synthesized into crumples while still preserving their chemistries intact, making them
prominent candidates for energy storage and conversion, energy absorption, chemical
sensing, strain sensing and material encapsulation[132-135].

However, in order to incorporate crumpled nano-structures along with other
materials in a wide range of applications, it is imperative to understand their mechanical
properties and response to applied stress. Experiments in this regard are limited and
typically probe single folds made by a sliding AFM tip[136] — which are meticulous but
lack the statistical significance to describe a wide range of possible crease morphologies.
Several molecular dynamics (MD) simulations explore uniaxial and hydrostatic
compression of crumpled graphene[137, 138]. While they provide useful insight into the
deformation behaviors, such experiments are not practical on isolated nanometer scale
crumples. First principles theoretical based studies describe folding mechanisms of 2D
materials in great detail but require extensive experimental validations. There is a need to
examine the mechanical properties and force response of individual nanometer scale
crumples to extend single fold mechanics to mechanical behavior of macroscale clusters.

Experimental Procedure

In this work, we explore the mechanics of isolated graphene crumples through
force-indentation routines using Atomic Force Microscopy (AFM). Crumpled graphene
was synthesized using a protocol detailed in a previous study by spray drying dispersions

of graphene and graphene oxide sheets[121]. The resulting crumples were directly
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captured on silicon substrates and identified using commercial silicon AFM probes
(Mikromasch HQ:NSC36/AL BS-C) which has a 10nm tip radius and a nominal spring
constant of 0.6 N/m. Figure 18(a) illustrates an AFM tip of radius 10nm pushing on a
single crumple of radius 150 nm resting on a rigid silicon substrate. AFM topography data
of a single crumple was obtained in tapping mode (AC Mode) where the AFM tip is driven
near its resonance frequency. Figure 18(b) shows a typical isolated single crumple that is
approximately 300 nm wide and 300 nm tall. This compares well with scanning electron
microscope (SEM) images of typical crumples as shown in Figure 18(c). We then switched
to contact mode to probe its mechanical response by performing contact mode force-
indentation curves close to the center of the crumple. Figure 19(a) shows a typical force
indentation curve with negligible adhesion and continuous approach (blue) and retract
(red) halves. However, we often observed force curves that had abrupt discontinuities. As
the crumples are not chemically bonded to the surface in our experiments, rolling or sliding
of crumples is possible when a large force is applied. The AFM tip can also jump abruptly
as creases lock into each other. This can render force curves inconsistent, cause abrupt
discontinuities in indentation and cause the AFM tip to twist and experience lateral forces
which can be easily monitored through the friction signal of the AFM. Such cases with
lateral forces were excluded from analyses. The AFM tip can also pick up bits of sheets
which can convolute with the mechanical behavior of the crumples. We obtained force
curves on Silicon surface before and after each experiment. Pushing against silicon is

analogous to indenting an infinitely hard wall and should result in no indentation. Any
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deviations indicated likely contamination of the tip which can be dropped off by scanning
on clean silicon or may require replacing the tip.
Results

In cases we obtained consistent force curves as shown in Figure 19(a), we observed

a large hysteresis between the approach and retract halves. The hysteresis in force-

indentation curves is a measure of energy dissipation during an indentation cycle and can

be attributed to several different reversible and irreversible mechanisms described further

in this study. To assess the deformation mechanisms and to calculate the mechanical

properties of the crumples it is necessary to apply contact mechanics models. Several

contact mechanics models exist to describe a wide range of tip-sample interactions. In

general, force-indentation curves can be qualitatively described as,

F o §™ (30)
where, F is applied force, ¢ is indentation and n is the power law exponent that reveals the

contact mechanics and the nature of mechanical response. The choice of appropriate
model requires knowledge about the geometry of the sample, geometry of the indenter and
the experimental strains induced during the force curves. Many individual crumples were
extensively characterized by SEM and AFM and were found to be spherical with radius
~150nm. In our experiments, the indenter was a commercial Silicon AFM tip whose shape
is a cone with a spherical apex of radius ~10nm. However, it has been shown
experimentally and theoretically that the sphere to cone transition during indentation
occurs for indentation values an order of magnitude greater than the tip radius[139, 140].

The experimental indentation was within ~40nm, which is on the order of tip radius,
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suggesting that interaction was predominantly limited to the spherical portion of the tip
and that the strains were small.

The validity of spherical indenter is further supported by our experimental force
curves. Using equation(30), the exponent was obtained from force-indentation curve in
Figure 19(a) as shown in Figure 19(A) inset. Clearly, there are three distinct deformation
regimes with power law exponents n being 1.219, 2.484 and 1.346 respectively, all of
which are significantly different from the expected power law exponent of 2 for a conical
indenter, thereby validating the choice of contact mechanics for a spherical indenter.
However, there are several different contact mechanics models for spherical indenters.
The choice from this point is purely dictated by the experimental results. The exponent at
low applied forces (n=1.219) is close to 3/2 indicating a linear elastic behavior under
Hertzian approximation. Mathematically, this is given as,

4 1 3
F = 3Yor R2, 87 31)

where, Yef is the effective young’s modulus of the tip-crumple contact, Ryip is the tip radius
and § is the indentation. Any deviation from this exponent bears clear indication to the
deformation mechanism. For instance, the exponent of the second regime, n=2.484, is
much higher than 3/2 suggesting strain hardening. This is likely due to more closer
packing of the creases under compression reflecting as the strengthening of the crumple.
Whereas, the third regime indicates a subsequent decrease in the exponent (n=1.346),
suggesting a strain weakening behavior likely due to plastic deformation during formation
of new creases. Thus, the three regimes in the crumple deformation behavior can be
identified as elastic (1), hardening (I1) and plastic (111).
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To decouple the irreversible and reversible interactions between the indenter and
the crumple, we performed fatigue test by repeatedly pushing on the crumple (Figure
19(b)). From the evolution of force curves as a function of iterations, we could observe
irreversible interactions by two means. First, the initial three regime behavior of the
crumples, steadily transitions into a two-regime behavior with the disappearance of the
plastic deformation regime. Tracking the exponents of the three regimes as a function of
iterations like in Figure 19(b) inset clearly demonstrates that the plastic deformation
regime (green diamonds) gradually blends with the hardening regime (red squares).
Second, as seen in Figure 19(b), the hysteresis between the approach and retract halves of
the force curves changes with repeated pushing. This change in hysteresis tracked as
function of iterations shows a steady decrease initially which stabilizes around 15
iterations (Figure 20 blue circles). The irreversible interactions can be attributed to
formation of new creases and reorganization of existing creases, both of which increase
the crease density of the crumple.

The hysteresis stabilized around 15 iterations and was reversible there on. Beyond
this point, no plastic deformation is observed. This is further supported by calculating the
indentation from force curves as a function of iterations as shown by red squares in Figure
20. The indentations gradually increase from 30.13 nm during the first iteration to 52.89
nm after 15 iterations indicating an irreversible change occurring to the crumple. Whereas,
there is no significant change in the indentation from the 15th iteration, after which, the

hysteresis and energy dissipation is also completely reversible. This can be attributed
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purely to heat or frictional dissipation due to high pressure sliding of the layers in the
crumple.

The total energy that went into creating creases can be calculated from Figure 20.
For each iteration, the irreversible energy component in making creases is the difference
between the actual energy dissipation at that iteration and the frictional dissipation energy.
The total energy therefore is the cumulative sum of crease formation energy from each
iteration. In the case of our crumples, the total crease formation energy was calculated to
be 55.76 keV which must have created multiple creases in the already crumpled graphene.
While the actual crease density cannot be measured without ex-situ techniques, this energy
from our force-indentation can still be related in a useful way to energy required to bend
flat sheets of graphene. Theoretical studies show that graphene exhibits a racquet type
bending (Figure 21(a) illustrates the cross section of an arbitrary fold)[124, 141-144]. The

total length of the fold (L1,:4;) is the sum of the flat (L,) and bent regions (L) given as,

Lrotqr = 2L + 2L, (32)
Bending a flat sheet of graphene is a competition between the adhesion between the flat

portion (L1) and bending rigidity from the curved portion (L2). Mathematically it can be

stated as,

Urotar = K(U]Bend X 2Ly) — (Uagnesion X 2L1) (33)
where, Urotal IS the total energy of folded graphene, Ugend is the bending rigidity of

graphene and Uadnesion is the adhesion energy of graphene. Generally, a stable fold
minimizes the total energy. Specifically, when a fold is made such that the magnitude of
adhesion energy from L is less than the magnitude of bending energy from L., the total

energy becomes positive and results in an unstable folded state which unravel
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spontaneously. Whereas, when the magnitude of adhesion energy is greater than that of
bending energy, the total energy is negative, and the fold is stable.

Molecular dynamics simulations based on the energy balance in equation(33) show
that graphene sheets must be sufficiently long to sustain a fold[143]. Specifically, when
the total length of fold cross section given by equation(32) is less than 6.5 nm, it cannot
sustain a fold and it would remain flat even on external perturbation. When the total length
is between 6.5 and 10.5 nm, folded states are metastable and unravel back to flat
morphology with external perturbations. When the total length is exactly equal to 10.5 nm,
folded state is more stable than flat graphene and hence it is thermodynamically preferable.
This scenario is special because at Ltotar = 10.5 nm, simulations show that L> must be 2.5
nm, meaning only one folded configuration is possible. Whereas, for sheets longer than
10.5 nm, a range of stable folded configurations are possible with varying values of La.
Nevertheless, irrespective of the total length, the minimum energy configuration always
has L2 = 2.5 nm.

The existence of a metastable and stable states makes it possible to describe the
folding process as a structural transformation from an initial flat state to a final folded state
with an energy barrier to cross over a metastable transition state. Generally, reaction
coordinate diagrams are utilized to describe the evolution of potential energy during
structural changes. The reaction coordinate is a parameter that tracks all the geometrical
changes occurring during the transformation. In the context of fold cross section
represented in Figure 21(a) we can choose overlap length as the reaction coordinate that

can effectively replace the lengths L1 and L to adequately describe the fold morphology.
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Figure 21(b) shows the reaction coordinate diagram for the fold process, where, the initial
flat state must acquire the activation energy barrier (Ea) to cross over the metastable state
and attain the stable folded state. The activation energy i.e. the difference between the
metastable state and the flat state is shown through MD simulations to be +30eV[143].
The transition state theory based thermodynamic description allows us to relate the energy
barrier to the energy dissipated during the force curve experiments in creating more
creases in the crumple. On the assumption that every fold process goes through the
metastable state to reach the final folded state, each fold consumes 30eV. Therefore, the
total energy spent during force curves (55.76 keV) should have resulted in nearly 1850
individual fold events, thereby increasing the overall crease density of the crumple
considerably.

As 2D materials essentially inherit their bending rigidity from their chemistry, the
critical sheet length for stable fold and the energetics of folding must depend on the
chemistry of the starting sheets. To explore the effect of chemistry, we performed our
force-indentation fatigue routine on several similarly sized graphene and graphene oxide
crumples. Figure 22, which shows two representative experiments each for graphene oxide
(open and closed black circles) and graphene (open and closed red squares), demonstrates
that the magnitude of irreversible component of energy dissipation for graphene oxide is
larger than that of graphene oxide. This suggests that, for the same experimental
conditions, crumpled graphene consistently converted a smaller fraction of input energy
towards making new creases than crumpled graphene oxide. This is consistent with

simulations and experiments that show that the bending rigidity of graphene is much
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higher than that of graphene oxide[145] and that presence of defects reduces the barrier to
folding and results in more stable folded configurations[146, 147].
Conclusion

Folding in crumpled materials is a random and complex phenomenon, where, the
folding mechanics and the cross section of fold has also been shown to vary with the
number of layers that are being folded. The critical folding length increases with number
of layers, whereas, the energy barrier for folding decreases with number of layers[141].
Crumpling also causes local stacking of multiple layers, mechanics and energy absorption
characteristics of which are significantly different from single layer bending. Observing
changes to surface and inner crease morphologies during compression of a nanometer
scale crumple is not trivial and requires specialized equipment. Conducting our force-
indentation routines within Scanning Electron Microscopes (SEM) and combining AFMs
with Transmission electron Microscopes will help assess the surface and sub-surface
structural evolution of crumples on compression.

In summary, we have demonstrated a robust ambient mode atomic force
microscopy routine to measure and monitor energy absorption characteristics of crumpled
graphene. Crumpled graphene shows a marked non linearity in force-indentation and
strain hardening with increased applied load. The hysteresis between the loading and
unloading halves reduces with repeated compressions and bears a measure of new crease
formation events. Our experiments allow direct comparison with first principles based
theoretical studies enabling us to quantify the energetics of the aggregate fold events.

Crumpling graphene results in a morphology capable of absorbing large amounts of
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mechanical energy, while still providing a large accessible surface area. Crumpled
Graphene converts a smaller fraction of input energy into creases than crumpled graphene
oxide, demonstrating that the energy absorption characteristics can be tuned by controlling
the extent and type of functionalization of graphene. The tunability of mechanical
behavior by control over chemistry and a large accessible surface area makes crumpled
morphology of 2D materials a promising candidate for applications in the fields of

reversible energy and material storage, chemical sensing and friction modification.
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Figure 18: A) Assilicon AFM tip pushes on crumpled graphene sample held on a rigid
silicon substrate. B) AFM image of a typical isolated crumple. C) SEM image of a
typical crumple.
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Figure 19: A) A typical force curve obtained on crumpled graphene sample. The
hysteresis (area between the approach and retract curves) is a measure of energy
dissipated during the interaction of the AFM tip and crumples. Inset shows the
regimes identified from log-log plot. B) Repeated force-indentation curves on a
crumple shows steady decrease in hysteresis during the first few iterations (specified
by number). Inset plots the exponents from each deformation regime as a function
of iterations.
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Figure 20: Hysteresis as a function of iterations (black circle). Indentation as a
function of iterations (red squares).
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Figure 21: A) Racquet type bending of graphene representing a fold as a competition
between adhesion and bending rigidity. Length L1 is in Adhesion and length L2 is in
bending. B) Graphene Fold process is represented as a structural transformation

with a finite energy barrier.
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CHAPTER V

A REACTOR FOR GRAM SCALE MECHANO-CHEMICAL SYNTHESIS

Introduction

Much of this dissertation has explored mechanochemistry at the atomic scale. We
showed that applied force can significantly alter the reaction conditions and accelerate the
processes. Applied force can also reduce the energy barrier for oxygen desorption and
adsorption on graphene. This chapter focuses on the design, operation and testing of a
novel reactor for gram scale mechanochemical synthesis, that can directly leverage
insights obtained from our nanoscale AFM experiments.

Although mechanochemistry is an ancient concept, some of the most significant
developments in mechanochemical synthesis took place only in the last three decades. The
primary driving force behind the efforts was the need to establish cleaner, safer and more
efficient material synthesis protocols to realize a future of sustainable green
chemistry[148-150]. Traditional solvothermal synthesis involves significant amounts of
expensive and hazardous solvents, leading to significant amounts of waste, environmental
and health hazards, and excess cost. Driving reaction through force provides an additional
and alternative route for producing a wide range of chemical compounds that requires little
or no solvents and is inherently scalable.

Current Trends in Mechano-chemical Synthesis

Mechano-synthesis protocols typically involve ball milling the starting reactants

with very little to no use of dissolution media. In its rudimentary form, a ball mill is a
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closed steel vessel containing hard metal or ceramic balls [151]. When the setup is
aggressively shaken or rotated, reactants enclosed in the vessel are ground by the metal
balls and are progressively fragmented. This continuous fragmentation introduces defects
in the materials and expose fresh surfaces which increases the chemical reactivity without
the use of liquid media. Several kinds of mills such as planetary mills, vibration mills, pin
mills and rolling mills were developed to increase the energy input to the reactants and to
facilitate continuous material processing[151].

Recent efforts include integration of in situ chemical measurement techniques such
as X-Ray Diffraction (XRD), Raman and Infra-Red Spectroscopy with high energy
milling[152-154]. One such real time Kinetics study of mechano-chemical MOF synthesis
using in situ XRD revealed a first order process pointing towards diffusion limited
Kinetics[155]. In situ studies have also been successful in revealing novel material
topologies and metastable intermediates previously unexplored [156]. Mechano-
chemistry even offers excellent stoichiometric control[157-160], unique synthesis routes
and products impossible to produce in solution media[161-163].

While there has been significant effort in developing sophisticated devices that can
both drive and monitor large scale mechano-synthesis, it is currently impossible to know
the magnitude or direction of the force vector on the reacting species, precluding deep
fundamental understanding of how force drives these important synthesis reactions. Most
studies describe the energy input to the reactants in parameters that are specific to the
design of the equipment driving the reaction and in units that are incompatible with

conventional thermodynamic descriptors. This lack of knowledge has largely limited the
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predictive power of mechano-chemistry, creating a significant bottleneck in the design of
chemical synthesis routes a priori.

Here, we introduce a device to apply precise forces on bulk materials in a
controlled fashion. We further test, for the first time, the following fundamental questions
of mechano-chemistry at the bulk macroscale: 1) how does the magnitude of the force
affect the rate of the chemical reaction under study, 2) does the direction of the applied
load relative to the impacting surface matter (i.e. is the reaction driven preferentially by
compression or shear)?, and 3) for cases where multiple reaction products are possible,
are the yields for these products sensitive to the magnitude and direction of load (i.e. can
we preferentially make one species by controlling load and its direction)?

Device Design

Our mechano-chemical reactor has tightly coupled hardware and LabView based
software routines to enable real time force control. The reactor has a steel sphere mounted
onto a vertical shaft which is powered by an AC motor (Figure 23). Reciprocating motion
causes the sphere to strike the sample stage. On impact, the stage slides away and the
attached shaft hits the force sensor. As a result, the entire sensor assembly on that side
moves away from the electromagnet and in turn engages the sensor assembly on the other
side onto its electromagnet. We record the impact transmitted from the sphere to the force
sensor in microsecond time resolution using a commercially available Data Acquisition
(DAQ) device and LabView. We achieve force control by tuning the strength of the DC
electromagnet assembly. A larger current essentially produces stronger magnetic fields

and holds the sensor assembly stronger. So, the sample stage experiences a larger impact
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force before it slides away. When the sphere reciprocates back and forth at high speeds
dictated by the VFD and impacts the stages repeatedly, our software lets us tune the
holding force of the electromagnet and automatically records each impact on both sides.
Below is a detailed description of all the sub-assemblies in the reactor.

The Actuator Assembly: The actuator assembly shown in Figure 24(a) is driven
by an AC motor controlled by a variable frequency drive (VFD). The VFD provides speed
control while maintaining torque which cannot be achieved with DC motors where the
torque and speed are directly related. The actuator is a threaded shaft with a steel sphere
(0.5-inch diameter) welded to one of its ends. The actuator is clamped to the reciprocator
using two hex nuts. A large linear bearing provides a seal during movement and prevents
sample spillage.

The Sample Assembly: The sample assembly shown in Figure 24(b) contains the
sample enclosure for holding sample, and two sliding sample stages. The sample stage is
threaded onto a shaft which impacts the force sensor. The sample stage is grooved and
fitted with Teflon rings to minimize friction during sliding inside the sample enclosure.

The Electromagnet Assembly: The electromagnet assembly shown in Figure 24(c)
contains a DC electromagnet (red) that is held in place inside the magnet enclosure. The
enclosure also hosts linear bearing to minimize friction of the sliding shaft. The holding
force of the electromagnet is directly proportional to the DC voltage applied to the
electromagnet. The magnet used in our study can provide up to 120N holding force.

The Force sensor Assembly: Force sensor assembly (Figure 24(c)) is held in place

by the electromagnet. When the sphere hits the sample stage and pushes it away, the shaft
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hits the force sensor. This impact overcomes the holding force and pulls the magnetic
piece (blue) away. Simultaneously, the force sensor records the impact with microsecond
time resolution.
Prototype Fabrication

Fabrication was done in the Fischer Engineering Design Center of Texas A&M
University (College Station, Texas). Figure 25 shows photographs of the prototype. The
actuator was driven by a Brook Crompton 1HP 3 Phase AC motor whose speed was
controlled by a single-phase input, three-phase output TECO-Westinghouse L510
Variable Frequency Drive (VFD). Electromagnets were made to order by APW Company
which has a maximum holding force of 120N at 24V and were powered by programmable
power supply PPS2116A purchased from Circuit Specialists. Impact profiles were
measured using FX 1901 force sensor and captured at 1IMHz sampling rate using an NI
USB-6363 DAQ, which also powered the force sensor via the SCB-68A break out box.
The VFD, power supply and the force sensor were triggered and controlled using LabView
while real time data analyses were performed using embedded MATLAB sub-routines.

Calibration and Testing

Impact Calibration: We calibrated the reactor at 10Hz operating frequency,
therefore causing 10 impacts per second on each sample stage. We recorded several impact
profiles (in volts at IMHz sampling rate) for electromagnet voltages ranging from 2-20 V
with 2V increments. Figure 26(a) shows representative impact profile at each voltage,
where, the impact profiles changed significantly with changing electromagnet voltage. The

impact profiles can be well approximated by a Gaussian fit which is to be expected
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for a single nearly elastic collision free of plastic deformations of colliding bodies. Any
improper fastening of parts or coarse sliding due to damaged bearings created multiple
successive collisions clearly observable in the impact profiles as multiple peaks. This
enabled us to monitor the mechanical integrity of the reactor continually throughout a
reaction. The impact profiles in voltages were then converted to force units using the
factory calibration curve for the sensor. The peak force for each impact was observed to
be linearly proportional to electromagnet voltage for both sensors (Figure 26(b)). At
10Hz, the minimum force our reactor can apply is 30N, whereas, the electromagnets
used in this prototype tune the force up to ~120N. The calibration routine was performed
before every experiment to ensure reliability and repeatability in measured forces.

Salt Particle Size Reduction: Almost all mechano-chemical synthesis protocols
involve grinding or comminution of reactant particles as the first step. It is therefore
essential to test the force dependence of particle size reduction. For this test, we used
sodium chloride (NaCl) crystals purchased from sigma Aldrich. Fresh samples were
mostly cubic crystals predominantly with 275um dimension as shown in Figure 27(a).
Whereas, we observed significant size reduction with grinding. For example,
Figure 27(b) shows much smaller particles after 2 min at 30 N. To systematize
the study, we measured the particle size distribution every 15s for up to 150s
and repeated the set at 30, 75 and 120N impact force. In all cases, we observed
that particles which were predominantly 275um in dimension changed into
100um in size over the course of grinding (Figure 27(c), (d) and (e)).
However, the kinetics of reduction showed a strong dependence on the holding force. At

30N, the transition occurred around 75 seconds, whereas, at 75 and 150N, the transition
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was as quick as 50 and 25 seconds respectively. This is more clearly illustrated by Figure
27(f) and (g) which plot the 275 um peak and the 100um peak as volume fractions as a
function of time. This preliminary result proves the capability of our reactor to control the
magnitude of the applied force.
Conclusion

We introduced a table top mechano-chemical reactor with force control and real
time impact monitoring to perform gram scale mechano-chemical synthesis. We used
tunable DC electromagnets to control the impact force, while measuring the collisions
with microsecond time resolution. The impacts follow a gaussian profile indicating that
the collision are near elastic and does not involve any plastic deformation of either the
actuator or the sample stage. This device enables us to quantitatively assess force-
dependence of mechano-chemical reactions, a feature that is not possible with existing
ball mills. To test the reactor, we monitored salt particle size reduction at different forces.
While the particles generally reduced in size at all forces, the kinetics of the process
strongly depended on the magnitude of compressive forces. By adding in situ chemical
measurement techniques, we can transform this prototype into an indispensable tool for

probing solid state reactions in both labs and other research facilities.
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Figures

Actuator Assembly

Force Sensor Assembly

Figure 23: Mechano-chemical reactor with force control. Hatched areas show
cutaway.
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Figure 24: Various Assemblies in the reactor. A) Sphere welded to a vertical shaft.
The horizontal shaft is powered by an AC motor. B) Sample enclosure containing
sliding sample stages. Teflon rings minimize friction due to sliding. C) Force
control assembly containing electromagnet and a magnetic piece. When the shaft
hits the force sensor, it overcomes the holding force and pushes the magnetic piece
away. Simultaneously, the force sensor records the impact with microsecond time
resolution. Hatched areas represent cutaway.
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Figure 25: Photographs of A) Sample Enclosure, B) Top View, C) Front View and
D) Right Side View.
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Figure 27: Results from Salt Particle size reduction experiment. A) initial optical
microscope image showing predominantly crystalline material. B) After 2 min of
grinding at 30N showing a significant size reduction. C, D and E) particle size
histograms for 30, 75 and 120N holding force. All three histograms show a size
reduction which is clear from the disappearance of 275 um peak and the
appearance of 100um peak. However, the Kinetics of size reduction is fairly slow at
30N, and it becomes faster with increasing holding forces. F and G) 275um peak
and 100um peak respectively shown as volume fractions as a function of time
exhibit clear force dependence.
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CHAPTER VI
CONCLUSIONS AND FUTURE DIRECTIONS
Introduction

This dissertation systematically explores the fundamental connections between
nanotribology, Nano mechanics and mechano-chemistry and examines the possibility of
describing them with a single theoretical framework based on chemical kinetics and
reaction dynamics. We provided a theoretical framework based on transition state theory
and chemical kinetics to describe chemical reactions simultaneously driven by heat, stress
and electric field (Chapter 1). With our work on thermal reduction of Graphene Oxide and
electrochemical oxidation of graphene (Chapter 2 and 3), we showed that friction strongly
depends on the surface chemistry. The Nano mechanics of crumpled graphene (Chapter
4) demonstrated that structural transformations and deformations at the atomic scale can
be described as thermally activated processes. The mechano-chemical reactor (Chapter 5)
aims at extending these insights to the gram scale by introducing force control. This
chapter points out interesting questions that stem from our studies and proposes future
directions in each discipline.

Friction-Composition: The phenomenon of friction has been studied for a few
centuries, yet, its physical and chemical origin is as elusive as ever. The very basic
empirical relationship, called Amonton’s law, that friction is proportional to the normal
force is widely used even today despite studies reporting many instances where this law
can be violated. Friction can depend on chemical composition of surfaces in contact,

direction of sliding and the environment[164-166]. Most studies pointing out such
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interesting trends in friction have been atomic scale AFM experiments due to the ability
to probe sliding between two well defined surfaces with exquisite control over force
applied between them.

Further, our studies qualitatively indicate that the friction contrast between
oxygenated graphene and pristine graphene is very different for mechano-thermal and
mechano-electrochemical reactions. Figure 28 shows sub 50 nm lines fabricated by
thermal reduction (Figure 28(a)) and electrochemical oxidation (Figure 28(c)). The
contrast between oxygenated graphene is ~2x for thermal reduction (Figure 28(b)),
whereas the contrast is ~6x for electrochemical oxidation (Figure 28(d)). This likely
indicates that friction also depends on the extent and type of functional groups on the
surface. By combining our tribology routines with orthogonal chemical measurement
techniques, we intend to explore the dependence of friction on the type and extent of
chemical composition quantitatively at the atomic scale.

Traditionally, Raman and IR spectroscopy are powerful tools to study the extent
and type of functional groups on graphene. Defect density of graphene can be assessed by
analyzing the Raman spectra of pristine and functionalized graphene. Whereas, absorption
peaks in IR spectroscopy are strong indicators of the type of functional groups on
graphene. Despite traditional Raman and FTIR are effective chemical analyses techniques,
their spatial resolution requires fabricating large features thereby rendering AFM based
experiments time consuming. Recent developments combine Raman and IR spectroscopy
with AFM techniques to break the diffraction limit and increase the spatial resolution.

Studies have shown that the defect densities in graphene can be monitored by TERS[167].
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Recent study shows that the type of functional groups can be mapped out on graphene
using AFM-IR[168]. Therefore, correlating friction evolution from our AFM routines with
chemical measurements such as AFM-IR and TERS will provide fundamental insights
into the relationship between friction and chemical composition.

Directionality of Force: One of the unique aspects of mechano-chemistry that
differentiates it from thermochemistry is that the direction of applied force can lead to
vastly different Kinetics and yet this aspect is largely unexplored in a systematic and
quantitative manner. Our framework of using friction to track chemical change can be
extended to study the kinetics and energetics of bond removal of oxygen cleavage on
graphene as a function of normal and shear forces in an AFM.

The normal force in an AFM can be tuned by changing the deflection of the
cantilever or in other words by simply pushing harder on the sample. An AFM tip is
essentially an end loaded cantilever beam whose spring stiffness in the vertical direction
can be calibrated through force deflection curves. With a known normal stiffness of the
beam, a very precise normal force can be applied on the surface. When an AFM tip pushes
on the surface the contact area increases, thereby increasing the quantity of interaction
between the tip and surface. Many contact mechanics models exist that can provide contact
area-Normal Force relationship[169]. While it is intuitive that sliding friction should
increase with increased quantity of contact, the exact relationship between friction force
and the contact area is complicated. Especially, an AFM experiment like ours which often

involves multiple asperities in contact and care should be taken to characterize the tip
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shape and to monitor tip wear frequently when directly measuring the Friction-Normal
Force relationship.

The lateral force on the other hand can be tuned by controlling the velocity of
sliding. Many studies have explored the dependence of lateral force (often called as
friction force) on sliding velocity[170, 171]. Generally, the sliding between an AFM tip
and a surface can be regarded as a series of thermally activated lattice hopping processes.
The resulting motion of the tip on a surface exhibits a characteristic saw-tooth like stick-
slip behavior. According to the Prandtl-Tomlinson Model, lateral force increases
logarithmically with sliding velocities. At sufficiently high sliding velocities however,
thermal activation ceases to be relevant and the lateral force becomes a constant value.

Chapters 1 and 2 describe how wear influences measured relative friction. We
showed at a preliminary level that relative friction can be used as a measure to monitor the
surface composition. With slight modifications to our experiments, wear processes can be
studied as a function of normal and lateral forces simultaneously by incorporating normal
and lateral load effects on friction. To test this, we probed mechano-chemical removal of
oxygen from graphene as a function of increasing velocity (lateral force) for various
applied normal forces (Figure 29). From the relative friction, which is a proxy for
composition, we can see that the wear process strongly depends both the normal and shear
loads. At extremely low normal loads (15, 25 and 50nN), we observed a transition velocity
beyond which wear accelerates. Conversely, there was no significant wear at low

velocities (shear forces). This transition velocity decreased with increasing normal loads
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and at high applied loads (175, 200 and 300nN), slow speeds and thereby low shear forces
were sufficient to initiate wear.

We hypothesize that there is a competition between the friction dependence on
wear and velocity. As friction increases with sliding velocity and mechano-chemical wear
leads to a friction decrease, a combination of these results in a characteristic transition
velocity observed in Figure 29. By incorporating these effects into the theoretical
framework described in Chapter 1, we can decouple the kinetics and energetics
dependence on normal and lateral (shear) forces.

Next Generation Mechano-chemical Reactor: Our current prototype introduced
normal force control and demonstrated dependence of comminution Kinetics on
compressive or Normal Force. This sets the stage to directly assess the fundamental
principles of mechano-chemistry at the gram scale. First, by choosing appropriate
candidate reactions, we can study the rates and energetics of chemical processes.
However, this requires us to continually monitor the products formed within the reactor.
While some mechano-chemical reactions exhibit a distinct color change which can be
sufficiently captured by timed snhaps or a video, most mechano-chemical reactions yield
products that can be identified only through spectroscopic tools. Therefore, by
incorporating in situ spectroscopic methods, our reactor can be greatly improved to rival
existing ball mills that possess similar features.

Second, we can add shear force control to the reactor by installing a separate motor
on the actuator shaft to rotate it at controlled speeds and torques. This enables us to test

the independent effects of shear and normal forces on reaction kinetics and energetics at
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the gram scale. Studies show that the products, their relative compositions and their
stabilities strongly depend on the type of ball mill[151, 172, 173]. This demonstrates at a
preliminary level that normal and shear force can have their own unique effects on
reactions. However, with precise control over the magnitudes like in our reactor and in
situ chemical monitoring, we can quantitatively interpret the results using the chemical

kinetics framework.
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Figure 28: A) Thermochemically reduced features on GO. B) Line scan through
features in A showing a 40% drop in friction. C) Electrochemically oxidized features
on pristine graphene. D) Line scan through features in C showing 6 times increase in

friction.
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Figure 29: Graphene oxide reduction as a function of shear force (Velocity) for
various applied normal forces.
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