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Abstract

Laser-induced heat and momentum transfer in nanostructure processing

Matthew J. Crane

Chair of the Supervisory Committee:
Assistant Professor Peter J. Pauzauskie

Materials Science & Engineering

The ability to engineer materials with precise atomic structure represents one of the major

challenges in chemistry and materials science. Steps toward this goal have led to applications

in medicine, chemistry, physics, and engineering. Among the many possible synthetic pa-

rameters, light with wavelengths close to nanomaterial's size plays an increasingly important

role due to its ability to resonantly target nanomaterials and to create highly non-equilibrium

environments to explore new chemistry. Here, we leveraged Mie theory, chemistry, and pho-

tothermal e↵ects to drive phase transformations in carbon and to assemble nanomaterial

heterostructures.

In the first part of this work, we developed a bottom-up method to synthesize doped

nanodiamond with defects defined by small molecules. To demonstrate this process, we

synthesized carbon aerogels doped with small molecules and drove a phase transformation

at high pressures with photothermal heating. Photoluminescence revealed that the small

molecules doped into the carbon aerogel persisted as active color centers in the nanodiamond

product. These results open the door for designer defects that are precisely controlled by

the stereochemistry of the molecular dopant, rather than thermodynamics. In addition,

microscopy studies of the doped nanodiamond also revealed the incorporation of noble gas

pressure media, which were previously thought to act only as spectators, challenging the

existing view of the high pressure community.



By leveraging the rapid timescale of photothermal heating, we also synthesized a new

form of carbon with a rhombohedral unit cell, belonging to the Pban space group. We have

tentatively named the phase Pban-carbon.

In the second part of this work, we used light in the form of an optical trap, to manipulate,

align, and assemble nanomaterial building blocks into complex heterostructures. To expand

the range of accessible nanomaterials, we conducted these experiments in organic solvents for

the first time. The fivefold decrease in thermal conductivity in organic solvents compared to

water led to a nonlinear increase in temperature. We measured these temperatures optically

with ratiometric quantum dots and used them to solder germanium nanorods together with

bismuth nanocrystals.
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Chapter 1

INTRODUCTION

The control over a solution or material's temperature remains one of the most useful

handles to understand and to manipulate matter: the temperature of a reaction dictates the

extent of a reaction through thermodynamics, the rate at which it progresses via kinetics,

and the di↵usion of reactants or products as they arrive or leave. An understanding of

these complex phenomena through Fourier's Law and Fick's Law has enabled the synthesis

of compelling new materials and chemicals and the creation of new technologies [1]. In

addition, it has facilitated the growth of materials with structures smaller than their mean

scattering phonon length or their Bohr-exciton radius. The confinement of materials to

dimensions below their mean scattering phonon length or their Bohr-exciton radius has

produced interesting phenomena that have become the topic of extensive research across a

range of fields [2, 3]. However, it is challenging to manipulate and to grow structures at the

nanoscale, where strong forces dominate. For instance, how does one assemble and attach

nanomaterials together, observe reactions at a single site, or place dopants in structures

with atomic precision? Fortunately, we have developed new technologies to process and

to analyze at smaller and smaller scales. Light-based techniques have become one of the

premier methods for the large scale manufacture, study, and manipulation of nanostructures.

Because the area of manipulation depends only on the light wavelength, single-mode lasers are

used extensively in VLSI semiconductor processing, diagnostics and therapeutics, biological

labeling, super resolution techniques, and laser refrigeration to name a few examples [3–6].

If the process is intensity- or temperature-dependent, we can surpass the di↵raction-limit by

leveraging light-matter interactions and analytical heat transport such that reactions occur

only at the center of focused beam [7]. Despite these advances, we still struggle to accomplish
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seemingly-easy “bulk” processing tasks.

In part, this is due to the challenge of understanding how heat and mass di↵usion occur

at the nanoscale when phonons are confined and electrostatic and curvature e↵ects dom-

inate. For example, phonon scattering at interfaces of materials can lead to a Kapitza

resistance; curvature-dependent thermodynamics causes Ostwald ripening of nanoparticles

and diameter-dependent melting temperatures; and, light-matter interactions change the

rate of radiative heat loss in nanostructured materials [8–10]. How heat flows in nanoscale

structures strongly impacts both existing processes such as semiconductor manufacturing

and integrated circuit operation as well as emergent technologies such as forming dopants

in diamond and studying kinetics of chemistries like supercritical-fluid-liquid solid (SFLS)

nanowire growth [11].

1.1 Dissertation overview

My PhD research uses light-matter interactions to lay the foundation for exploring these

processes and leverages the results to engineer new complex materials. In particular, my

PhD work investigates laser-induced excitation, heating, and scattering in nanomaterials to

drive phase transformation, to modify the kinetics of chemical processes, and to assemble

nanoparticles. Broadly, radiation-based heating excels in these endeavors because it provides

a contact-free method to heat samples below the di↵raction limit while avoiding substrate

e↵ects. Additionally, generating heat in low conductivity environments can produce high

temperatures without high temperature equipment, an advantage that was recently used to

fully reduce graphene oxide to graphene and to synthesize highly monodisperse gold nanorods

[12, 13]. In this report, my research on these topics is separated into two distinct sections:

high pressure, high temperature (HPHT) diamond anvil cell research and optical trapping.

The breadth of my PhD work focused on developing a bottom-up method for synthesizing

doped nanodiamond. Chapter 2 introduces the motivation for these experiments and places

Chapters 3 to 5 in context. Briefly and in collaboration with many excellent scientists, I

employed a doped carbon aerogel, a microporous amorphous carbon gel, as a precursor for



3

nanodiamond formation at HPHT conditions in a laser-heated diamond anvil cell (DAC). I

demonstrated that dopants added into the carbon aerogel precursor persisted as active color

centers in the recovered nanodiamond by targeting SiV� and argon-based defects. This

portion of my thesis concludes with the observation of a new phase of carbon, which we

tentatively name Pban-carbon, formed by modifying the kinetic pathway to diamond with

rapid laser heating. Di↵raction measurements imply that Pban-carbon is a rhombohedral

phase of carbon with a predominantly sp3 structure. Initial theoretical studies suggest that

I-carbon is a semimetal.

Next, Chapter 6 outlines experiments conducted with an optical trap, which is a high

irradiance, laser-based technique that allows for simultaneous manipulation of a nanometer

or micrometer scale particle in three dimensions. The optical trap is an excellent tool to

interrogate and to assemble single nanomaterials into complex devices. I expanded the

optical trap to non-aqueous solvents and measured the temperature of optically-trapped

silicon and germanium nanowires for the first time. I used the results of this experiment to

assemble bismuth nanocrystal-germanium nanowire heterostructures freely in solution.

My thesis concludes with a side project, where I leveraged the high surface area and

electrical conducitivity of pyrolyzed carbon aerogel and the high capacitance of transitional

metal dichalcogenides to produce a supercapacitor. Chapter 7 details the rapid synthesis

and evaluation of carbon aerogel-TMD composites for supercapacitor applications.
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Chapter 2

DIAMOND ANVIL CELL

The ability to access high pressure environments has provided a glimpse into new phases

of materials with exotic properties, including phases of silicon with direct band gaps [14],

materials with core electron bonding [15], topological insulators [16], and high-temperature

superconductivity [17]. Examining these unexpected behaviors enables the rational predic-

tion and design of new materials. In general, varying the pressure modifies the Gibb's free

energy through the pV term,

G(p, T ) = U(p, T ) + pV � TS(p, T ) (2.1)

which can often approach or exceed the bond energy. Non-intuitively, this does not always

yield the closest packed structure.

One particularly interesting goal of high pressure research that well-illustrates the evo-

lution of the field is the search for a metastable superconducting hydrogen phase with a

Tc around room temperature [18]. In pursuit of superconducting hydrogen, scientists have

resorted to extreme means to exert high pressures, including the use of a light-gas gun to

launch a projectile at a chamber of liquid H2, measuring the solution conductivity before

its destruction [19], and pulsing a sample with Sandia Lab's Z-machine, which is capable

of generating large pulsed currents (20 MA) and magnetic field densities (10 MG) [20]. In

comparison, the diamond anvil cell (DAC) is a much more convenient tool, which consists of

two counterposed diamond anvils, aligned planar to each other, which act as the ceiling and

floor of the final chamber (Fig. 2.1). Driving the anvils together generates pressure. The

relative ease of generating pressure has made the DAC the tool of choice in the search for
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Figure 2.1: Schematic of the Boehler-Almax DAC used in our lab and these experiments.

superconducting H2 [21] and other high pressure experiments, including ours.

In a typical DAC experiment, we dimple a metal gasket, typically rhenium, to a thickness

of 30-40 µm with the anvils and drill a 80-100 µm hole in the center of the dimple with an

electronic discharge machine. This hole becomes the walls of the pressure chamber. We then

align the drilled gasket onto one of the anvils and load individual samples into the vessel.

Finally, we add a pressure medium around the sample and drive the anvils together, until

they press against the gasket to seal both the pressure media and the samples inside the

cell. Because they rely on static, rather than dynamic forces to generate force, DAC's are

highly portable and samples can be characterized with a range of techniques, including PL,

Raman, absorption, and XRD at high or low temperatures. By patterning electrodes onto the

anvils before sealing the chamber, a full range of galvanostatic measurements are accessible.

Unlike other techniques, the pressure vector can be modified by using di↵erent pressure

media: employing non-hydrostatic pressure medium produces a pressure field normal to the

anvils, while employing a hydrostatic pressure medium produces a uniform pressure field

normal to the sample's surfaces. In these experiments, we use argon, which acts as a near-

hydrostatic pressure medium up to approximately 18 GPa. DAC experiments commonly use

laser-heating to produce the high temperatures necessary to drive phase transitions because

of the ease of optical access and the challenges of resistive heating within the confined space.
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2.1 Diamond properties and applications

When considering HPHT conditions, diamond often comes to mind for good reason. By all

metrics, diamond is an extraordinary material: mechanically, diamond is the hardest material

and has an extremely high thermal conductivity; chemically, diamond is inert in a range of

cell lines and its surface can be modified via simply wet-chemistry techniques; aesthetically,

diamond shines the brightest at a jewelry shop [22–24]. These superlatives have accelerated

research in diamond synthesis, among the most popular of which are CVD, plasma, and

HPTP based approaches. We are specifically interested in diamond as an electronic material

and as a host for unique color centers.

2.1.1 Diamond as an electronic material

Diamond exhibits a wide bandgap of 5.5 eV, high electron and hole mobilities (>3500

cm2V�1s�1) and impressive saturation velocities (>0.8 107cms�1) at room temperature, and

a predicted breakdown field strength above 10 MVcm�1 [25] (Fig. 2.2a). These combined

properties make diamond the premier material for high frequency field e↵ect transistors, high

power switches, Schottky diodes, and devices that are beyond the scope of current operating

conditions due to dielectric breakdown. However, we have been unable to identify a stable

n-type defect for diamond or engineer a process to create theoretically-proposed defects [27].

This is largely due to unexpected relaxation e↵ects, which push the donor levels deep into

the band gap (Fig. 2.2b) and the dense carbon lattice (3.5 gcm�3), which prevents the

di↵usion of atoms with a molecular weight greater than carbon [28]. In particular, these

limitations make it impossible to produce high-energy heteroatomic defects such as the LiN4

and NSi4 [29, 30] with current technologies.

2.1.2 Diamond as a host for color centers

Despite these challenges, more than 100 di↵erent color centers have been identified in di-

amond, spanning the periodic table from hydrogen to rare earth elements, including noble
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Figure 2.2: Log-log plot of combined electron and hole mobility of a range of semiconductors
verses their bandgaps to illustrate breakdown voltage. Reproduced from data in [26].

gases [31]. The characterization and manipulation of these dopants in diamond has generated

a wide range of applications spanning quantum computing, sensing, and cryptography [32,

33], the determination meteoritic samples'interstellar origins [34–36], and biolabeling [23].

Many properties of the diamond lattice enable these applications.

The dense diamond lattice exhibits a wide band gap, small spin-orbit coupling, and re-

stricts heteroatom defect di↵usion at temperatures far above the diamond-graphite phase

line at atmospheric pressure. For example, a common defect in diamond, substitutional

nitrogen, does not di↵use at temperatures below 2000 °C [28]. In quantum sensing appli-

cations, this low di↵usion coe�cient enables the reliable use single-defects like the nitrogen

vacancy center (NV�) to optically measure local spatiotemporal variations, which modify

the defect's spin precession rate, without fear of color center migration over long time scales

[32]. The NV� center, in particular, has emerged as a promising qubit because of its long

T2* lifetime at room temperature, its ability to be optically initialized, manipulated, and

read out, and its lack of photobleaching [24]. Similar applications in quantum cryptography

have been proposed for the negatively-charged, silicon-divacancy (SiV�) center due to its
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narrow zero phonon line (ZPL), which emits greater than 90% of its photons, compared to

5% in NV� at room temperature.

In astronomy and geological studies, the low di↵usion coe�cient and extreme synthesis

conditions enable nanodiamonds (C�), the most abundant presolar material currently identi-

fied, and bulk diamonds to act as highly stable time capsules [35, 36]. The dopants trapped

in the lattice of these crystals can be studied to fingerprint the diamond's formation envi-

ronment and history. For example, dopants in diamond have identified the redox state of

the earth's crust and mantle [14, 37], enabled thermobarometery of diamond crystallization

[38], revealed thermal and chemical properties of the forming solar systems accretion disk

[36, 39].

Beyond quantum, astrophysical, and geological applications, nanodiamonds have quickly

become popular in a range of applications, again, largely due to their ease of synthesis and

surface functionalization and biocompatibility [23]. For example, nanodiamonds have been

used in composites for their mechanical properties [40], as drug-delivery vessels for cancer

therapies [41], as tissue sca↵olds and surgical implants for their ability to promote bone

growth [42], and have been proposed as protein mimics to make artificial nucleosomes [43].

Here, the low diamond di↵usion coe�cient enables nanodiamond to act as highly stable

luminescent centers without photobleaching.

2.2 Diamond synthesis and doping

2.2.1 Current methods

While the dense, stable diamond lattice is ideal for applications, the high temperatures

and long time scales necessary for di↵usion make di↵usion doping impractical at ambient

condition: temperatures of 2000 °C exceed kinetic barrier of metastable diamond, which

rapidly graphitizes above 800 °C.

The most common synthetic strategy to produce nanodiamonds employs dynamic (< 10

ns) high-pressure, high-temperature (HPHT) conditions to nucleate nanodiamond grains.
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For example, detonation nanodiamonds form within a shockwave produced by the confined

detonation of a high explosive [23]. As the shockwave propagates, the supersaturated car-

bon vapor rapidly condenses into nanoscale liquid droplets that homogeneously nucleate

nanocrystalline diamonds. Ultrasound cavitation, laser ablation, and shock waves all gener-

ate similar conditions and lead to nanodiamond formation [44–46]. The doping of nanodia-

monds synthesized with these dynamic processes occurs by varying the chemical composition

and bonding of the carbon precursor, which provides a potential route to influence the for-

mation of optically-active, heteroatomic point-defects [47, 48]. However, the brief duration

of the HPHT conditions generated in these methods produce a wide range of lattice defects

and result in the unintentional incorporation of heteroatoms from the synthesis chamber.

This lack of synthetic control ultimately limits the optoelectronic application of detonation

nanodiamond materials [49].

Bulk diamond films grown via chemical vapor deposition (CVD) exhibit significantly

greater chemical purity and electronic quality in comparison with detonation nanodiamond.

In this process, a high energy plasma breaks down a mixture of carbon and hydrogen

molecules into individual, gaseous sp3 carbon atoms. The selective addition of sp3-bonded

carbon atoms onto a substrate seeded with diamond with concomitant etching of graphite

by hydrogen yields diamond growth driven by kinetics at low pressures. Directly adding

dopants to the precursor feed deleteriously influences the kinetics to modify the growth di-

rection and or the product. More significantly, the plasma completely dissociates species in

the precursor feed causing dopants to incorporate non-deterministically at random locations

and without their initial stereochemistry, limiting the ability of this approach to produce

heteroatomic defects.

Because modifying the growth feedstock curtails diamond synthesis and lacks control

of heteroatomic defect formation, post-growth ion implantation of CVD diamond films is

often used to add heteroatomic dopants. Ion sources can achieve a high degree of spatial

dopant control through the use of masks and stopping and range of ions in matter (SRIM)

calculations [50]. This process relies on Poisson statistics, SRIM calculations, and masking
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techniques to control color center generation [33]. Subsequent thermal annealing and acid-

washing can mitigate lattice damage, remove sp2 carbon, and drive carbon-vacancy (Vc)

di↵usion to generate optically-active defects [50, 51]. In addition, recent advances with

pulsed lasers have enabled a high precision of Vc incorporation to potentially replace this

annealing step [52]. Subsequent ball milling or etching of CVD-synthesized diamond films can

produce nanodiamonds via a top-down approach with similarly high quality as the original

films, as evidenced by the long T2* lifetimes in the resulting nanodiamonds [53]. However, it

has remained a challenge to use CVD methods to create complex, polyatomic defect centers

in diamond, due to the decomposition of ion sources as they penetrate the diamond lattice.

The static, HPHT synthesis of diamond also can yield bulk crystals with electronic prop-

erties similar to ion-implanted CVD diamond. In fact, during the first attempts at industrial-

scale bulk, HPHT diamond synthesis, nanodiamonds were an unexpected byproduct. The

direct HPHT synthesis of nanodiamonds was not pursued again until recently [54–58]. Re-

search on bulk HPHT diamond during this 50-year hiatus realized a range of important

discoveries including the use of catalysts to decrease the pressures and temperatures re-

quired for diamond production, the observation that di↵erent carbon precursors can form

diamond at less extreme conditions, and the ability to incorporate dopants into diamond by

simply mixing them into the carbon precursor [56, 58–62].

Recently, nanodiamonds were synthesized at HPHT in a laser-heated diamond anvil cell

from a carbon aerogel precursor, a nanostructured sol-gel of amorphous carbon aerogel that

is produced with solution-phase chemistry [56]. In this approach, the absorption of a near-

infrared laser increased the temperature of the amorphous carbon aerogel precursor at ele-

vated pressures to drive a phase transition from amorphous carbon to diamond nanocrys-

tals. The authors hypothesized that the use of a carbon aerogel precursor confined diamond

nucleation and growth to yield a nanocrystalline product. In addition, the nanodiamond

product contained optically-active NV� and SiV� defects, which were thought to stem from

atmospheric and glassware impurities. Intriguingly, this observation suggests that sol-gel

chemistry can be used to control dopants in diamond. Sol-gel chemistry provides many de-
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grees of freedom for precise heteroatomic doping beyond what is possible in ion implantation

of CVD diamond. However, a number of challenges remain in understanding the laser-driven

HPHT formation of diamond including the kinetics of photothermal heating, the interplay

between temperature and atomic di↵usion during growth, the potential for Ostwald ripening

during extreme photothermal heating, and the concentration of lattice defects [55, 59, 63].

2.2.2 High pressure, high temperature nanodiamond doping

In my PhD work, I sought to develop a bottom-up technique to synthesize doped nan-

odiamond without ion implantation. In this process, we proposed to overcome diamond's

low di↵usion coe�cient by first synthesizing a doped amorphous carbon precursor and then

converting it to diamond at HPHT conditions. This would allow us to deterministically in-

tegrate the desired dopant into carbon while it is thermodynamically stable with traditional

synthetic techniques, rather than rely on ion implantation into a metastable substrate. If di-

amond grows without significant dopant di↵usion in the precursor, this bottom-up approach

could enable the formation of designer defects with structure dictated by the stereochemistry

of the small molecule dopant, rather than relying on ion implantation and Poisson statistics.

Similarly, if diamond grows without significant Ostwald ripening, bottom-up doping would

enable the control of defect location both within the nanodiamond grain and relative to other

dopants.

To develop this bottom-up nanodiamond doping approach, we sought to understand the

origin of silicon defects from previous HPHT experiments on carbon aerogel precursors and

the photothermal e↵ects associated with diamond growth in an HPHT environment. These

experiments are the topic of Chapter 3. We leveraged the results of these experiments

to demonstrate deterministic silicon doping by controllably incorporating silicon-containing

small molecules into carbon aerogel precursors. To demonstrate the e�cacy of bottom-

up dopants, we demonstrated optical pressure metrology with the silicon color centers. In

addition, we investigated the role of the traditionally-inactive noble gas pressure medium

on doped nanodiamond formation to illustrate that the pressure medium itself can form
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defects within the diamond lattice. This represented the first time that noble gas pressure

media have been recovered at ambient conditions and questions the widely-held assumption

of pressure media inactivity. These experiments are the topic of Chapter 4. Finally, we show

that rapid, stepped heating of the carbon aerogel opens alternate kinetic pathways. Using

spherical aberration corrected electron microscopy, we identify a new phase of carbon. These

results are the topic of Chapter 5.
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Chapter 3

PHOTOTHERMAL EFFECTS DURING HPHT
NANODIAMOND SYNTHESIS

3.1 Introduction to HPHT diamond formation

As outlined in Chapter 2, the two primary mechanisms of diamond formation involve either

thermodynamic nanoscale e↵ects or highly non-equilibrium processing, both of which inhibit

polyatomic dopant incorporation and patterning1. In this first class of synthesis, detonation,

laser ablation, or ultrasound cavitation, among others, generate high local temperatures and

pressures to produce nanodiamonds, driven by the thermodynamic stability of diamond over

graphite at high curvatures [23]. In the second class of synthesis, plasma-enhanced chemi-

cal vapor deposition (PECVD) dissociates a carbon and hydrogen precursor mix, creating a

range of hydrocarbon species. Selective deposition of sp3 carbon species and hydrogen termi-

nation results in diamond growth driven by kinetics [64]. For both cases, defects incorporate

randomly, generating an uncontrolled range of dopants [33]. In addition, unintentional dop-

ing from reactants or reaction vessels is common. For instance, substitutional nitrogen (Ns),

negatively-charged nitrogen vacancy (NV�) and silicon divacancy (SiV�) defects can form

in PECVD, detonation, and HPHT diamonds from atmospheric N2, reactants, and silicon

reaction vessels [65, 66]. Inductively-coupled plasma analysis has identified the presence

of more than 27 di↵erent elements at up to 1000 ppm average concentration in detonation

nanodiamond [49].

The synthesis of nanodiamond from a carbon aerogel precursor at HPHT conditions of-

fers an alternate method to produce doped diamond. However, nanodiamond synthesized

1This chapter is currently under review with the title, ”. It is comprised of work from Matthew J. Crane,
Bennett E. Smith, Peter B. Meisenheimer, Xuezhe Zhou, Rhonda M. Stroud, E. James Davis, and Peter
J. Pauzauskie.
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via this method contained both NV� and SiV� defects, and the source of both impurities

was unknown [56]. In addition, the influence of the photothermal heating e↵ects on the nan-

odiamond product, including phase conversion conditions and the temperature-dependence

of color center formation, were not reported.

In this chapter, we present a predictive photothermal model of HPHT nanodiamond

synthesis from an amorphous carbon aerogel precursor in a laser-heated DAC. Using Mie

theory, we develop an analytical model of heat transport to quantify the maximum tem-

peratures during nanodiamond formation. By correlating temperatures during phase con-

version with Raman and photoluminescence, we identified that the nanodiamond-carbon

aerogel phase boundary sits between 12 and 16 GPa and 1600 to 1800 K. This is signifi-

cantly below the uncatalyzed graphite-diamond phase boundary [67]. Analytical modeling

and irradiance-dependent blackbody (Planck) emission showed that the solid argon pressure

medium melts to form a thermally-insulating, supercritical fluid during the synthesis. In

addition, the photoluminescence of nanodiamond synthesized at the lowest laser irradiance

did not exhibit NV� centers, while PL at the highest temperatures contains NV� defects.

A temperature- and pressure-dependent CV⌦ model for vacancy di↵usion suggests that NV

formation depends on Vc di↵usion to substitutional nitrogen atoms, which is modified at

HPHT conditions.

3.2 HPHT nanodiamond formation

3.2.1 Aerogel synthesis, doping, and characterization

We synthesized the carbon aerogel by dissolving resorcinol (Sigma-Aldrich) in acetonitrile

(EDM Millipore) and adding formaldehyde (37 wt. % in H2O with methanol stabilizer,

Sigma-Aldrich), followed immediately by hydrochloric acid catalyst (37 wt. % Macron Fine

Chemicals) to avoid basic conditions that can etch SiO2 glassware [68]. The final molar

ratios of acetonitrile, formaldehyde, and HCl relative to resorcinol were 100:1, 2:1, and 1:10,

respectively [69, 70]. This solution was quickly placed into a Branson 1510R-DTH ultrasonic
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Figure 3.1: A schematic of the aerogel synthesis with either basic or acidic catalysts (a) and
a visual abstract of the silicon doping hypothesis (b).

cleaner for 30 minutes, and then removed and allowed to gel for about 24 hours, during

which the gel turned light pink. The acetonitrile solvent was exchanged by washing with

ethanol 4 times over 5 days. To make the Erbium-doped aerogel, an aerogel sample was

submerged in 0.1M ErCl3 in ethanol and placed in a freezer for 28 days to allow for di↵usion

of ErCl3 into the pores after solvent exchange. Aerogels were then dried in an autoclave

filled (E3100, Quorum Technologies) with supercritical CO2 to prevent collapse of the pore

structure (Figure 3.1a). Finally, the gels were pyrolyzed under N2 at 900 °C for 4 hours to

remove oxygen species. The gel surface area was measured with a NOVA 2200e.
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3.2.2 Diamond anvil cell loading, heating, and spectroscopy

A Bohler-Almax plate DAC with 0.300 mm diameter culets was prepared by dimpling and

drilling a rhenium gasket to a hole diameter of 120 µm. The gasket, which acts as the walls

of the pressure chamber, was then carefully aligned into the DAC, which acts as the roof

and floor of the pressure chamber. Gels were lightly ground in aluminum foil and transferred

into the gasket with a Marzhauser Wetzlar nanomanipulator. Finely ground rubies were also

added to measure pressure through optical emission of the Cr3+ crystal field levels. Gaseous

argon was condensed with liquid N2 and added to the DAC as a near-hydrostatic pressure

medium. The liquid argon infiltrates the aerogel's pores during this process, allowing the

gel to maintain its morphology throughout the phase transformation to diamond [56]. DAC

pressure was incrementally increased to a final pressure of 16.3 GPa as shown in S5. We

detected pressure in situ by exciting a ruby crystal placed in the cell and measuring the 2T1 to

4A2 Cr3+ emission, which has a well-documented pressure dependence. During compression

to 16.3 GPa [71], the argon pressure medium undergoes a phase transition to solid, face-

centered cubic argon [72].

Laser heating in the DAC was accomplished with a solid-state Nd:YAG (BL-106C, Spec-

tra Physics) focused via a Mitutoyo 50x objective (0.55 NA) using a polarized beam splitter

cube. Raman and PL were collected with a home-built setup comprised of a Coherent

compass 532 nm laser, the aforementioned Mitutoyo objective, and focused onto an Acton

SpectraPro 500i spectrometer with a Princeton Instruments liquid N2-cooled CCD detector.

Planck emission was collected with an Ocean Optics USB2000 spectrometer. These spectra

were fit to Wien's approximation, and the result of this linear fit was used as the starting pa-

rameter for a nonlinear fit to Planck's law. All spectra were collected and intensity-corrected

with an Ocean Optics HL-2000 intensity calibration lamp and wavelength-corrected with an

argon lamp.
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3.3 Laser-directed spatial control of HPHT nanocrystalline diamond forma-

tion

To dope diamond, we synthesized an amorphous carbon aerogel [73] precursor with a con-

trolled molecular composition, which we subsequently pressurized and laser-heated in a DAC.

The carbon aerogel used here exhibits an interconnected, three-dimensional network of amor-

phous carbon spheres (12.9 ± 3.4 nm diameter, Figure 3.5a) with a high surface area (311.6

m2g�1), low thermal conductivity, and broadband spectral absorption [74, 75]. Previously

reported HPHT diamond aerogels contained both NV� and SiV� defects [56]. It has been

suggested that NV� and SiV� defects were incorporated from adsorbed atmospheric N2

and silicon atoms etched from glassware during the aqueous, base-catalyzed (pH=8.4) cross-

linking process. Here, we used an acid-catalyzed sol-gel cross-linking reaction [69, 70] within

a polypropylene vessel to investigate the origin of silicon doping. To further study the role

of di↵usion in doping, we deposited erbium onto the surface of the carbon sols via ErCl3

in acetonitrile. We then loaded the aerogel into the DAC using argon as a near-hydrostatic

pressure medium. Because it infiltrates the gel's pores before further compression to solid

argon, argon allows the nanostructured carbon to maintain its morphology during phase

conversion [76]. With this methodology we can directly probe dopant incorporation without

relying on dynamic or non-equilibrium processing typically involved in nanodiamond syn-

thesis. During heating, the aerogel's temperature rose with increasing laser irradiance until

it reached the melting point of argon, 1383 K at 16.3 GPa [72]. After argon melted, the

temperature quickly spiked to a maximum (1-2 s peak duration), due to the decrease in

supercritical argon's thermal conductivity (Figure 3.3). The diamond phase conversion tem-

perature is constant at a range of irradiances due to self-limiting absorption of amorphous

carbon following the formation of nanodiamond.
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Figure 3.2: Diamond-graphite phase diagram with kinetically-accessible regions (a). The
dotted region labeled shows the direct graphite-to-diamond phase transition. The light cyan
region represents the phase diagram for a 1.2 nm diameter diamond nanocrystal, and the
orange area represents the experimental region for catalyzed graphite-to-diamond phase con-
version. The dark purple dots represent the successful synthesis of diamond from amorphous,
non-graphite carbon starting materials. A schematic of spectroscopy system for laser-heating
and Raman experiments (b) and the laser-heated DAC (c), with an expanded view of ruby
and aerogel under hydrostatic compression by solid argon (d).
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3.4 Photothermal nanodiamond formation

Upon heating above 1800 K, transparent regions appeared in the carbon aerogel with new Ra-

man scattering modes—480, 1130, 1370, 1410 and 1550 cm�1—corresponding to the forma-

tion of diamond coated with amorphous surface material, graphite, and transpolyacetylene,

which are common in HPHT diamond synthesis (Figure 3.4) [56, 58, 59, 77, 78]. We distin-

guished potential PL from Raman scattering by observing peak shifts for Raman modes with

varying excitation laser wavelength. SAED, TEM images, and EELS spectra of the carbon

aerogel after HPHT processing showed crystalline structures composed of sp3 carbon with

a small amount of sp2 carbon and a 2.06 Ålattice spacing, corresponding to nanodiamond

with sp2 surface reconstruction (Figure re�g:CAPT4). The EELS spectra also contain a dip

at 302.5 eV, characteristic of cubic diamond's second gap. The minimum conditions (16.3

GPa and ⇠1800 K) to drive the phase change of carbon aerogel to nanodiamond are among

the lowest reported, as illustrated in Figure 3.2 [58, 59, 61, 79]. In a separate experiment

at 12.0 GPa and identical irradiances, there was no evidence of phase conversion, suggest-

ing that the carbon aerogel–nanodiamond phase line sits between 12.0 and 16.3 GPa and

1340 and 1800 K. These relatively mild conditions are likely due to the amorphous carbon

starting material and the rapid heating conditions. Amorphous carbon lacks long-range crys-

talline structure, which lowers the kinetic barrier present between other carbon allotropes

like graphite (⇠0.4 eV) and diamond, even at high pressure [80, 81]. The rapid heating of

the carbon aerogel upon melting of the argon pressure medium may prevent graphitization

that occurs in resistively-heated HPHT experiments prior to the formation of cubic diamond,

thereby lowering the pressures and temperatures required for phase conversion [59, 79].

This rapid heating may also enable the observation of new allotropes of carbon and will

be the focus of future studies. However, this also suggests that the thermal gradients dur-

ing photothermal heating due to the variation of the irradiance within the Gaussian laser

(or the di↵usion of heat away from the beam spot) may influence phase conversion to dia-

mond. Indeed, while most recovered material predominantly contained nanodiamond, some
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grains exhibited greater concentrations of graphite accompanied by a small amount of carbon

onions. Carbon onions were not observed in recovered material with large concentrations

of nanodiamond (Figure 3.5b). These data suggest that thermal gradients exist during the

synthesis and that sp2 domains likely form in lower temperature regions. Because the syn-

thesis conditions are insu�cient to drive phase conversion from graphite to nanodiamond,

graphite represents a kinetic dead end and cannot produce diamond during subsequent direct

photothermal heating.

Interestingly, the large thermal gradients due to the high thermal conductivity of solid

argon and low thermal conductivity of carbon aerogel resulted in localized heating that

limited phase conversion to a small area (Figure 3.4). By varying the irradiance, the carbon-

aerogel could be heated to a temperature greater than 1800 K. Heating at 47 MWcm2 and

rastering over the aerogel produced a diamond line-width of 8.5 ± 0.3 µm. Heating and

rastering at 22 MWcm2 produced a diamond line width of 4.0 ± 0.6 µm. To the best of the

author's knowledge, this is the highest resolution of diamond film patterning to date [82].

3.5 Modeling pressure-dependent defect formation

The PL spectra of nanodiamonds synthesized at average temperatures above 1480 K showed

a ZPL at 610, phonon sidebands centered at 650 nm, and a lifetime of 8.2 ns, characteristic of

an NV� center under hydrostatic pressure at 16.3 GPa (Figure 3.4). This is consistent with

prior reports at pressure [83, 84]. Surprisingly, NV� production was not observed in nanodi-

amond formed with an average temperature up to 1340 K. Because the diamond formation

temperatures are self-limiting and constant (1950 K average) irrespective of irradiance, the

temperature-dependence of NV� formation is likely not due to size or surface e↵ects. Elec-

tron paramagnetic resonance, optical absorption, and PL spectroscopy studies have shown

that nitrogen initially incorporates in diamond as a substitutional (Ns) defect, which is im-

mobile at pressures above 6 GPa for temperatures ¡2000 K [28]. Comparably, neutral carbon

vacancy defects in diamond are highly mobile, and they di↵use upon annealing until they

meet Ns, where they ultimately form low-energy NV� defects. Annealing-induced vacancy-
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Figure 3.3: Time-dependent, Planck-fit temperatures during laser irradiation of carbon aero-
gel at a pressure of 16.3 GPa at 17.6 MWcm�2, which melts argon, and 12.4 MWcm�2,
which does not melt argon (a). The dotted line represents the average temperature at 12.4
MWcm�2 and the solid line represents the argon solid-liquid phase line. The inset shows
an image captured during laser heating. The time-averaged and maximum temperatures
measured during the laser heating of carbon aerogel inside the DAC at di↵erent irradiances
(b). The orange, blue, and purple panels represent the phase space where the aerogel did
not undergo a phase change, where cubic diamond formed without NV, and where cubic di-
amond formed with NV defects, respectively. The average temperature error bars represent
the standard deviation from at least 60 spectra collected over a 30 s period; the maximum
temperature error bars represent 95% confidence interval fits to Planck's Law.
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Figure 3.4: Dark field images before (a) and after (b) aerogel heating in the DAC at 16.3
GPa, respectively. Heating on the left side of (b) at 47 MWcm�2 yields a diamond line-width
of 8.5 ± 0.3 µ m (orange dotted line); heating on the right side of (b) at 22 MWcm2 (blue
dotted line). The bottom right corner shows a large area of heating at 53 MWcm2 (purple
dotted line). Scale bars in both images are 10 µ m. Raman from the heated areas (c) and
characteristic emission (d) from diamond after subsequent heating and excitation at 1 mW
and 532 nm normalized to the graphite g-band. The black arrow shows the NV� ZPL at 16.3
GPa and the decay inset shows time-correlated single photon counting at this wavelength.
These data are fit with two time constants at 1.2 and 7.0 ns. The sharp peaks centered at
700 nm is due to the 2T1to4A2 crystal-field transition of Cr3+ in the ruby pressure sensors.
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di↵usion is commonly used to generate NV� defects, and the temperature dependence of this

process at atmospheric pressure is well documented [33, 85]. However, the neutral vacancy

di↵usion coe�cient decreases significantly with increasing pressure due to compression of

the diamond lattice. In addition, while the carbon aerogel in this work was laser-heated

in 30 second intervals, diamond films are typically annealed for ⇠2 hours to produce NV�

centers. Using theory to model vacancy di↵usion at 16.3 GPa and a probability distribution

function solution for 3D di↵usion, we estimate that vacancies will consistently activate NV�

defects at ⇠1350 K (Table 3.1) [28, 86, 87]. Details of this calculation are shown in Appendix

A. This boundary is consistent with the observed temperature range for NV� formation,

considering potential variations in Ns concentration. These observations suggest that the for-

mation of NV� centers in laser heated diamond occurs via the di↵usion of carbon vacancies

to nitrogen, which is initially incorporated as Ns below 1 wt-%, and that we can accurately

predict these conditions [88, 89]. Interestingly, this also implies that varying the pressure

could provide the ability to control defect formation. Finally, while there have been recent

reports on strain-alignment of defects, we do not anticipate any preferential alignment due

to the near-hydrostatic nature of the argon pressure medium [90].

Table 3.1: Obseved and calculated regions of NV formation from cB⌦ theory

At 1 atm (K)2 Observed (K) At 16.3 GPa (K)

Vacancies
become mobile

870 - 1070

NV centers
begin to form

1070 1480 1350

High quality NV
centers form

1470 1700 1950

In all previous HPHT diamond aerogel syntheses, SiV� defects with a ZPL at 738 nm

consistently formed; however, in these experiments, we did not observe any SiV� emission

at any conditions. These previous HPHT diamond aerogel reports used a carbon aerogel
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Figure 3.5: Bright field TEM images of carbon aerogel before (a) and after (b) HPHT
treatment and the electron energy loss spectrum (c) of the HPHT treated carbon aerogel. The
selected area electron di↵raction (inset) before HPHT treatment shows amorphous material,
while the pattern after HPHT treatment indexes to cubic diamond. The labels 1-6 correspond
to the measured values and (hkl) indices of (1) 2.06 Å(111); (2) 1.29 Å(220); (3) 1.09 Å(311);
(4) 0.92 Å; (5) 0.83 Å(331); and (6) 0.75 Å(422).
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precursor that was synthesized under mild basic conditions using silica glassware; whereas,

in the experiments reported here, we carefully avoided silica glassware and employed an

alternative acidic catalyst. These observations suggest that silicon incorporates into the

carbon grains as silicic acid during polymerization by basic etching of the silica glassware

[68],

SiO2(s) + H2O(l)
pH��8.4,40 °C��������! H2SO4(aq) (3.1)

which yields SiV� centers upon conversion to diamond. To further investigate if di↵usion-

doping of nanocrystals is possible at HPHT, we deposited ErCl3 on the precursor carbon aero-

gel surface. Erbium forms a bright, high quantum e�ciency dopant in a range of materials

[6, 91]. However, erbium emission was not observed in the nanodiamond product, despite ex-

citation and attempted-observation with ultraviolet, visible, and near-infrared spectroscopy.

These observations demonstrate that it is possible to eliminate SiV� formation by avoiding

silica-based reaction vessels and suggest that di↵usion limits incorporation of large atomic

radii dopants, even for nanoscale carbon.

3.6 Nanodiamond growth model

To understand the nanodiamond formation mechanism and quantify the resolution of defect

control, we developed an analytical solution for the temperature within a carbon sphere upon

irradiation. It is important to note that the resolution of the phase transformation depends

not on the spot size of the laser [7], but rather on the ability of the carbon precursor to support

large internal temperature gradients. Thus, the temperature distribution, which is a function

of the pressure medium, carbon precursor, and heating laser dictate the ultimate resolution

of diamond synthesis and dopant formation. To solve for the temperature distribution, we

apply Mie theory to obtain the internal electric field [92] and use this solution as the source

term in the energy balance, given by

⇢Cp

dT

dt
=

1

r2

✓
kr2

dT

dr

◆
+

1

r2 sin ✓

d

d✓

✓
k sin ✓

dT

d✓

◆
+

1

r2 sin2 ✓

d

d�

✓
k
dT

d�

◆
+ S (r, ✓,�) , (3.2)



26

where T is the temperature, r, ✓, and � are the radial coordinate, polar angle, and azimuthal

angle defined in Figure 3.6, and k, ⇢, and Cp are the thermal conductivity, density, and

heat capacity of the carbon sphere. For highly absorbing spheres in the Rayleigh limit [92],

the source function, S, is only a function of r. Consequently, at steady state the internal

temperature is only a function of r, and the one-dimensional energy equation becomes (for

constant thermal conductivity evaluated at the mean temperature of the sample)

d

dr

✓
r2
dT

dr

◆
= �S

k
r2 (3.3)

The temperature is bounded at r = 0, and the boundary condition at the surface is a

combination of conductive and radiative heat losses given by

�k
dT

dr

��
r
= R =

kAr

R
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�
T 4

R
� T 4

1
�
, (3.4)

where T1 is the bulk mean temperature of the surroundings, � is the Stefan-Boltzmann

constant, and kAr is the argon thermal conductivity evaluated at the surface temperature,

Tr. The radiation may be modified by writing

T 4

R
� T 4

1 = (TR + T1)
�
T 2

R
+ T 2

1
�
(TR � T1) . (3.5)

The solution of the energy equation becomes
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where the Biot number is defined by
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The surface temperature is then given by

TR = T1 +
SR2

3kBi
, (3.8)

which is determined by solving equations 3.7 and 3.8 simultaneously. Based on the analy-

sis of TEM images (Figure 3.5a), we modeled the carbon aerogel as spheres with 12.9 nm

diameters. The results of this model provide several important insights. First, the tempera-

tures achieved within carbon grains depend strongly on the thermal conductivity of the argon

pressure medium, which melts to form supercritical argon during photothermal heating. The

thermal conductivity of supercritical argon at these conditions is challenging to predict. We

bound the temperatures by using extrapolated, temperature-dependent gaseous (1 atm) and

solid (16.3 GPa) thermal conductivities to calculate maximum and minimum temperatures,

respectively. This analysis suggests the maximum internal temperature to be between 1750

and 2200 K during photothermal heating at 18 MWcm�2 (Figure 3.6). However, based on the

experimental conditions, we expect the supercritical argon to exhibit gaseous characteristics

[93, 94] and anticipate that temperatures will be closer to 2200 K, which is consistent with

observed temperatures. Using this assumption, the photothermal heating of isolated carbon

spheres with diameters above 10 nm can drive a phase transition to diamond in supercritical

argon. Below 10 nm, both collective absorption and lateral heat insulation are required to

produce diamond. Synthetic control over the monodispersity of carbon spheres above 10 nm

would enable the most precise resolution of nanodiamond formation by selectively converting

material at the center of the focused, laser beam [7]. However, leveraging pressure and the

pressure medium to adjust thermal conductivity will tune this size range.

Second, there exists a large temperature gradient throughout the individual carbon grains

during photothermal heating, and the maximum occurs in the center of the carbon spheres

(Figure 3.6). At this pressure, diamond nucleates and grows [80], rather than forming via

a di↵usionless mechanism. We predict that diamond nucleates at the sphere's center and

growth continues outward, until the decrease in absorption due to phase conversion of amor-
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Figure 3.6: Temperatures calculated within a single amorphous carbon sphere with a refrac-
tive index of 1.5 - 1.0i and thermal conductivity of 0.05 Wm�1K�1 in supercritical argon
(refractive index 1.6) at 18 MWcm�2 for solid and gaseous argon (c). To account for sphere-
sphere heating, we set to 1380 K, the melting point of argon at 16.3 GPa. Based on analysis
of TEM images (Figure 3.5a), we modeled the carbon aerogel as spheres with 12.9 nm diam-
eters. The iterative solutions for gaseous and solid argon yielded thermal conductivities of
0.066 Wm�1K�1 and 0.88 Wm�1K�1, respectively. The inset shows the coordinate system
for temperature calculations within a single amorphous carbon sphere upon irradiation from
the bottom of the sphere.

phous carbon (n=1.5-1.0i) to diamond (n=2.4-0.0i) inhibits further conversion. This process

traps Ns defects, which can later be converted to NV�, and coats the surface in the graphitic

or amorphous carbon found in Raman scattering and previously observed via x-ray absorp-

tion.

3.7 Conclusions

Progress in the development of nanodiamond materials for quantum computing and sensing

applications increasingly relies on improving synthetic methods to enable precise control

in the formation of point defects in the nanodiamond's crystal lattice. Experimental and

theoretical results presented here show that nanodiamond formation from carbon aerogel
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can occur at 1800 K and 16.3 GPa. A combination of Mie theory and analytical heat

transport predict that nanodiamond synthesis occurs after the argon pressure medium melts

to form a supercritical fluid with low thermal conductivity. The thermal insulation from

the supercritical argon causes rapid local heating of the carbon aerogel, likely leading to

nucleation at the center of amorphous carbon grains, and subsequent radial growth until

conversion to diamond limits further heating. Eliminating glassware during sol-gel synthesis

suppressed the formation of SiV� centers, allowing the production of defect free diamond.

This sets the stage for the controllable reintroduction of color centers back into diamond.

In addition, the temperature-dependent formation of NV� centers and CB⌦ model suggest

that nitrogen initial incorporates substitutionally and subsequent vacancy di↵usion drives

the formation of NV�. The low thermal conductivity of carbon aerogel enables the highest

reported resolution of phase conversion of amorphous carbon to diamond with a spatial

resolution of 4 µm. The methodology presented here opens the door to diamond synthesis

below the di↵raction limit through high-resolution photothermal phase control [7].
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Chapter 4

BOTTOM-UP, MOLECULAR DOPING OF NANODIAMONDS

4.1 Introduction: applications and challenges of dopants in diamond

As discussed in Section 2.2, the characterization and manipulation of dopants in diamond

has generated a wide range of applications spanning quantum computing, sensing, and cryp-

tography [32, 33], the determination of interstellar origin in meteoritic samples [34–36], and

biolabeling [23], due to the remarkable properties of the diamond host1. The dense diamond

lattice exhibits a negligible immune response, maintains a wide band gap, and, notably, re-

stricts heteroatom defect di↵usion at temperatures far above the diamond-graphite phase

line at atmospheric pressure. While the low di↵usion coe�cient of the diamond lattice rep-

resents a challenge for doping diamond, it is a boon for applications, where defect stability

enables highly fidelity quantum sensing and the fingerprinting of presolar nanodiamond. For

example, the isotopic abundance of noble gasses and nitrogen atoms in nanodiamond has

allowed for characterization of supernova and presolar accretion disk formation [35, 36, 95].

Across these applications, ion implantation remains the dominant method to introduce

dopants into diamond because it can deterministically generate single heteroatom color cen-

ters and overcome the diamond's low di↵usion coe�cient. In addition, the ion implantation

of single heteroatomic dopant species has no atomic restrictions: accelerated noble gasses

work just as well as accelerated transition atoms. These are not just academic goals. Defects

across the periodic table, including noble gasses for color centers for quantum applications

and enable to study of presolar nanodiamonds. We note with great foreshadowing that,

despite the critical role of noble gas in nanodiamond, there are no studies regarding the

1This chapter is in preparation and will be published. It is comprised of work from Matthew J. Crane,
Alessio Petrone, Ryan Beck, Matthew B. Lim, Xuezhe Zhou, Xiaosong Li, Rhonda M. Stroud, and Peter
J. Pauzauskie.
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conditions that lead to noble gas incorporation within the lattice at HPHT conditions [95,

96].

The results in Chapter 3 demonstrated that removing dopants from carbon aerogel pre-

cursors prevented the formation of silicon dopants in nanodiamond produced by HPHT

conditions. While intuitive, those experiments were an important proof of concept. In this

chapter, we leverage those results to deterministically incorporate silicon atoms into the

diamond material as SiV� centers by introducing a silicon-containing small molecule into

the carbon aerogel precursor. We propose a bottom-up methodology to dope diamond by

first synthesizing a doped amorphous carbon precursor and then converting it to diamond

at HPHT conditions in a noble gas environment. This allows us to integrate the desired

dopant into carbon while it is thermodynamically stable with traditional synthetic chem-

istry techniques, rather than rely on ion implantation into a metastable diamond substrate

and investigate noble gas incorporation at HPHT. We find that elements incorporated into

a nanostructured carbon precursor remain in the recovered diamond product. In addition,

pressure-dependent PL and DFT show that of SiV� color centers can act as a pressure sensor

in a laser-heated diamond anvil cell even after high temperature annealing, which damages

traditional pressure sensors [97]. Finally, by employing an argon pressure media and study-

ing the nanocrystals with EELS and EDS, we observe that the traditionally-inactive argon

incorporates throughout the throughout the nano and microscale diamond product in all

samples. This observation challenges the traditionally-held view that noble gas pressure

media remain chemically and physically inactive throughout HPHT experiments, even af-

ter recovery at atmospheric conditions. Most importantly, this allows us to tune dopants

across the full range of the periodic table without ion implantation for the first time, and,

we anticipate, will open the door to a wide range of new designer dopants.
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4.2 Materials and methods

4.2.1 Doped carbon aerogel synthesis

We synthesized carbon aerogels by adding resorcinol (Sigma-Aldrich, St. Louis, MO,

USA), formaldehyde (37 wt-% methanol-stabilized aqueous solution, Sigma-Aldrich), and

hydrochloric acid (37 wt-%, Macron, Center Valley PA, USA) to acetonitrile (EMD Milli-

pore, Billerica MA, USA) to achieve a molar ratio of resorcinol to formaldehyde, hydrochloric

acid, and acetonitrile of 1:2, 8.4:1, and 1:76. For silicon-doped carbon aerogel, we added

tetraethyl orthosilicate (98 wt-%, Acros Organics) at a final molar ratio of 4.5⇥ 10�9 M. We

transferred the solution to a Branson 1510R-DTH ultrasonic cleaner until the gel turned a

light pink and solidified, typically 30 minutes. We then exchanged the acetonitrile solvent

with ethanol 4 times over 5 days and dried the gel with supercritical CO2 in an autoclave

(E3100, Quorum Technologies, Laughton, East Sussex, UK) to prevent pore collapse due to

capillary pressure. Finally, we pyrolyzed the gels at 1000 °C for 4 hours to remove oxygen

moieties from the gel.

4.2.2 High pressure, high temperature synthesis

To achieve HPHT conditions, we employed a laser-heated Boehler-Almax plate DAC with

0.300 mm diameter culets. First, we dimpled a rhenium gasket from 250 µm to 30 µm and

drilled an 80 µm hole in the center of the gasket using an electronic discharge machine to

form the walls of the high-pressure chamber. We then returned the gasket to the DAC and

used a Marzhauser Wetzlar nanomanipulator equipment with a tungsten probe to transfer

carbon aerogel and finely-ground ruby crystals into the DAC's cavity. The carbon aerogel

and ruby act as a diamond precursor and pressure monitor, respectively. To remove adsorbed

species from the aerogel, we placed the DAC into a sealed chamber and flowed argon over it

for at least 30 minutes. Afterward, we used liquid nitrogen to condense the flowing argon and

subsequently tightened the DAC to trap liquid argon in the DAC's chamber. By condensing

liquid argon from an argon environment, we infiltrate the carbon aerogel precursor's pores
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with gaseous and then liquid argon to maintain the aerogel pore structure as much as possible.

We laser heated the DAC using a ytterbium-based, 1070 nm IPG photonics YLR laser

focused with a NIR-corrected Mitutoyo 50x objective (0.55 NA). The laser rapidly heated the

aerogel precursor, and we simultaneously collected Planck emission from 250 to 900 nm with

a fiber-coupled Ocean Optics USB2000 spectrometer and 1000 nm dichroic mirror, which

was calibrated with an Optics HL-2000. To calculate temperatures, we fit the wavelength-

and intensity-corrected spectra with Wien's Law and used this solution as the initial guess

for a full nonlinear Planck's solution in Matlab. We collected Raman and PL using a home-

built microscope comprised of a Coherent compass 532 nm laser, a Mitutoyo 50x objective

(0.55 NA) and an Acton SpectraPro 500i with a Princeton Instruments liquid nitrogen-

cooled detector. In addition, we measured some Raman data with a Renishaw inVia system

equipped with a Leica DMIRBE inverted microscope and a 785 nm excitation source.

4.2.3 Microscopy methods

Scanning transmission electron microscopy, including high-angle annular dark-field imaging,

was performed with a Nion UltraSTEM 200X operated at 60 kV. This instrument is equipped

with a Gatan Enfinium ER energy loss spectrometer, and a Bruker XFlash100, 0.7sr energy

dispersive X-ray spectrometer. The nominal probe conditions were 50 pA -100 pA with a

0.15 nm probe. For carbon core loss fine structure determination, a dispersion of 0.05 eV/ch

was used, which provided an energy resolution of 0.4 eV, as measured by the FWHM of

the zero loss peak. Transmission electron microscope bright field images and selected-area

electron di↵raction were taken on an FEI Tecnai G2 F20 at an accelerating voltage of 200

kV.

4.2.4 Computational methods

Computational studies were performed using the Gaussian electronic structure package [98].

A nearly spherical C119SiH104 nanodiamond (⇠1.2 nm in diameter) was constructed with a

bulk fcc lattice parameter of a = 0.357 nm [99] and hydrogen atoms were used to passivate
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the surface carbon atoms and to saturate surface dangling bonds, according the procedure

presented in the Reference [84].

The SiV center in diamond consists of a silicon atom and a vacancy in a split-vacancy

configuration [100, 101]. The SiV center was thus created by removing two carbon atoms

near the center of the nanodiamond along the < 1, 1, 1 > axis of the model, and positioning

the silicon at the center of the resulting divacancy in a local D3d environment, as observed in

previous computational studies [102–104]. In this work, we focus on the reduced SiV� center,

whose ground state has been shown to be a doublet. The ground-state electronic structures

were obtained by solving the Kohn-Sham equation using the hybrid Becke, 3-parameter,

Lee-Yang-Parr (B3LYP) density functional [105–107] with a 6-31g(d) basis set. This theory

level has been previously validated for the description of the electronic structure and optical

properties of both pure and nitrogen vacancy doped nanodiamonds of the same dimensions

[84]. Several models were prepared to investigate the e↵ect of uniform hydrostatic pressure

by shrinking the lattice parameter uniformly using the lattice constants from Reference [108].

4.3 Bottom-up synthesis of silicon and noble gas dopants

To study the incorporation of dopants at HPHT conditions, we synthesized a nanostructured

carbon aerogel precursor with a controlled chemical composition, and subjected it to HPHT

conditions in a laser-heated DAC with an argon pressure medium, as shown in Figure 4.1

[56, 73]. BF-TEM and SAED in Figure 4.1 demonstrate that the aerogel consists of 6.8 ± 1.9

nm amorphous carbon grains. We tuned the chemical composition of the aerogel grains by

adding TEOS molecules directly to the mixture as it gelled (Figure 4.1a). EDS confirmed that

silicon dopants were incorporated throughout the carbon precursor material. To synthesize

diamond, we placed the doped carbon precursor into a diamond anvil cell and condensed

solid argon within the high-pressure chamber to infiltrate the microstructure of the aerogel

(Figure 4.1b). We subsequently pressurized the cell above 20 GPa to thermodynamically

favor diamond formation and drove grain growth by heating above 2000 K with a near-

infrared, continuous laser (Figure 4.1c) [67].
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Figure 4.1: Carbon precursor doping mechanism and characterization. (a) Schematic repre-
senting the synthesis and doping of carbon aerogels, including BF-TEM image with SAED
inset. Dopants are introduced alongside resorcinol and formaldehyde incorporate within the
carbon aerogel grains. Upon conversion to diamond at high pressure and high temperature,
dopants remain inside the diamond lattice as color centers. (b) EDS spectra of the carbon
aerogel as synthesized show only the presence of carbon, silicon, and oxygen. Copper signal
comes from the TEM grid. (c) Schematic showing a 1070 nm heating laser or polarized
532 nm Raman and photoluminescence laser focused into the pressurized diamond anvil cell,
which is loaded with a carbon aerogel precursor, ruby for pressure measurements, and a solid
argon pressure media, contained by a rhenium gasket.
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To characterize the recovered material, we examined BF-TEM, SAED, and EELS. We

found that the recovered material exhibited nanocrystalline domains with interlayer distances

corresponding to cubic diamond (Figure 4.2b). The nanodiamond grain sizes ranged from 1

- 200 nm, indicating that significant carbon di↵usion occurs during HPHT synthesis, which

was likely enhanced by the high synthesis temperatures that surpass the melting point of

argon at 20 GPa (1580 K) [72]. The carbon K-edge EEL spectra of pure diamond has a

characteristic near-edge structure with prominent �⇤ peak at 290 eV a dip at 302.5 eV [109].

The carbon K-edge spectrum of the recovered material contained both features, further

indicating that the HPHT treatment formed cubic diamond, as well as a small pre-edge

peak at 285 eV. This pre-edge feature corresponds to a ⇡⇤ excitation associated with sp2

carbon [35, 109]. Raman scattering from the recovered material exhibited peaks related to

cubic diamond (A1g, 1332 rel cm-1) and sp2 carbon (E2g, 1600 rel cm-1) [77]. As observed

in previous HPHT and CVD experiments, this sp2 carbon likely stems from nanodiamond

surface reconstruction and incomplete sample heating due to the self-limiting absorption of

amorphous carbon as it converts to diamond [56].

EDS and EEL spectroscopy allow us to measure the chemical composition of the recovered

nanodiamond and confirm the presence of dopants, including nitrogen, silicon, and argon.

The Z-contrast of STEM-HAADF images identify individual atoms and clusters (Figure

4.2a). Combined, these data unambiguously demonstrate that silicon dopants added to

the carbon aerogel precursor remain in and/or on the nanodiamond product after heating,

despite significant grain growth. The presence of argon within the recovered material, despite

decompression to atmospheric pressure, transfer to a TEM grid, and analysis at ultrahigh

vacuum conditions, demonstrates robust incorporation within the diamond lattice, rather

than surface adsorption.
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Figure 4.2: Structural and chemical characterization after HPHT synthesis. (a and b) STEM-
HAADF and BF-TEM illustrate the microstructure of the recovered diamond material. Ar-
rows in the STEM-HAADF image point out example impurity atoms (mostly argon and
silicon), and the inset in panel (b) contains SAED, corresponding to diamond. In addition,
(b) exhibits 2.08 Ålattice spacings. Index SAED shows d spacings (miller indices) of 2.08
Å(111), 1.27 Å(220), 1.08 Å(311), 0.89 Å(311), 0.83 Å(311), and 6, 0.74 Å(422). (c and d)
STEM-EELS and STEM-EDS of the region displayed in (a) showing the silicon L-edge and
carbon K-edge, and elemental composition, respectively. The small concentration of alu-
minum likely comes from trace amounts of ruby during laser heating. The Cu peak is from
the sample grid and STEM pole piece. The inset in panel (c) displays the carbon pre-edge
features and the argon L2,3 peak.
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4.4 Argon dopants and implications for high pressure experiments

We observed argon in all recovered samples synthesized at a range of pressures and temper-

atures from 20 to 25 GPa and 1800 to 3000 K. While other reports have demonstrated the

e↵ect of noble gas pressure media on samples at elevated pressures, such as partitioning of

helium in SiO2 [110], this is the first confirmation of noble gas incorporation and recovery

from HPHT [111]. These results suggest that the aerogel structure allows argon to incorpo-

rate within its micropores during compression and that grain growth during laser heating

traps these atoms within the lattice. For optoelectronic color center applications in diamond,

this represents a new methodology for the incorporation of noble gas defects, e.g. xenon, for

quantum computing and sensing [112]. In addition, noble gas pressure media are almost ex-

clusively used in HPHT experiments because they remain hydrostatic to high pressures and

are chemically and physically inert [113]. The incorporation of noble gas pressure media into

materials at HPHT conditions challenges the view of complete inactivity, and could explain

hysteresis e↵ects in prior DAC experiments [114]. It could also provide an explanation for

how noble gas atoms are incorporated into nanodiamonds in astrophysical environments.

4.5 Silicon-vacancy photoluminescence and applications for optical metrology

The PL spectra of all the recovered material contain optically-active color centers from NV

centers (Figure 4.3). The shoulders at 575 and 637 nm and the broad feature centered at

700 nm are uniquely characteristic of NV0 and NV� ZPLs and phonon side bands, which

have been observed in multiple HPHT reports due to atmospheric N2 incorporation [56, 83].

PL signal from the argon is neither observed nor expected [115]. However, the silicon-doped

carbon aerogel contains a peak at 739 nm, corresponding to the SiV� color center, that

is not present in undoped carbon aerogel [116]. These observations confirm that dopants

added to the carbon aerogel precursor persist within the nanodiamond lattice and provide

a new mechanism for engineering dopants in diamond. Both SiV and NV are lower energy

states than their substitutional silicon and nitrogen counterparts due to lattice relaxation,
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Figure 4.3: Photoluminescence of color center. (a) Photoluminescence and Raman scattering
of recovered nanodiamond synthesized from the TEOS-doped carbon aerogel after depres-
surization and removal from the DAC. Labels denote diamond Raman scattering, and NV0,
NV�, and SiV� color center ZPLs. (b) High resolution spectra of the SiV� region comparing
TEOS-doped and undoped carbon aerogels.
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as observed in Jahn-Teller distortion of the lattice [103, 117]. Unlike ion implantation,

which requires annealing to drive vacancy di↵usion to activate incorporated heteroatoms,

optically-active color centers form immediately upon HPHT conversion to diamond. This

suggests that as the diamond lattice forms around the heteroatomic silicon and nitrogen

atoms, the lowest energy structure forms immediately. While silicon atoms have been doped

into diamond before, the process involved ion implantation or complete chemical breakdown

in a plasma which limited controllable heteroatom defect formation [33]. This bottom-up

approach illustrates the possibility of a new doping paradigm for diamond where molecular

dopants can be designed with the precise heteroatomic stoichiometry and three-dimensional

stereochemistry to create a wide range of multifunctional polyatomic point defects. Future

studies will track the ultimate location of atoms from a single small molecule upon conversion

to diamond. These investigations will clarify whether dopants remain kinetically trapped in

the diamond lattice or di↵use significantly during the phase transformation—that is, whether

the final defects reflect the stereochemistry of the small molecule or not.

As discussed above, color centers in diamond are attractive materials for optical sensing

applications due to their high stability in the chemically inert diamond lattice [83]. Due

to its narrow linewidth, the SiV� center may act as a high-resolution pressure sensor. To

evaluate the defect for optical pressure metrology and illustrate the e�cacy of bottom-up

doping, we collected pressure-dependent photoluminescence (Figure 4.4a) spectra, which

reveals a 0.95 meV/GPa slope from 0 to 25 GPa. We employed ab initio calculations to

model the pressure-dependence of the SiV� by fully simulating a nearly-spherical C119SiH104

nanodiamond (1.2 nm in diameter) containing a SiV� defect under the e↵ect of the uniform

hydrostatic pressure with density functional theory using the —Gaussian electronic structure

package [98]. These theoretical results predict a 0.8 meV/GPa shift from 0 to 25 GPa, in

close agreement with experimental observations. Extending the simulation up to 140 GPa

demonstrates the viability of optical pressure metrology with SiV� to high pressures. To date,

the high quantum e�ciency, narrow linewidth d–d transitions of Cr3+ in alumina (ruby) have

made it the nearly-ubiquitous choice to measure pressure at high pressure DAC experiments
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Figure 4.4: Evaluation of SiV� center for optical pressure manometry. (a) Experimental
SiV� ZPLs and (B) the B3LYP/6-31G(d) average energy di↵erences of the molecular orbitals
which exhibit largest contributions to the absorption peak responsible for the ZPL at di↵erent
pressures. Error bars for both pressure and ZPL energy sit within the circular markers.
The insets in (b) illustrate the contour plots (0.025 isodensity) of the LUMO (top) and
the HOMO-2 (bottom) molecular orbitals (the largest contribution) of a SiV� containing
nanodiamond (C119SiH104), oriented perpendicular to the diamond <1,1,1> axis, as modeled
with DFT. White, grey, and pink atoms are hydrogen, carbon, and silicon, respectively.

[118]. However, ruby undergoes a phase transition at 94 GPa at 1300 °C [119], making

it unsuitable for the next generation of HPHT experiments, which have recently reached

the terapascal range [120]. On the other hand, diamond is the thermodynamically-stable

polytype of carbon at all temperatures pressures above 1 GPa until melting [67]. The lack

of phase transformation suggests that SiV�-doped nanodiamond may succeed at conditions

where ruby fails.

4.6 Conclusions

The rational incorporation of silicon by doping the carbon precursor with TEOS and argon

by employing an argon pressure media into nanodiamond illustrate the potential impact
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of this doping methodology for doped nanodiamond applications, like pressure metrology,

without ion implantation. Rather than synthesizing diamond and subsequently introducing

heteroatoms with ion implantation, vacancy center annealing, and confocal searches for color

centers, the HPHT conversion of doped carbon can directly form color centers. For single-

defect applications, this research opens the door to the incorporation of more complex defects

into diamond with structures defined by the chemical dopant added into the carbon precur-

sor. If diamond nucleates prior to dissociation of the dopant, defects could be added with

chemical precision limited only by molecular synthesis. For extraterrestrial nanodiamonds,

where dopants in diamond are used to fingerprint the presolar and interstellar environment,

this demonstration unveils the DAC as a tool to study HPHT doping that could occur in

astrophysical environments [35, 36]. Given the prevalence of noble gas pressure media, these

results have broad implications for high pressure experiments, where, to date, noble gasses

have been considered inert [110, 113].
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Chapter 5

SYNTHESIS OF A NOVEL PHASE OF CARBON,
PBAN-CARBON

5.1 Introduction to exotic allotropes of carbon

The wide number of bonding configurations (sp, sp2, and sp3) and the range of kinetic path-

ways enable elemental carbon to form many stable allotropes, dictated by the precursor

and synthetic conditions1 [54, 56, 59, 69, 121–127]. For example, while the static compres-

sion of sp2 graphite forms diamond at high temperatures, the static compression of layered

sp2 carbon onions forms nanotwinned diamond [123, 128]. On the other hand, cold com-

pression of graphite produces interlayer bonding to generate monoclinic, M-diamond, and

cold compression of sp2 benzene drives a Stone-Wales reaction that yields nanodiamond

threads [54, 124]. For M-diamond, the sluggish kinetics of the phase transitions allowed it

to elude final identification for 50 years after it was first reported [127]. Similarly, rapid

heating and non-equilibrium conditions can modify phase transformation kinetics to create

previously-unidentified carbon phases, such as carbon nanotubes, buckminsterfullerenes, Q-

carbon, and BCC carbon [129–131]. While challenging to control, the fruits of this carbon

labor have generated widespread interest across fields, including electronic materials[132–

134], single photon emitters[51, 69, 135], ceramics, and even astrophysics through the finger-

printing of solar system formation with extraterrestrial diamond [35, 136]. Despite extensive

study, the number of theoretically-proposed carbon phases still drastically outnumber the

experimentally-observed phases, including theoretical metallic, superdense, and cage-like car-

bons phases [137–144].

1This chapter is in preparation and will be published. It is comprised of work from Matthew J. Crane,
Rhonda M. Stroud, and Peter J. Pauzauskie.
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Here, we present the formation of a new, metastable, nanocrystalline phase of carbon,

which we tentatively name Pban-carbon, produced by the rapid heating of amorphous carbon

grains under hydrostatic compression by solid argon. To synthesize Pban-carbon, we used

carbon aerogel as a precursor material. Carbon aerogel is a nanostructured, low density, and

highly absorbing network of amorphous carbon grains [56, 69]. We loaded individual grains of

carbon aerogel into a DAC and condensed argon within the gel to act as a hydrostatic pressure

medium. HR-TEM images illustrate the aerogel grain size and fractal network, which creates

a low thermal conductivity, highly absorbing material [74, 75]. Upon step irradiation with a

high power, NIR laser, the compressed carbon rapidly heats to temperatures between 2000

and 3000 K [67]. The high temperature was maintained for 2-30 s.

5.2 Materials and Methods

The carbon aerogel synthesis was identical to the method describe in Sections 3.2 and 4.2 with

the exception that no dopants were added to the aerogel. As in the previous methodology,

we employed a laser-heated Boehler-Almax plate DAC with 0.300 mm diameter culets. To

pressurize the carbon aerogel, we first dimpled a rhenium gasket from 250 µm to 30 µm and

drilled an 80 µm hole in the center of the gasket using an electronic discharge machine to

form the walls of the high-pressure chamber. We then returned the gasket to the DAC and

used a Marzhauser Wetzlar nanomanipulator equipment with a tungsten probe to transfer

carbon aerogel and finely-ground ruby crystals into the DAC's cavity. Finally, we condensed

argon around the aerogel and sealed the chamber to a pressure of 24 GPa, as measured with

the ruby pressure scale [86].

For laser heating, we employed the same ytterbium-based, 1070 nm IPG photonics YLR

laser focused with a NIR-corrected Mitutoyo 50x objective (0.55 NA) as described in Section

4.2. However, during heating, we increased the beam power to between 30 and 60 W and

directly exposed the beam onto the carbon aerogel to rapidly increase its temperature. We

refer to this as “step” heating, rather than ramp heating, where the laser is exposed to

the carbon aerogel as the power is increased. This caused the argon to immediately melt,
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Figure 5.1: STEM-HAADF (a), STEM-MAADF (b), and SAED of the recovered material
(c). Di↵raction peaks index to Pban-carbon and correspond to d-spacings (miller indices) of
3.12 Å(110), 2.70 Å(111), 2.38 Å(002), 1.93 Å(121), 1.38 Å(113, 310), and 1.19 Å(203, 040).

decreasing its local conductivity, and insulating the carbon aerogel to reach 3000 K quickly.

While the initial goal was to limit graphitization of the carbon during the irradiance ramp,

this rapid heating appears to have generated both cubic diamond and Pban-carbon, as

discussed below.

The microscopy methods, including Raman, photoluminescence, and TEM were identical

to those discussed in section 4.2.

5.3 Results and discussion

After step heating of the carbon aerogel with a power of at least 30 W, Raman spectra show

the presence of a number of previously-unidentified peaks between 100 and 1100 (Figure

5.2) cm�1 [77, 145]. Typical carbon Raman contains features at 1332, 1350, and 1600 cm�1,

corresponding to cubic diamond, disordered sp3, and sp2 carbon [145].

STEM-EEL spectra of the recovered material demonstrate that the carbon bonding is

largely sp3, indicative of diamond-like material [35, 69, 109]. Indeed, d-spacings and SAED

show that much of the amorphous carbon converted to cubic diamond (Figure 5.1). However,

despite the uniform, crystalline sp3 carbon bonding, Z-contrast from STEM-HAADF and
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Figure 5.2: Raman scattering collected from the recovered material after rapid “step” heating
with a 785 nm excitation source.

MAADF images illustrates significant di↵erences in scattering between grains embedded in

the diamond matrix.

The nanoscale changes in Z-contrast suggest the presence of non-cubic diamond phases

with di↵erent densities. HR-STEM images show that the recovered crystalline material has

d-spacings of 2.45, 2.36, and 2.08 Å, larger than the d-spacings of cubic diamond and, to

the best of our knowledge, unrelated to other known diamond allotropes (Figure 5.3). Pban-

carbon matches these d-spacings. This phase was first identified by Jose Fayos (termed

“diamd cr44 ch”) and has since been found in evolutionary molecular modeling searches of

carbon [138, 144]. It has a rhombohedral unit cell with lattice constants of 4.13, 4.94, and

4.82Åand Pban space group symmetry [138]. In addition, Pban-carbon has cage-like motifs

(Figure 5.4).

To characterize the electronic properties of Pban-carbon, we used DFT implented in

Quantum Espresso [146]. After relaxing the structure, the phonon density of states calcula-

tions illustrate a range of active Raman modes below 1100 cm�1, matching our observations

5.2. In addition, the band structure and fermi energy calculations suggest that the Pban-

carbon phase is semimetallic at room temperature with an indirect band gap (Figure 5.5).
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Figure 5.3: High-resolution STEM-HAADF image of Pban-carbon (a) and the corresponding
fast Fourier transform (b) and EELS (c) of the dense inner region.

Figure 5.4: High-resolution STEM-HAADF image of Pban-carbon (a) and the corresponding
fast Fourier transform (b) and EEL (c) of the dense inner region
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Figure 5.5: Electronic density of states of Pban-carbon calculated with Quantum Espresso.

However, we note that relaxing the lattice structure did modify the atomic location and

lattice constants slightly. Thus, the DFT electronic and vibrational predictions should be

taken with a grain of salt and warrant further investigation.

Interestingly, STEM-EEL spectra of the recovered material reveal the presence of argon

dopants contained with the Pban-carbon phase (Figure 5.3). EEL spectra collected across

the entire available range do not show the presence of any atoms other than argon and

carbon. The argon, in part, accounts for the increased Z-contrast within the Pban-carbon

phase grains. It may also explain the inability of DFT to perfectly reproduce the proposed

lattice structure. The cage motifs within proposed Pban-carbon lattice may enclose the argon

atoms as interstitial defects. In addition, extensive research on dopants in cubic diamond

have found that heteroatomic dopants in the diamond lattice have extremely low di↵usion

coe�cients [28]. This has enabled the fingerprinting of noble gasses in interstellar and pre-

solar nanodiamonds as well as highly stable, single photon emission for quantum computing

and sensing [34–36, 147]. Thus, argon atoms may also incorporate as substitutional defects

in Pban-carbon. If the argon atoms dope interstitially, it is conceivable that they stabilize

the Pban-carbon phase. Similar previous syntheses did not observe the Pban-carbon phase
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[56]. However, they also did not employ an argon pressure medium and used ramped, rather

than stepped, laser heating.

This stepped heating may enable rapid formation of sp3 carbon from amorphous carbon

without producing long-range graphitic grains. As originally predicted, Pban-carbon stems

from a kinetic pathway where graphite forms interlayer bods in either a chair or boat con-

figuration. Boat structures traverse a kinetic pathway to diamond; chair structures traverse

a kinetic pathway to other proposed phases, including Pban-carbon and hexagonal diamond

[80, 138]. Variations of this proposed interlayer bonding mechanism for cubic diamond for-

mation have been observed in a range of theoretical predictions [80, 126]. When amorphous

carbon is heated by a ramped NIR laser, graphite is observed far above the Berman-Simon,

graphite-diamond coexistence line, and often forms at low temperatures [67, 148]. Thus,

heating by ramping the temperature likely produces more, larger graphitic grains that sub-

sequently yield diamond at longer time scales. On the other hand, analytical heat transport

suggests that stepped heating allows carbon to reach steady state within ⇠50 ps, on the time

scale of diamond nucleation. We hypothesize that this rapid heating modifies this kinetic

pathway to form Pban-carbon.

We also note that the Raman spectra varied significantly across each chunk of the aerogel,

which suggests that the high thermal gradients may have produced di↵erent phases across

each grain of aerogel. As discussed in Section 3.4, the Gaussian heating beam contains a

massive variation in intensity across its ⇠1 µm diameter [7]. This large variation in intensity

produces a similarly extreme temperature gradient, which is further amplified by the high

thermal conductivity of solid argon and diamond anvils outside of the supercritical argon

bubble. During decompression, the samples in the chamber shift significantly. In addition,

the temperature-dependence of Planck emission biases fits to the highest temperature. For

these reasons, it is challenging to correlate individual heating events with microscopy. How-

ever, scanning confocal Raman demonstrates that the strange sub-1100 cm�1 peaks occur

more frequently at the surface of the carbon aerogel, where thermal gradients are greatest.

This further suggests that rapid step heating and high thermal gradients modify the kinetics
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of phase transformation to produce Pban-carbon. Because of the nanocrystalline grain size,

the energy of the surface states may also heavily impact the phase transformation kinetics,

as observed in nanodiamond and quantum dot metastability [149, 150].

5.4 Conclusions

The synthesis and observation of a super-dense, carbon phase with cage-like motifs, validates

a wide body of theoretically-proposed carbon phases and opens the door for many potential

applications. These include a new host for single-photon emitters, a material for heteroatom

storage and migration, such as membranes for chemical separation or electrodes for batteries,

and unprecedented, hard ceramics or glasses. In addition, the presence of noble gas atoms

within the suggests that the Pban-carbon phase may be present in meteoritic nanodiamond

samples, where mesostructured carbons both contain noble gasses and experience HPHT

conditions. The observation of Pban-carbon in meteoritic carbon samples would provide a

new mechanism to fingerprint the precise history of a meteor. Finally, the identification

of Pban-carbon suggests that other allotropes of carbon predicted by the chair interlayer

bonding of graphite may exist, motivating further studies on this kinetic pathway for the

synthesis of new carbon phases.

5.5 Future directions

While the observation of a new carbon phase is exciting, additional theoretical and exper-

imental investigation is needed to clarify the formation conditions further. Experimental

investigation should focus on rationally reproducing the high thermal gradient environment

that generated Pban-carbon and, if possible, femtosecond time scale observation of the phase

transformation. I suggest NIR pulsed laser heating at high pressures in a diamond anvil cell

correlated with high energy, time-dependent in situ X-ray di↵raction at, for example the ad-

vanced light source beamline 12.2.2. Similarly, varying the pressure media will systematically

determine the role of argon in Pban-carbon formation. More advanced theoretical calcula-

tions will also elucidate the crystal structure, more accurately correlate Raman scattering to



51

vibrational modes, and verify the band structure of Pban-carbon.
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Chapter 6

OPTICAL TRAPPING, TEMPERATURE MEASUREMENTS,
AND ASSEMBLY OF NANOCRYSTAL-NANOWIRE
HETEROSTRUCTURES IN ORGANIC SOLVENTS

6.1 Introduction to optical trapping

As we continue to search for more room at the bottom, we have observed that confinement

induces unique quantum e↵ects and that material properties are highly-nonlinear as their

size, surfaces, and morphology change at the nanoscale1 [54, 56, 59, 69, 121–127]. Under-

standing these processes has led to the rational engineering of nanomaterials. However, there

are relatively few processes that enable the direct manipulation of nanostructures, which has

hindered the production of nano-assemblies and our ability to study single-particle processes.

Optical trapping has filled that gap.

An optical trap, or laser tweezer, employs a focused light source to induce a force and

to manipulate particles in three dimensions from the nano to micro scale, thereby bridging

the chasm from discrete to continuous behavior [151, 152]. This technique has led to a

range of unique applications across disciplines. In the biophysics community, optical traps

have been used to investigate DNA replication by twisting single strands of DNA [153, 154]

and to study protein folding by observing the force required to pull proteins apart [155]. In

physics, the optical trap has been used to directly measure long-range hydrodynamic memory

in Brownian motion [156], to measure the Casimir force between a silica sphere and a flat

surface [157], and to measure the size and charge of nanoparticles in real time [158].

To manipulate particles, single-beam gradient force optical traps require high irradiances

1This chapter is in preparation and will be published. It is comprised of work from Matthew J. Crane,
Elena P. Pandres, Patrick J. Whitham, Daniel R. Gamelin, Vincent C. Holmberg, and Peter J. Pauzauskie.
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on the order of MWcm�2, which both allows for the study of and necessitates an understand-

ing of nonlinear e↵ects, such as two photon absorption, to interpret results. In addition, the

high irradiances in an optical trap can lead to significant heating. For materials with low

absorption, such as silica beads in water, this leads to local temperatures 10-20 K (8 KW�1)

above bulk temperatures [159]; for materials with high absorption coe�cients, such as gold

nanoparticles in water, this leads to temperatures 100-300 K above bulk temperatures and

superheating due to the absence of a surface to nucleate a phase transition [160] (Figure

6.1b).

I became interested in leveraging this heating to analyze high temperature, single-particle

chemistries and assemble complex heterostructures from nanomaterial building blocks. How-

ever, to date, optical traps have almost exclusively employed aqueous liquid media. In fact,

to date, there remains only one definitive report of optical trapping in apolar organic sol-

vents [161]. Because most syntheses use organic solvents to produce nanomaterials that are

dispersible in organic solvents, the nearly-exclusive use of aqueous trapping media broadly

limits the range of particles for trapping, chemistry, and assembly. Similarly, many nano-

materials do not have facile surface bonds to prevent oxidation, which occurs rapidly in

oxygen containing environments like water. The O–H stretching also causes quenching of

the excited state [14]. Further, organic solvents generally exhibit low thermal conductivities

(0.1 Wm�1K�1) compared to water (0.6 Wm�1K�1) to generate significantly greater tem-

peratures in trapped particles. Optical trapping in oxygen free, organic solvents with low

thermal conductivities prevents oxidation, expands the range of particles for trapping, and

enables the e�cient generation of high temperatures for single-particle chemistry studies.

In this chapter, we discuss the physics of optical trapping in organic media. We show

that trapping in organic solvents generates high temperatures, which induces convection.

This convection produces a radial confining force on the trapped particle, and prevents tem-

perature measurements through analysis of the Brownian motion. To measure the tempera-

tures, we disperse Mn2+ : ZnCdSe quantum dots (QD's), which exhibit strongly temperature-

dependent photoluminescence via a Boltzmann distribution of states between the exciton
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Figure 6.1: Schematic of a simple optical trap, depicting the scattering and gradient forces
(a), and measured temperatures of di↵erent particles in an optical trap (b)

and Mn2+ energy levels. Finally, we leverage these results to align and assemble bismuth

nanocrystal-germanium nanowire heterostructures.

6.1.1 Physics of optical trapping

In the most basic optical trap, a laser beam is expanded, collimated, and directed onto a high

numerical aperture objective, where it is focused into a chamber containing the particles of

interest to a di↵raction-limited spot size. The electric field plays a twofold role to induce

a force on a particle: the incident beam induces a dipole on a particle, proportional to its

polarizability, ↵, which is attracted to the maximum of the gradient of its electric field, E,

Fgrad =
1

2
↵rE2. (6.1)

Photons scattered by the particle experience a change in momentum, which induces a force

on the particle causing it to be displaced from the focal plane in the direction of the laser
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propagation at equilibrium. This scattering force is described by,

Fscat =
k4↵4

6⇡cn3

0
✏2
0

I(r)ẑ (6.2)

where c, k, n0, ✏0, and I(r) are the speed of light, the wavenumber, the refractive index of

the medium, the permittivity of free space, and the irradiance. For a stable optical trap,

the ratio of the gradient and scattering forces Fgrad

Fscat
must be greater than unity at the focal

plane. These combined forces generate a potential well to stably trap the particle.

6.1.2 Temperature measurements in an optical trap

To measure the temperature within an optical trap, we typically examine the Brownian

motion of the trapped particle by collecting forward scattered light focused onto a QPD

[162]. By correlating the particle's location with time, we can solve for the di↵usion coe�-

cient. Provided we know the trapped particle's morphology and dimensions, we identify the

temperature through the temperature-dependence of the solvent viscosity. More specifically,

during a trapping experiment, the trapped particle experiences the Fgrad and Fscat forces

as well as the stochastic collisions of the solvent, which produce Brownian motion. We can

describe the complex motion of a trapped particle of mass, m, at position, x(t), with the

Langevin equation,

m(ẍ) (t) + �0(ẋ) (t) + x (t) = (2kBT�0)
1/2⌘(t). (6.3)

Here, we model the optical trap as a harmonic oscillator with spring constant, , the motion

of the particle and the Brownian force as (2kBT�0)1/2⌘(t), where �0 is the morphology-

dependent stokes drag coe�cient of the trapped particle and ⌘(t) is the noise term. Because

the characteristic time for the loss of kinetic energy due to friction is significantly below the
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sampling rate, we can simplify the equation as,

ẍ(t) + 2⇡fcx(t) = (2D)1/2⌘(t), (6.4)

where we have defined the corner frequency, fc, as /2⇡�0 and the Einstein di↵usion coe�-

cient, D, as kBT/�0. To analyze the particle's location, we use a piezo stage to oscillate the

trapped particle at a known frequency (velocity) and amplitude (distance). After collecting

the forward scattered light with a QPD and taking the Fourier transform of the signal, this os-

cillation produces a spike in the resulting power spectrum, which has a frequency-dependent

Lorentzian profile,

PT (f) =
D

⇡2 (f 2 + f 2
c
)

(6.5)

By assuming a linear relation between the distance of the oscillation and the QPD signal,

we can identify a calibration constant, �cal, to convert volts to meters,

Presponse(f) = �cal
2P volts

response
(f) (6.6)

This allows us to measure the di↵usion coe�cient in pragmatic units of m2s�1. Finally, we

can identify the temperature by solving the equation,

D = kBT/�0 (6.7)

where �0 is,

�0 = 6⇡Rµ(T ) (6.8)

for a sphere and,

�0 =
4⇡L

ln
�
L

2r

�
+ 0.84

µ(T ) (6.9)

for a cylinder, given a temperature-dependent viscosity of the trapping solution, µ(T )[163].

We recently used this technique to observe laser cooling in water by phonon-assisted anti-
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stoke luminescence for the first time [6].

6.2 Trapping in organic media

6.2.1 Momentum transport

To the best of our knowledge, there is one conclusive report focused on trapping in organic

solvents and three that employ apolar media, such as 2,6-lutidine or acetone [156, 157,

161, 164]. However, there are no reports of trapping in high viscosity organic solvents, of

trapping nanowires in organic solvents, or of trapping materials with high absorption cross

sections. When selecting new solvents, the generation of a potential well depends solely

on the refractive index of the trapping media, as demonstrated by equations 6.2 and 6.1,

and, thus, liquid-phase trapping is not limited to water. To date, we have successfully

trapped polymer quantum dots [165] in toluene, silicon NWs in toluene, cyclohexane, and

squalane, and germanium NWs in toluene and squalane, a range of m=1.021 to m=3.113.

We observed two important tricks for success. First, to trap in organic media, the beam

should be expanded less than for trapping water to focus the full Gaussian profile into the

objective, which was also observed to improve the trapping range of highly absorbing gold

nanoparticles in water [166]. Second, the particle needed to sit within a few µm of the focal

plane and be initially trapped by a low irradiance beam before increasing the laser power.

In a typical trapping experiment, the laser focuses through a high numerical aperture ob-

jective into the center of a chamber containing a solution of particles. Eventually, radiation

pressure from the scattering force drives a particle into the focal plane, where the gradient

force traps it. During subsequent chamber motions in x, y, or z, the trapped particle remains

fixed relative to other particles. The qualitative ease of this trapping process varied signifi-

cantly depending on the solvent particles were dispersed in: in toluene, particles quickly flew

through the trap focus; while, in squalane, they approached more slowly and settled into the

potential well. Cyclohexane was intermediate between the two. In comparison, mixtures of

squalane and toluene were most similar to water in behavior. These combined observations
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demonstrate that, despite the presence of a static trap, the dynamic process of driving a

particle into the trap is di↵erent for organic solvents. As an estimate of this di↵erence, we

consider the di↵erence between the maximum velocity of a particle in a liquid medium,

v =
qPR

6c⇡w2

0
µ

(6.10)

where q is the fraction of light reflected back by the particle with radius, R, P is the power

of the trapping laser, and w0 is the radius of the beam waist [167]. In order to stop a particle

within the potential well of an optical trap, the laser tweezer must do work equal to its

kinetic energy, Z
ztrap

1
Fgrad � Fscatdz =

1

2
mv2 =

1

2
m

✓
qPR

6c⇡w2

0
µ

◆2

. (6.11)

Because toluene's viscosity is half that of water (Table 6.1), the maximum speed is twice

as high and the optical trap must exert 4 times the work on the particle. In addition, the

relative viscosities of the toluene (0.55 cP), cyclohexane (1.0 cP), and squalane (28 cP) reflect

the observed ease of trapping trend in organic media. Interestingly, the radiation pressure

from optical tweezers can print single nanoparticles onto surfaces with high precision [168].

Transitioning from water to low-viscosity organic solvents will likely decrease the powers

necessary to print nanoparticles.

Table 6.1: Di↵erences between organic and aqueous media

Refractive Index
Density
(gcm�1)

Viscosity
(cP)

Thermal Conductivity
(Wm�1K�1)

Water 1.33 + i 3.48·10�6 0.998 1.002 0.598
Toluene 1.48 + i 6.16·10�8 0.876 0.583 0.141
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6.3 Heat transport and convection in an optical trap

6.3.1 Thermal properties of organic solvents

Perhaps the most glaring di↵erence in properties when moving from water to a new solvent

remains the change in thermal properties. The extensive hydrogen bonding network and high

density of water impart it with a high heat capacity (4.19 Jg�1K�1) and thermal conductivity

(0.60 Wm�1K�1), compared to toluene (1.72 Jg�1K�1 and 0.14 Wm�1K�1, respectively).

While these characteristics of water conveniently enable life as we know it, they also provide

an impressive ability to dissipate heat during optical trapping. Thus, extending trapping to

organic solvents demands a more rigorous approach to heating than typically applied.

Building on previous results in the lab, we trapped silicon NWs in toluene and investi-

gated their temperatures with the piezo method discussed in Section 6.1.2. Surprisingly, we

observed that the temperature of the trapped particle decreased as the laser power increased

(Figure 6.2), which is a clearly a non-inuititive and non-physical result. There are multiple

possible explanations for the failure of Brownian motion-based measurements.

First, the high temperatures likely generated in the optical trap and the decreased viscos-

ity of toluene may produce convection around the nanowire. Indeed, we observed qualitative

evidence for convection based on the motion of nearby nanowires, which slowly approach the

trap location throughout an experiment. This convection would induce an additional force

on the sides of the NW, which decreases its radial Brownian motion and its observed di↵usion

coe�cient. For one-dimensional structures, the calibration constant is only valid in the ra-

dial direction (x- and y-plane). Thus, convection-induced pressure would cause an apparent

decrease in temperature through a decrease in Brownian motion, as we observed. Alterna-

tively, radiation-induced pressure on the solvent flowing past an anisotropic nanowire would

oppose radial di↵usion. We note that further studies are necessary to clarify the magnitude

of these hydrodynamic forces.

Second, Smith et al [14] found that optically-trapped silicon nanowires catalyze singlet

oxygen formation via triplet-triplet annihilation of excitons generated by the trapping laser.
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Singlet oxygen reacts rapidly to oxidize organic molecules. In aqueous media, singlet oxygen

reactions are negligible; in organic media, singlet oxygen can react with the solvent. For

example, singlet oxygen reacts with toluene to form maleic anhydride and benzoic acid [169]

C6H5CH3 +
1O2 ��! C6H5COOH (6.12)

C6H5COOH+ 2 1O2 ��! C4H2O3 + 3CO2 +H2O (6.13)

Because maleic anhydride and benzoic acid have viscosities greater than toluene's, the gener-

ation of these small molecules would alter the local environment of the trapped particle. We

hypothesize that the trapped silicon NW acts as a force probe of the local solution viscos-

ity, which would decrease the measured Brownian motion with increasing irradiance, as we

observed. In addition, the solubility of oxygen is approximately ten times greater in toluene

than in water, which may magnify the role of singlet oxygen generation [170].

Finally, employing organic media may dissolve adhesive from the trapping chamber. The

addition of a high viscosity adhesive to the trapping solution over time would similarly explain

the observed decrease in Brownian motion over time. To test this hypothesis, we created an

optical trapping chamber out of a rectangular silica capillary tube with a 2 mm by 0.150 mm

cross section. We flowed silicon NWs into the tube and measured the di↵usion coe�cient of

a single NW over the course of an hour. The measured nanowire temperature varied both

positively and negatively through the experiment, which suggests that the adhesive may play

a significant role in this e↵ect.

While all of these explanations warrant further study, it would behoove us to have an

alternative temperature sensing method.

6.3.2 Ratiometric quantum dot temperature measurements

To overcome this problem, we dispersed a solution of ZnS coated, Mn2+-doped ZnCdSe quan-

tum ratiometric QD's, a class of material whose temperature-dependent emission provides
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Figure 6.2: Measured temperature of trapped wires at di↵erent irradiances

an all-optical temperature measurement. During a typical thermometry event, we pump the

quantum confined ZnCdSe to form an exciton, which quickly thermalizes to the Mn2+ 4T1

state. The Mn2+ 4T1 to 6A1 transition exhibits a long, 400 µs lifetime, allowing a thermal,

phonon-assisted excitation of the ZnCdSe exciton from the Mn2+ state, which yields up a

Boltzmann distribution of states [171]. By measuring the relative population of these states

via their PL, we build up an all-optical calibration of the quantum dot temperature, provided

that neither state is saturated. Because this process depends on the ratio of the two states,

any solvent-mediated recombination pathway applies to both the exciton and Mn2+ states

and the ratio of the two populations remains an accurate method for thermometry [172].

In addition, by exciting the QD's via the TPA of the NIR trapping beam, the optical trap

serves the dual purposes of both manipulating the silicon NW and pumping the QD's for

thermometry.

The temperature- and irradiance-dependent PL from the Mn2+:ZnCdSe QD's excited

with 488 nm wavelength light (lambda=975/2 nm) is shown in Figure 6.3, illustrating the

range of our QD thermometers from 23 °C to 150 °C. Conveniently, Mn2+:ZnSe has been

studied as a material for stimulated-emission depletion spectroscopy and exhibits a high TPA

cross section [173]. Unfortunately, there also exists a nonradiative recombination process

driven by an infrared, metal-to-ligand, ESA from the Mn2+ at high irradiances. By modeling
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Figure 6.3: Characterization of the Mn2+:ZnCdSe ratiometric QD's, including a schematic
of the dots core-shell structure (a), TEM (b), and PL from TPA at 3 MWcm�2 (c). In
addition, the temperature-dependent PL (d) and ratios of integrated exciton emission (e),
centered at 490 nm and total emission at each temperature

this process, we arrive at a new irradiance-dependent calibration, which uses only the ESA

absorption cross section, �ESA, as a fitting parameter,

IEx

IMn2+ + IEx

=
⌘ExkEx

⇣
kupe

�E
kT + kMn + �ESA�

⌘

⌘MnkdownkMn + ⌘ExkEx

⇣
kupe

�E
kT + kMn + �ESA�

⌘ (6.14)

where IEx and IMn2+ and ⌘Ex and ⌘Mn are the emission and external quantum e�ciency

from the exciton and Mn2+, respectively. In addition, kdown and kup are the rate constants

for energy transfer from exciton to Mn2+ and from the Mn2+ to the exciton energy levels,

respectively; while, kEx and kMn are the rate constants for the sum all radiative and nonradi-

atve recombination processes from the exciton and Mn2+ levels. Finally, � is the excitation

irradiance, which accounts for ESA. Fitting irradiance- and temperature- dependent data of

a mixture of QD's and toluene shows that the potential error of this process is greatest at

low temperatures and likely influences the result by approximately 10 K. However, because
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the rate coe�cients are available in literature, we can account for ESA [171].

To monitor temperatures, we dispersed the silicon NWs and QD's together in toluene,

traped a wire far from a coverslip, and measured the ratiometric emission at di↵erent ir-

radiances. The silicon NWs were 3 µm in length with varying diameters below 500 nm.

We observed a maximum temperature greater than the boiling point of toluene (110 °C),

confirming that an optically-trapped, low absorption coe�cient material can superheat an

organic solvent. By comparison, silicon NWs trapped in water at similar irradiances in the

identical optical trap reached temperatures of 25 °C, further throwing the observed temper-

atures into relief. The high temperature of the control sample without a wire is likely due

to ESA-induced thermalization, which heats the particles. This will be the subject of future

research. In addition, these high temperatures match the qualitative observation of boiling

at liquid interfaces, the formation of convection cells, and combustion at junctions with in-

terfaces, none of which have been observed in water trapping. We also observed that the

local temperature around the wire depends significantly on the NW size, with a maximum

for the 200 nm diameter wire.

6.3.3 Analytical heat transfer of trapped silicon nanowires

To understand this observation, we modeled the heat distribution through the wire at steady

state. First, we used a DDA implemented in DDSCAT to vary the wire diameter from 100

nm to 300 nm and solved for the internal electric field distribution. Figure 6.5 illustrates the

internal electric field within a 200 nm diameter and 3000 nm length silicon NW. Because this

case sits firmly within the Mie regime, internal resonances can build up, as demonstrated by

the 6 points of high electric field throughout the NW. These resonances are highly sensitive

to both the length and diameter of the NW. We follow the solution of Roder et al. with the

addition of a temperature-dependent boundary conditions using,

Nu =
hL

km
=

4

3

✓
7RaPr

5(20 + 21Pr)

◆1/4

+
4

35

(272 + 315Pr)L

(64 + 63Pr)2r
(6.15)
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Figure 6.4: A schematic (a) of the experiment using ratiometric quantum dots suspended
around an optically-trapped silicon NW, with measured (b) and predicted (c) temperatures.

Figure 6.5: A plot of the internal electric fields within the XZ plane upon irradiation of a 200
nm diameter and 3000 nm length silicon NW. The 975 nm incident plane wave is linearly
polarized and propagates in the +Z direction. The Y-axis is in the plane of the Figure.
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to account for convective heat loss at the surface, which we solve by an iterative process [6,

160, 166, 174–176]. Here, h is the film heat transfer coe�cient, km is the thermal conductivity

of the medium, and the Ra, the Rayleigh number, is the product of the Grasho↵, Gr,

Gr =
(g��TL3)

µ2
, (6.16)

and Prandtl, Pr, numbers,

Pr =
µ⇢Cp

k
, (6.17)

where g, �, ⇢, and Cpm are the acceleration due to gravity, the thermal expansion coe�cient,

density, and heat capacity of the medium evaluated at the film temperature. �T is the

di↵erence in temperature between the nanowire surface and the bulk solvent temperature.

L and r are the nanowire length and radius. The results of this analysis are shown in Figure

6.4c. It should be noted that this correlation for heat transfer from a vertical cylinder was

not generated from data that included wires with this curvature [177]. In fact, these NWs are

orders of magnitude below any previously-measured case. Regardless, the qualitative results

reflect the trends we measured experimentally. For continuous irradiance with a 975 nm

wavelength plane wave incident on a bottom of a vertical cylinder, we find a maximum tem-

perature for a 200 nm diameter wire, due to a resonance-enhanced absorption, confirming the

validity of the temperature measurements. While the measured temperatures monotonically

increase with increasing irradiance, they uniformly plateaued between 4.5 and 5.5 MWcm�2.

This is likely due to an increase in the convective heat loss at high temperatures and the

increased temperature sampling volume. As we increase the trap irradiance, we simultane-

ously heat the silicon NW and expand the volume over which we measure temperatures. To

a first order approximation, the temperature decreases proportionally to 1/r away from the

trapped particle [178]. Measuring the temperature farther from the wire will decrease our

observed average temperature. Thus, these temperatures represent a lower bound.

These studies represent the first comprehensive foray into not only optical trapping in

organic solvents, but also an understanding of laser-induced heating in organic media. Be-
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yond optical trapping, we expect these results to find application in laser-based printing and

patterning techniques [168, 179], studies of thermophoretic e↵ects [180], and photochem-

istry [181]. As an immediate example, one of the few organic trapping studies in literature

compared trapped melamine-formaldehyde beads in acetone and water to search for hydrody-

namic memory in Brownian motion—that is a “colored” power spectrum. However, despite

the similar thermal conductivity to toluene (0.164 for acetone), the report discounted the

e↵ects of temperature. If there were some thermophoretic-induced force on the particles, it

could have produced a “colored” spectra.

6.4 Assembly of nanocrystal-nanorod heterostructures

6.4.1 Introduction

To demonstrate a potential application employing organic solvents, we the optical trapped,

aligned, and assembled semimetal nanocrystal-semiconductor nanorod heterostructures in

organic solvents with viscosities up to 28 times greater than water for the first time [161].

We synthesized bismuth-seeded germanium nanorods via a solution-liquid-solid synthesis,

which act as nanomaterial building blocks to assemble heterostructures. Discrete dipole

approximation simulations and experimental data show that the bismuth seed experiences

greater radiation pressure than the germanium wire, which causes it to align away from

trapping laser—that is, parallel to the Poynting vector [182, 183]. We leverage this e↵ect to

construct arbitrarily long bismuth nanocrystal-germanium nanorod heterostructures freely in

solution. Coupled electromagnetic and heat transport simulations demonstrate that trapping

and assembling freely in solution produces significantly higher temperatures without bubble

nucleation or autoignition compared to trapping and assembling on a surface, due to the

Young-Laplace pressure [6, 160]. Interestingly, for non-absorbing particles in the optical

trap, heat transport analysis reveals that the lower absorption coe�cient of organic media

decreases the unintentional heating observed in water. For absorbing particles, heat transport

analysis shows significantly increased heating. The ability to trap in oxygen- and water-free
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toluene and squalane media significantly increases the library of materials available for use

in optical tweezers.

6.4.2 Materials and methods

To trap, manipulate, and assemble particles, we employed a home-built optical trap, as

depicted in Figure 6.6a. This consists of a diode-pumped, solid-state Yb3+:YAG thin-disk

laser tunable laser set to 1020 nm, a beam expansion region, and a 100x trapping oil-

immersion objective (NA = 1.25), and a modified perfusion chamber with a 300 µm spacer [6,

175]. The germanium nanorods were grown via a solution-liquid-solid process from bismuth

seeds.

Briefly, bismuth nanocrystals were synthesized by the generation of

tris[bis(trimethylsilyl)amido] bismuth and the thermolysis of this precursor in a stabi-

lizing solution of of 25 wt % poly(1-hexadecene-co-1-vinylpyrrolidinone) in 1-octadecene.

The nanocrystal dispersion was transferred to a nitrogen atmosphere and washed with a

2:3 ratio of toluene:ethanol at 10,000 RPM three times to remove excess polymer, which

is known to facilitate the development of branches during germanium nanorod growth.

The cleaned bismuth nanocrystals were redispersed in anhydrous toluene and used for the

solution-liquid-solid growth of bismuth-seeded germanium nanorods. Germanium nanorods

were synthesized in high boiling point solvents (squalane and trioctylphosphine oxide) via

solution-liquid-solid growth, using diphenylgermane (DPG) as the germanium precursor

and bismuth nanocrystals to facilitate the anisotropic growth of germanium nanorods [184].

Typical Schlenk line techniques were used for the synthesis of bismuth nanocrystals and

germanium nanorods. To synthesize bismuth nanocrystals, a solution of 25 wt % poly(1-

hexadecene-co-1-vinylpyrrolidinone) in 1-octadecene was dried over molecular sieves for one

week. In a round-bottomed flask, 71 mg of bismuth (III) chloride were combined with 0.46

mL of anhydrous THF and stirred at 950 RPM under nitrogen. After one hour of mixing,

6.1 mL of 25 wt % poly(1-hexadecene-co-1-vinylpyrrolidinone) in 1-octadecene was added

and vacuum was quickly pulled on the solution before returning to nitrogen and increasing



68

the mixing speed to 1150 RPM. 1.2 mL of sodium bis(trimethylsilyl) amide was quickly

injected into the flask under nitrogen and the reaction ran for 17 hours. The nanocrystals

were immediately transferred to a nitrogen atmosphere for storage and future cleaning.

To clean the bismuth nanocrystals, 2 mL of the nanocrystal dispersion were separated

and cleaned under a nitrogen atmosphere by adding 10 mL of toluene and 15 mL of ethanol,

vortexing to mix the dispersion, and centrifuging the dispersion at 10000 RPM for ten

minutes. The supernatant was carefully removed, and this washing procedure was repeated

for a total of three times to remove excess PHD-co-PVP, which is known to facilitate the

growth of branched germanium nanorod structures. Bismuth nanocrystals were redispersed

in 2 mL of toluene for future use to grow anisotropic germanium nanostructures.

A modified synthesis from Chockla et al. was implemented to synthesize germanium

nanowires [184]. Briefly, 2 grams of trioctylphosphine oxide (TOPO) and 4 mL of squalane

were combined in a round-bottom flask at 900 RPM and degassed at 150 °C for an hour and

a half. 200 µL of cleaned bismuth nanocrystals in 400 µL was added to the flask and low

boiling point solvents were removed by quickly pulling vacuum. The solution was heated to

350 °C and a solution of 50 µL diphenylgermane in 500 µL squalane was rapidly injected. The

reaction ran for ten minutes, was cooled 100 °C, quenched with 10 mL of anhydrous toluene,

and then transferred to a nitrogen atmosphere. A fraction of the nanorod dispersion was

removed from the glove box and cleaned with a ratio of 2:3 toluene:ethanol and centrifuged at

8000 RPM for 10 minutes for a total of five washes. The resulting bismuth-seeded germanium

nanorods were redispersed in toluene.

To prevent oxide formation, we loaded and sealed the perfusion chamber in a nitrogen

atmosphere. TEM and Raman measurements (Figures 6.6b and 6.6c) confirm that the

synthesis yielded crystalline germanium nanorods with monodisperse diameters defined by

the diameter of the bismuth seed and lengths between 100 and 5000 nm, depending on the

synthesis parameters. In addition, TEM images illustrate the presence of the bismuth tips

on the germanium nanorods after growth. We will refer to these bismuth-tipped germanium

nanorods as “nanorod,” hereafter. As recently discussed by Black and coworkers [161], the
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Figure 6.6: A schematic of the optical trapping experiment (a), TEM image of the nanorod,
illustrating their average diameter and composition (b), and Raman scattering before and
after laser heating the solution (c).

solubility of nanoparticle's in organic solvents enables more facile optical trapping.

6.5 Results and discussion

6.5.1 Optical trapping in high viscosity solvents

To demonstrate the range of solvents available for optical trapping, we varied the ratio of

toluene to squalane and observed stable nanorod trapping across the entire range of media

composition. This significantly expands the currently reported range of liquid viscosities

(Prandlt number) from 1 cP (7.1) up to 28.4 cP (317) [185, 186]. While we were able to trap

individual nanorods from 1.0 to 10 W, limited on both sides by the available power of the

trapping beam, longer nanorods ( 1µm) were easier to trap.

The observation that longer nanorods trap more easily is likely due to the di↵erent forces

on the bismuth and germanium portions particle. Because the nanorods in these experiments
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are anisotropic, the optical trapping force and scattering force acted di↵erently on the ger-

manium nanorod and bismuth nanocrystal. To estimate these forces, we modeled a bismuth

sphere and a germanium nanorod with the discrete dipole approximation in DDSCAT (Fig-

ure 6.7) [183]. For bismuth spheres and germanium cylinders with equivalent diameters, this

analysis revealed that the force of radiation pressure on the bismuth nanocrystal is 4-9 time

greater than the radiation pressure on the germanium nanorod. These forces represent a lower

bound on the radiation pressure as the diameter of the bismuth seed is typically greater than

the germanium nanorod. Examining the refractive index of bismuth (nBi = 4.14� 4.45i) and

germanium (nGe = 4.65� 0.30i) at 1020 nm, it is intuitive that the greater absorption of the

bismuth accounts for the increased radiation pressure [187, 188]. Far from the high electric

field gradient in the optical trap focal plane, this pressure force dominates, which causes the

bismuth particle to align vertically in the trap [167]. Given the density of free carriers in

metals employed as seeds the growth of semiconductor nanorods, these simulations suggest

that anisotropic radiation pressure is likely a general alignment method of alignment for

solution-liquid-solid , supercritical fluid-liquid-solid, and vapor-liquid-solid nanorods [189].

In addition, as was noted during the optical trapping of similarly high-refractive index InP

nanorods, the gradient force was independent of the nanorod length because the nanorod

length extended far beyond the focal depth of the optical trap [163, 190]. This suggests that,

while the bismuth tip experiences significant scattering forces that cause it to align in the

direction of the Poynting vector, the germanium nanorod ultimately enables optical trapping

force, which is relatively independent of the bismuth. This could explain the ease of trapping

longer nanorods.

6.5.2 Alignment and assembly of bismuth nanocrystal-germanium nanorod heterostructures

To demonstrate the application of this alignment force in organic solvents, we used the op-

tical trap to assemble bismuth nanocrystal-germanium nanorod heterostructures freely in

a squalane solution [191–194]. We accomplished this by first trapping a nanorod and then

positioning the particle above another nanorod in Brownian motion (Figure 6.8) Radiation
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Figure 6.7: The ratio of the radiation pressure force on the bismuth to the radiation pressure
force on the germanium nanorod. The calculations were performed for a bismuth nanocrystal
with a diameter of 64 nm and a germanium nanorod with a diameter of 32 nm and varying
length. nanorods with dimensions above the red line will align with the bismuth vertically
in the trap.

Figure 6.8: Demonstration of nanorod assembly and soldering. First, radiation pressure
pushes (a) a single nanorod into the trap (b). We then manipulate the trapped nanorod
above a second nanorod di↵using freely in Brownian motion (c). Radiation pressure and
laser heating forms a heterostructure (d), and subsequently released back into solution (e)
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Figure 6.9: Laser-heating of optically trapped nanorods with (b) and without (a) DPG.

pressure accelerated the untrapped nanorod toward the trapped particle. When the acceler-

ated nanorod reached the optical trap, it “soldered” onto the existing nanorod, as shown in

Figure 6.8. We could repeat this process to add more nanorod building blocks ad nauseum.

Because radiation pressure aligns the bismuth away from the laser, this process creates a

repeating bismuth nanocrystal-germanium nanorod heterostructure. We added diphenylger-

mane to the trapping chamber to illustrate the formation of the heterostructure [184, 189].

As the bismuth heats, the diphenylgermane decomposes and allows for germanium incor-

poration to form a bismuth-germanium alloy, visible at the interface between germanium

nanorods in Figure 6.9. nanorod heterostructure assembly was only possible in squalane at

a minimum power of 6 W. In attempts to trap and assemble nanorods dispersed in toluene,

radiation pressure drove nanorod into the trap at much higher velocities, which prevented

vertical nanorod alignment prior to nanosoldering. The addition of an angled nanorod yielded

radially-anisotropic structures that began to spin and ultimately flew out of the trap. While

impractical for the continued production of heterostructures, this does illustrate the e�cacy

of this nanosoldering process to create more complicated structures [195]. Given the low

Reynold's number, nanorods enter the trap at terminal velocity, defined by the viscosity of
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the solvent and the laser power [167]. The massive disparity between the viscosity of squalane

(28.4 cP) and toluene (0.58 cP) illustrates that nanorods approaching the trap will travel

at much greater speeds in toluene than squalane. The high power requirement for assembly

in squalane could be due to either minimum radiation pressure forces to align the nanorod

prior to entering the trap or the increased heating to produce convective forces, which align

the nanorod.

6.5.3 Laser heating during trapping in organic media

When trapping in an aqueous chamber with a NIR laser, water's relatively high absorption

coe�cient can result in appreciable heating of the solvent environment, which has been

observed to influence experiments [159, 160]. This has led to trapping in D2O, due to its

low NIR absorption coe�cient [6]. A number of independent groups have studied the e↵ect

of NIR absorption on the solvent, which suggests heating on the order of 1-10 KW�1. On

the other hand, organic solvents often exhibit significantly lower NIR absorption coe�cients

and thermal conductivities [196]. For an empty trap, the dominant heat loss mechanism is

thermal conduction. We estimate that the solvent-induced heating in toluene (↵=3.5 m�1,

k=0.14 Wm�1K�1) is 1.7 Wm�1K�1 [159]. A similar analysis for water (↵=29 m�1, k=0.60)

yields 3.6 Wm�1K�1. This suggests that, for an empty trap, the solvent induced heading is

similar for water and organic solvents.

However, when the optical trap contains a highly absorbing particle, the lower thermal

conductivity of organic solvents ( 0.1 Wm�1K�1) will likely produce significantly greater

temperatures in water. As an estimate of the temperatures of the trapped germanium

nanorods, we again use the modified theory as discussed in section 6.3.3. To create a lower

bound of temperatures, we first a performed heat transport analysis on a germanium nanorod

with a diameter of 32 nm and a length of 1 µm without including absorption from the

bismuth tip Figure 6.10. The 1 µm nanorods exhibited an average temperatures of 478 °C in

an ambient bath of squalane at a power of 6 W, which was used for assembly (Figure 6.10).

The temperature profile closely mirrors the source, which is greatest at both ends of the
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Figure 6.10: Analytical heat transport calculations for the trapped germanium nanorods, us-
ing the modified solution of [6]. Panel a illustrates the coordinate system for the calculation.
We show the temperature and source profiles of an individual germanium nanorod without
a bismuth tip trapped at a power of 6 W (b). The average power-dependent temperature of
the germanium nanorod are plotted in panel c. Using the heat balance, we approximate the
power-dependent temperature of the combined bismuth and germanium nanorod (c). Panel
c shows the average temperature of the germanium nanorod with varying irradiance with
and without a bismuth nanocrystal tip.

nanorod and varies only slightly (<10%) along the length of the nanorod, shown in Figure

6.10b. In addition, the temperatures increasing significantly with irradiance Figure 6.6c.

We note that, during the nanosoldering process, the optical trap pushes a single nanorod

through the focal plane before the nanorod joined to form a heterostructure. This means that

the Rayleigh regime of the Gaussian beam heats the bismuth tip at the maximum irradiance

immediately prior to nanosoldering. The time scale to achieve steady state heating is much

less than the time for the nanorod to reach the trapped particle, meaning that the particle

is constantly at steady state as it approaches the trapped particle.
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The Biot number measures the the ratio of heat flux within a structure to the rate of heat

flux away from a structure. When the Biot number is much less than 1, the temperature

distribution within a material is uniform; when the Biot number is much greater than 1, the

temperature distribution within a material is non-uniform. Both the germanium nanorod

and the bismuth nanocrystal have Biot numbers far below 1, and the temperature within the

nanorod is likely uniform, as suggested by Figure 6.10 b. Further, the uniform temperatures

imply that the a heat balance on the nanorod, including the germanium and bismuth, will

yield a reasonable approximation of the temperature. We use a heat balance coupled with the

iterative convective solution as detailed in the supporting information to obtain an estimate

of the bismuth tipped germanium nanorod (Figure 6.10 c). This suggests that the bismuth

tip is likely liquid during the nanosoldering process. In addition, the trapped particle will

have locally heated the solvent, increasing the ambient medium temperature, which is not

considered in this approximation. Temperature measurements of the trapped nanoparticles

are under investigation and will be the topic of a future manuscript

6.6 Conclusion

We have expanded the range of optical trapping media from dynamic viscosities and Prandlt

numbers from 1 cP and 7, respectively, up to 28.4 cP and 317 for a chamber of pure squalane,

and trapped germanium nanorods for the first time. DDA and experimental results show that

the bismuth seed particle used to facilitate the growth of germanium nanorods experiences a

significantly greater radiation pressure than germanium portion of the nanorod, which causes

the bismuth nanocrystal to consistently orient vertically in the trap. In addition operating

an optical trap in organic solvents, compared to aqueous solvents, slightly decreases solvent

heating e↵ects due to the decreased absorption coe�cient, but generates wildly increased

temperatures due to the decreased thermal conductivity. We leveraged these e↵ects to pro-

duce bismuth nanocrystal-germanium nanorod heterostructures freely in squalane solutions.

We anticipate that the bottom-up assembly of well-defined, solution-grown nanostructures

will broadly enable technologies that require well-defined heterostructures. Furthermore, we
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anticipate that these results will usher in a new realm of optical trapping applications, in-

cluding nanomanufacturing from nanomaterial building blocks [191], single-particle catalysis

[161, 164], and hydrodynamic studies [156, 157].
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Chapter 7

RAPID SYNTHESIS OF TRANSITION METAL
DICHALCOGENIDE–CARBON AEROGEL COMPOSITES

FOR SUPERCAPACITORS

7.1 Introduction to supercapacitors

In response to rapid improvements in renewable energy generation, electrochemical superca-

pacitors with high power densities and rapid cycling have emerged as a promising technology

to bridge the energy density storage and variable energy density demands of grid manage-

ment and hybrid vehicles1 [197]. State of the art batteries employ lithium intercalation that

enables 3 to 30 times more charge storage than supercapacitors. However, supercapacitors

can provide 2 to 3 orders of magnitude greater power [198]. While typical lithium-ion batter-

ies store electrochemical potential via phase transformative redox reactions, supercapacitors

do so by means of an electrical double layer in a working electrolyte and/or rapid charge

transfer processes with no concomitant phase transition, that occurs in response to an ap-

plied voltage [127, 198–200]. Thus, supercapacitors do not face the performance-limiting

factors of reaction kinetics, ion transport through bulk electrode material, and accompany-

ing volume changes that are characteristic of batteries. Improvements in e�cient, scalable,

and economical syntheses are needed to drive supercapacitor applications.

Because double-layer formation dictates power densities, nanostructured materials, such

as pyrolyzed carbon aerogels [201–204], with high specific surface areas (SSA) have emerged

as the premier supercapacitors [205]. Carbon aerogels are amorphous, sp2- and sp3-bonded

1This chapter is based on ”Rapid synthesis of transition metal dichalcogenide doped carbon aerogels for
supercapacitor applications,” which is published in Nature Microsystems and Nanoengineering, 3, 17032
(2017) by Matthew J. Crane, Matthew B. Lim, Xuezhe Zhou, and Peter J. Pauzauskie. It was rapidly
co-written with Matthew B. Lim.
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carbon structures formed from the reaction of resorcinol and formaldehyde with high SSA's

(>500 m2 g�1), narrow pore sizes, and low densities [73, 206–208]. Upon pyrolysis, these

aerogels exhibit improved electrical conductivity (up to 50 S cm�1) and SSA with benign

chemistry, making them an intriguing material for supercapacitors [207, 209]. To improve

their performance, research groups have attempted to load them with high-conductivity or

high-capacitance materials [210, 211]. However, their lengthy synthesis time (typically 24

hours or longer) prevents economical scalability, limiting their widespread use [203, 208].

Transition metal dichalcogenides (TMD's) are layered, graphite-like van der Waals struc-

tures composed of a transition metal layer sandwiched between two chalcogenide layers that

have shown promise as supercapacitor active materials due to the range of oxidation states

available to transition metals [127, 212–214]. A recent report demonstrated that Mo2 ca-

pacitance significantly improves after conversion from the semiconducting 2H phase to the

1T, metallic 1T phase, due to enhanced electrical conductivity—the in-plane conductivity

of 2H MoS2 is ⇠0.2 S cm�1 and that of the 1T phase is 10–100 S cm�1—and increased ion

intercalation mobility [212, 215, 216]. Similarly, 2H MoS2 and WS2-based supercapacitor

performance improved after creation of mesoporous structure with enhanced conductivity

[217, 218]. However, it is important to note that the most successful 1T devices su↵ered

from a low SSA of 9 m2 g�1, and required the use of pyrophoric n-butyllithium to induce

a phase change, both of which mitigate the scalability of its impressive performance. In

addition, freestanding TMD films do not exhibit mechanical stability in electrochemical en-

vironments, which sets a limit to the maximum size of unsupported films and inhibits high

surface area applications [219]. To address the aforementioned limitations, we present in this

work a synthesis that emphasizes scalable processes to encapsulate exfoliated TMD sheets in

an aerogel matrix via benign and ultrafast resorcinol–formaldehyde (RF) sol–gel chemistry

[73, 203, 206, 211]. This process employs the ultrasonication of TMD precursors—MoS2

and WS2—in acetonitrile to produce 2H MoS2 and WS2, respectively, followed by the rapid,

acid-catalyzed gelation of RF within 30 minutes at mild temperatures. After supercritical

drying and high temperature pyrolysis, the resulting carbon aerogel provides a high surface
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area, mechanically stable, and electrically conductive support for TMDs that is well suited

for electrochemical devices. To demonstrate these applications, we perform supercapacitor

tests on our TMD-loaded carbon aerogels that yield favorable specific capacitances around 80

F g�1, volumetric capacitances approaching 60 F cm�1, and low operational electrochemical

impedance.

7.2 Materials and Methods

7.2.1 Transition metal dichalcogenide–carbon aerogel composite synthesis

When exfoliated TMD sheets dry, they restack to form low surface area (9 m2 g�1) films [212,

220]. As such, we designed the rapid synthesis to avoid allowing the TMD solution to dry

before the gelation can trap any exfoliated sheets. Additionally, while we employ sonication

[221, 222] to disperse the TMD's, there are a range of other potentially scalable exfoliation

methods including shear mixing [223], direct synthesis [224], and intercalation [225, 226]

to name a few. Figure 7.1 outlines the TMD aerogel synthetic scheme. In the first step,

a temperature-controlled bath sonicator (22°C; Branson 1510R-DTH, Danbury CT, USA)

exfoliates and disperses TMD sheets in acetonitrile (ACN, EMD Millipore, Billerica MA,

USA) at concentrations from 8.6 to 34 mg/mL. However, we were able to synthesize aerogels

at TMD loadings of up to 100 mg/mL in acetonitrile. After sonication for 60 minutes, we

transferred this solution to a polypropylene tube and added resorcinol (R, Sigma-Aldrich, St.

Louis MO, USA), formaldehyde (F, 37 wt-% methanol-stabilized aqueous solution, Sigma-

Aldrich), and hydrochloric acid (C, 37 wt-%, Macron, Center Valley PA, USA) to achieve

molar ratios of R:F = 1:2, R:C = 8.4:1, and R:ACN = 1:76 [203, 208], which result in a

2:1 ratio by weight of resorcinol to TMD for a 17.1 mg/mL starting dispersion of TMD.

This corresponds to molar ratios for resorcinol to MoS2 (powder, Sigma Aldrich) and WS2

(powder, Alfa Aesar, Haverhill MA, USA) of 2.9:1 and 4.5:1 respectively. For WS2-loaded

gels, we prepared additional samples by the same technique using initial WS2 dispersions of

8.6 mg/mL and 34 mg/mL, which corresponds respectively to 4:1 and 1:1 weight ratios, or
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Figure 7.1: Outline of the nanomanufacturing process for composite TMD carbon aerogels.
Initially, sonication driven cavitation (a) drives TMD sheets apart and enhances dispersion
within acetonitrile. Resorcinol and formaldehyde are added to this solution, which causes
rapid sol-gel formation, catalyzed by hydrochloric acid. This gel is washed with ethanol to
remove any unreacted species and dried with supercritical CO2 (b) to displace the solvent
without destroying pore structure before being pyrolyzed in argon. Finally, we process this
material into a supercapacitor by grinding it with carbon black additive (Ketjenblack) and
PTFE tape, rolling and punching it into electrodes that are assembled into a symmetric
coin cell, and adding the resulting electrode to a full coin cell, using a cellulose separator,
illustrated in (c). A three-dimensional X-ray computed tomography image of a coin cell after
10,000 charge-discharge cycles (d)
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9.0:1 and 2.25:1 molar ratios, of resorcinol to WS2. We also prepared a control sample with

no TMD. The mixture of reagents was quickly placed in the bath sonicator set to 40°C for 30

minutes. During this time, the resorcinol undergoes electrophilic aromatic substitution at the

2, 4, and 6 positions with formaldehyde to form methylene and methylene ether bridges [73].

We then washed the aerogel with ethanol three times over 36 hours to remove the acetonitrile

and dried it with supercritical CO2 in an autoclave (E3100, Quorum Technologies, Laughton,

East Sussex, UK). Because it has low density and surface tension, supercritical CO2 displaces

the ethanol and preserves pore structure to produce a high surface area product. Finally,

we pyrolyzed the aerogels in a tube furnace at 800°C in an argon atmosphere for 4 hours,

which drives o↵ oxygen moieties, yielding a high conductivity sp2-and sp3-bonded support of

carbon spheres. We found that annealing at 1000°C destroyed the TMD's. In addition, we

note that this pyrolysis step mimics the current industrial synthesis of supercapacitors [227].

Before pyrolysis, the MoS2 and WS2 loaded aerogels exhibit a dull, deep blue and green

color, respectively, whereas the pure RF aerogel has a brick-red color. Following pyrolysis,

the aerogels all exhibit a dark black color, indicative of carbonization (Figure 7.1b) [211].

Henceforth, the pyrolyzed pure RF aerogel will be abbreviated RFA, the pyrolyzed MoS2-

loaded aerogel will be abbreviated MA-17, and the pyrolyzed WS2-loaded aerogel will be

abbreviated WA-8.6, WA-17, or WA-34 according to the concentration of the initial TMD

dispersion. Compared with the chemical exfoliation of TMD's via pyrophoric n-butyllithium

[212] and the long gelation times in other syntheses [203, 208], our sol-gel synthesis represents

a rapid, mild, and benign process.

7.2.2 Transition metal dichalcogenide–carbon aerogel composite characterization

To characterize the aerogels, we employed nitrogen adsorption, XRD, Raman spectroscopy,

FTIR , and TEM. We collected nitrogen sorption isotherms using a NOVA 2200e porosime-

ter (Quantachrome, Boynton Beach FL, USA), heating samples in vacuum at 200°C for at

least 12 h prior to analysis to drive o↵ pre-adsorbed species. From the isotherms, we ob-

tained surface area and pore size distributions with Brunauer-Emmett-Teller (BET) theory
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and Barrett-Joyner-Halenda (BJH) theory respectively. Specifically, multipoint surface area

calculations used data from the relative pressure (P/P0) range between 0.05 to 0.30, and the

pore size distributions used the desorption isotherm. We performed Raman spectra using a

home built setup comprised of a 532 nm laser (Coherent Compass, Santa Clara CA, USA)

focused with a 50x objective (0.55 NA, Mitutoyo, Kawasaki, Kanagawa, Japan) and collected

on a spectrometer fitted with a liquid nitrogen-cooled CCD detector (SpectraPro 500i, Acton

Research Corporation, Acton MA, USA). To collect XRD data, we used a Bruker (Billerica

MA, USA) D8 Discover X-ray di↵ractometer equipped with a General Area Detector Di↵rac-

tion System (GADDS) and a Cu K↵ source at 1.54 Å. FTIR measurements were performed

by the KBr pellet method with a Bruker VERTEX 70 spectrometer in transmission mode.

Finally, bright-field TEM images with accompanying SAED patterns and EDS were obtained

on an FEI (Hillsboro OR, USA) Tecnai G2 F20 with 200 kV accelerating voltage. In addition

to MoS2 and WS2, we attempted to synthesize a selenium-based TMD aerogel composite, by

adding NbSe2. However, after pyrolysis, both Raman and XRD demonstrated that the NbSe2

had oxidized into Nb2O5 and NbO2. To fabricate coin cell electrodes, we ground a mixture of

pyrolyzed TMD-loaded aerogels in a rotary mill (Fritsch Pulverisette, Idar-Oberstein, Ger-

many) and passed it through a #140 test sieve (opening size ⇠106 µ m). We ground the

milled, sieved product (88 wt%) with PTFE tape (6 wt%) as a binder, and Ketjenblack car-

bon additive (6 wt%, AkzoNobel, Arnhem, Netherlands) together with a mortar and pestle

until the mixture was completely amalgamated. We then flattened the amalgam with a glass

rolling pin to ⇠100 µ m thick sheet, from which we punched 0.5 inch diameter electrodes. We

assembled supercapacitor devices in a symmetric two-electrode configuration consisting of a

sandwich of SUPER-P carbon black (Timcal, Bironico, Switzerland) aluminum foil current

collectors, CR2032 coin cell casings (MTI, Richmond CA, USA) and TMD-loaded aerogel

electrodes surrounding a cellulose separator, filled with 1 M Na2SO4 aqueous electrolyte (Fig-

ure 7.1c). The electrochemical performance of our supercapacitor cells was evaluated using

a Bio-Logic (Seyssinet-Pariset, France) VMP3 potentiostat / galvanostat with EC-Lab soft-

ware. We first conditioned the cells over 5 galvanostatic charge-discharge cycles between 0.1
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and 0.9 V, one cycle at 1 mA and four at 10 mA, to ensure complete electrolyte permeation.

This was followed by six more galvanostatic cycles between 0.1 and 0.9 V, which were used

for capacitance measurements. In these cycles, the cell was charged at 10 mA and discharged

at increasing gravimetric current densities of 0.054, 0.28, 0.56, 1.39, 2.78, and 5.53 A g�1 for

MA-17; and 0.059, 0.30, 0.60, 1.51, 3.02, and 6.03 A g�1 for all WS2 aerogels as well as the

RFA (normalized to the mass of active material). For the samples made from 17 mg mL�1

TMD dispersions, this corresponds to currents of 1, 5, 10, 25, 50, and 100 mA. Immediately

after rate testing, we conducted electrochemical impedance spectroscopy (EIS) at 0.5 V with

a 5 mV sinusoidal oscillation between 400 kHz and 10 mHz. Finally, we analyzed the coin

cells with cyclic voltammetry (CV), sweeping between 0 and 0.9 V at 20 mV s�1. For WA-

17, a galvanostatic cycling test was performed following cyclic voltammetry, whereby the

cell underwent continuous charge-discharge cycles between 0.1 and 0.9 V at a fixed current

density of 0.25 A g�1.

7.3 Results and Discussion

7.3.1 Results

TEM images of the pyrolyzed aerogels in Figure 7.2 confirmed that the RF matrix, which

consisted of nanoscale carbon particles characteristic of a pyrolyzed aerogel, acted as a sup-

port for the TMD sheets. Electron di↵raction (Figure 7.2a and 7.2b, inset) and energy

dispersive X-ray spectroscopy (Figs. S9 and S10) of the doped aerogels demonstrate that

the sol-gel process does not chemically modify the TMD's. After incorporation, these TMD

crystals range in size from 5–100 nm in the (002) stacking plane and up to micron scale in

length. While it does not have a high exfoliation e�ciency, acetonitrile is e↵ective at pre-

serving large area sheet sizes by physisorbing to the chalcogenide atoms in TMDs to reduce

van der Waals forces before subsequent intercalation [228]. This mild reduction is believed

to prevent scissoring of TMDs and lead to large area sheet dispersion (Figure 7.2b and 7.2d)

[229]. The WS2 composite exhibited the highest degree of exfoliation, as evidenced by ad-
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ditional TEM images. BET analysis of the aerogels (Figure 7.3 Table 7.1) demonstrated

that the neither the addition of TMD sheets in this accelerated synthesis, nor the amount

of TMD added significantly impacted the surface area or the morphology of the gel. All

the TMD-loaded aerogels maintained high surface areas greater than 400 m2 g�1, with a

maximum for WA-17 at 620 m2 g�1. Furthermore, processing the aerogels for supercapacitor

electrodes did not significantly a↵ect their surface area: WA-17 retained 94% of its original

surface area after milling and sieving, and electrode sheets made from combining the same

milled and sieved sample with PTFE tape and carbon black retained 99% of the original

surface area of the aerogel. These results suggest that the aerogel represents a mechanically

stable support throughout processing. Comparing the theoretical maximum surface areas

for the TMD's (750 and 483 m2 g�1, see SI Section 1) to our control aerogel of pure py-

rolyzed RF (776 m2 g�1), it is clear that the carbon aerogel constituted the majority of the

surface area [203]. In addition, the nitrogen sorption isotherms of all the aerogels, including

the unloaded control sample, exhibited type H1 hysteresis [230], which is characteristic of

largely uniform diameter spherical particles. This further confirms that the carbonaceous

matrix constituted the bulk of the surface area in the TMD-loaded samples. Indeed, the

TEM images in Figure 7.2 show that the TMD's incorporated as large sheets of material

supported by the homogeneous network of carbonized RF polymer. The BJH pore size dis-

tributions of the TMD-loaded aerogels were roughly unimodal and peaked below 100 Åpore

radius, revealing their mesoporous nature. In contrast, the RFA featured a bimodal pore

distribution with larger pores on average than the other samples, as evidenced by the peaks

at 90 and 135 Å, and a tail extending past 250 Å.

In FTIR spectra of MA-17 and WA-17 (Figure 7.3c), the absence of epoxy functional

groups at 1220 cm�1 and alkoxy groups at 1095 cm�1, which form during polycondensation

of resorcinol and formaldehyde, shows that pyrolysis successfully removed these oxygen-

containing moieties [231]. The broad band centered at 1510 cm�1 along with the weaker

band at 1630 cm�1 correspond to C=C–C stretching in an aromatic ring and is evidence

of carbonized sp2-bonded structures in the aerogels. The band at 1340 cm�1 represents
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Figure 7.2: TEM images of MA-17 (a, b), WA-17 (c, d), and RFA (e, f). Panels e and f are
characteristic of the gels as synthesized, while panels a, b, c, and d demonstrate the presence
of exfoliated sheets. Insets in the TEM images (a and c) show electron di↵raction of the
TMD sheets dispersed in the aerogel.
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Figure 7.3: Nitrogen sorption isotherms with BET surface area (a) and BJH pore size dis-
tribution (b) of MA-17 and WA-17. In addition, FTIR transmittance data (c) demonstrate
functional groups within the aerogel composites.
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O–H bending in phenol groups, which have been observed to survive heat treatment even at

1000°C, well above the pyrolysis temperature of 800°C for our aerogels [232]. Notably, both

aerogels exhibit a small peak at 680 cm�1, corresponding to a C–S mode, which suggests

that the rapid synthesis and subsequent pyrolysis produces chemical bonding between the

RF matrix and the TMD sheets.

The Raman spectrum of WA-17 shows both the D band at 1345 cm�1 and the G band

at 1603 cm�1 (Figure 7.4c). The D band stems from carbon-carbon sp3 stretching with A1g

symmetry, associated with disordered atoms, while the G band originates from the doubly

degenerate (iTO and LO phonon modes) carbon stretching with E2g symmetry. Interestingly,

the intensity ratio of these modes and the location of the G band provide information about

both the amount of sp3 bonding and the graphitic grain size domain. As the G band decreases

in wavenumber and the intensity ratio of the D band to G band decreases, carbon bonding

shifts from graphite to nanocrystalline graphite to amorphous carbon [233]. This analysis

suggests that these aerogels contain approximately 5% sp3 bonding with graphitic grain

sizes of 11 nm. Prior reports have shown that the addition of transition metal ions into

a carbon aerogel can catalyze graphitization during pyrolysis at temperatures greater than

1000°C [234]. However, we do not observe any catalytic graphitization of the aerogel from

Raman spectroscopy. All the TMD's exhibit E1

2g
and A1g symmetry Raman active modes,

which correspond to in-plane and out-of-plane stretching modes, respectively [235]. Similar

to carbon, the distance and intensity ratio between these scattering modes gives information

about the degree of electrical coupling between layers. The addition of more monolayers

tends to increase the energy of the out-of-plane A1g mode. While the TEM data do not

suggest high exfoliation of the TMD's in the gels, the shift between peaks implies that there

is a decrease in interlayer coupling, which could lead to increased adsorption or intercalation

of ions during supercapacitor operation. For WS2, the spacing between the E1

2g
and A1g

peaks decreases from 69 cm�1 to 64 cm�1 after sonication, which implies that monolayers

are electrically coupled to two nearby sheets (Figure 7.4b) [235, 236]. We note that this does

not necessarily mean that the sheets were highly exfoliated, only that inter-layer coupling
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Figure 7.4: Raman characterization of MoS2 (a) and WS2 (b) dispersed within the RF matrix
of the aerogel (c) for samples synthesized from 17 mg mL�1 TMD dispersions. The Raman
scattering of the aerogel (c) was collected from the WS2 composite. For each RF-supported
TMD, the bulk Raman spectra is displayed o↵set for comparison. In addition, the supported
TMD and bulk Raman spectra were collected without adjusting the spectrometer grating to
prevent alignment-induced shifts in wavenumber. All wavenumbers were further calibrated
with a silicon wafer. Vertical dotted lines represent peak centers of the in plane (E1

2g
) and

out of plane (A1g) modes of the exfoliated TMD's to emphasize the shift from their bulk
counterparts due to exfoliation in the case of MoS2 and WS2.



89

in the (001) direction decreased during processing. For MoS2, there is a less distinct shift,

which suggests that the exfoliated material is only slightly shifted from its bulk counterpart

(Figure 7.4a). The exfoliated, dispersed (bulk) E1

2g
peak sits at 378 cm�1 (381 cm�1) and the

A1g sits at 404 cm�1 (407 cm�1), leading to a di↵erence of 26 cm�1 (26 cm�1). A comparison

to literature for the out-of-plane A1g shows that each MoS2 remained coupled to only one

other layer. However, the E1

2g
and peak spacing suggest the material retained its bulk-like

characteristics [235, 237].

The XRD and SAED of both MoS2 and WS2-loaded aerogels demonstrated that the

TMD's remained crystalline throughout the rapid sol-gel processing and the subsequent high-

temperature pyrolysis (Figures 7.2 and 7.5). For these sulfur-based TMD's, we identified the

sharp peaks in XRD as highly crystalline 2H phases. The underlying broad peak centered

at 2✓1̄7°originates from amorphous carbon within the aerogel [203]. By examining the peak

broadening, we further quantified the size of the TMD crystals loaded into the aerogels, using

the Scherrer equation. This analysis suggested that on average, the thickness of the WS2

crystallites in the (002) axis is about the same for all the WS2-loaded aerogels, around 100

nm or 160 layers; whereas the thickness of the MoS2 crystallites in the MoS2-loaded aerogel is

somewhat lower at 64 nm or 104 layers (Table 7.1). This agrees well with the cross-sectional

TEM images of the pyrolyzed aerogels (Figure 7.2).

7.3.2 Electrochemical characterization of composites

From electrochemical tests of our pyrolyzed TMD aerogel supercapacitor electrodes, we eval-

uated specific volumetric capacitance based on galvanostatic discharge profiles at each ap-

plied current, using the full voltage window of 0.9–0.1 V (Figure 7.6d). As we vary the mass

loading of TMD's into the aerogel, we observed significant di↵erences in the densities of the

aerogels: 0.33, 0.61, and 0.90 g cm�3 for RFA, MA-17, and WA-8.6, respectively. The wide

range reflects the significant di↵erences in the TMD densities—7.5 g cm�3 for WS2 and 5.06

g cm�3 for MoS2—as well as their molecular weights. For example, while the WS2 comprises

only 3.3 mol-% of WA-17, it represents 41.5 mass-%. Thus, the resulting capacitances repre-
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Figure 7.5: XRD patterns of MA-17 and WA-17. Vertical solid lines show the corresponding
XRD peaks and relative intensities of 2H-MoS2 and 2H-WS2 from the International Centre
for Di↵raction Data cards.

sent the interplay between the molar percentage of the TMD and the density, capacitance,

surface area, and conductivity of the added TMD, as discussed below. While undoped and

doped aerogels exhibited similar gravimetric capacitances (87.5 and 84.5 F g�1 maxima, re-

spectively), the volumetric capacitance increased significantly upon the addition of TMD's

(Table 7.1). The WA-34 exhibited the greatest volumetric capacitance of the samples at 59.8

F cm�3 (64.7 F g�1), 127% greater than RFA at 26.3 F cm�3 (87.5 F g�1). Similarly, the

MA-17 featured a large volumetric capacitance compared to the RFA, at 52.5 F cm�3 (84.5

F g�1), as did the other WS2-loaded aerogels. This marked improvement may be attributed

to the reduction of inter-layer coupling in the TMD's accompanying sol-gel processing, as

previously shown in Raman analysis. Additionally, the enhanced volumetric capacitance of

the TMD-loaded aerogels suggests that they represent promising, scalable materials for high

density supercapacitor applications, such as hybrid vehicles or portable electronics where

space is constrained [197–199, 238]. It is worth noting that all of our 2H TMD-loaded aero-
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Figure 7.6: Electrochemical characterization of the pyrolyzed aerogels with di↵erent WS2

mass loadings fabricated into coin cell supercapacitors, including equivalent circuit diagram
(a), Nyquist plots from EIS (b, inset shows more detail of high–mid frequency range), cyclic
voltammogram at sweep rate 20 mV s�1 (c), and specific volumetric capacitance (d) as a
function of applied current density from galvanostatic tests.
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gel devices perform markedly better than devices based on pure, bulk 2H TMD (2–3 F g�1

to 40 F g�1) and similarly to devices based on the 1T metallic phase of MoS2 (⇠80 F g�1)

without pyrophoric materials [212, 239].

The addition of TMD's also improved the rate performance of the aerogels. At the highest

tested current, the specific capacitance of WA-8.6 was 24% of its maximum value, compared

to 15% for RFA. However, WA-17, WA-34, and MA-17 exhibited more severe drop-o↵s than

RFA. We hypothesize that the poorer capacitance retention of these samples, as well as

RFA, is correlated with their higher charge transfer resistance, a value that is measured from

impedance spectroscopy, as discussed below. In addition, WA-17 exhibited excellent cy-

cling stability, and increased in performance during repeated charging and discharging. The

WA-17 specific capacitance more than doubled between cycles 200 and 400, remaining 33%

higher than its initial value at the final tested discharge. This enhanced capacitance during

cycling may be due to additional exfoliation of the TMD or increased pseudocapacitance

during charging and discharging, as observed by Bissett et al. for MoS2–graphene composite

electrodes [240]. We model the experimental EIS data, shown as Nyquist plots in Figure

7.6b and S4a-b, with the equivalent circuit in Figure 7.6a, which consists of an equivalent

series resistance RESR followed by a constant phase element Q in parallel to a charge trans-

fer resistance RCT and a finite linear di↵usion element Ma. RESR comprises the resistances

associated with the bulk electrolyte, bulk electrode, and “external” parts of the system such

as the current collector, terminals, and leads. It is represented in the Nyquist plot by the

intercept of the curve with the real impedance axis. RCT comprises the resistances due to

electron transfer at interfaces in the device and specific adsorption of ions onto the active

material, and is measured as the diameter of the best-fit semicircle at mid to high frequen-

cies. Although RCT is typically associated with the kinetics of Faradaic reactions at the

electrode–electrolyte interface, the lack of peaks or troughs in the CV sweeps (Figure 7.6c),

as well as the lack of voltage plateaus in the galvanostatic discharge profiles, suggest that no

such reactions occur under our testing conditions. The constant phase element (CPE) ac-

counts for frequency dispersion of capacitance that arises from the inhomogeneities of porous
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and rough electrodes [241]. This causes a slight depression and angling of the semicircular

arc that is characteristic of an RC component. Finally, Ma is a particular mass-transport

impedance where the di↵usion layer has a finite thickness and a reflecting (non-permeable)

boundary condition. This accounts for the resistance of electrolyte in pores and interfacial

double-layer capacitance along pore walls [242]. In the Nyquist plot, Ma manifests as the

kinked line following the semicircle, which deviates from the vertical line of an ideal capacitor.

The Nyquist plots show that RCT increases with WS2 loading, and that RCT is much

greater for MA-17 than WA-17 (⇠21 ⌦ vs. 3.9 ⌦), despite the former having larger pore

sizes, which would reduce ion transport resistance. We hypothesize that these trends in

RCT are related to the formation of Schottky barriers between semiconducting TMD's and

metals [243]. Zhang et al. have observed the analogous formation of a Schottky junction

at the interface of MoS2 with sp2 hybridized carbon in graphite, which they attributed to

the existence of metallic edge states in MoS2 nanosheets [244]. Fermi level pinning may be

exacerbated in these devices because the aerogels are not composed of pristine graphite, but

carbonized RF polymer, whose highly defective structure hosts many charge trapping sites.

Additionally, while WS2 and MoS2 have similar bulk contact resistances, the incorporation

of WS2 likely does not impact the overall charge transfer resistance of the aerogel as severely

as MoS2 due to di↵erences in molar loading (Table 7.1). Alternatively, RCT is associated

with ion adsorption within the pores of the active material [245]. On this subject, an EIS

study by Bissett et al. on supercapacitors with exfoliated TMD membrane electrodes in

aqueous Na2SO4 electrolyte, showed that the ion adsorption in MoS2 occurs on a much

slower timescale compared to WS2 [239]. It is worth noting that RCT values comparable to

ours have been reported previously for coin cells containing bulk (2H phase) MoS2 as the

active material [246].

Interestingly, RCT of the RFA control is similar to WA-34 (5.7 ⌦). This observation

is consistent with previous studies of TMD-carbon composite supercapacitors where the

addition of the TMD lowered RCT from that of the plain carbon as well as the bulk TMD

[247, 248]. Like WA-34 and MA-17, the RFA has larger pores which would lower ionic
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resistance, but no TMD's to contribute to contact resistance within the electrode. In this

case, we hypothesize that the larger RCT is related to the significantly higher specific surface

area (776 m2 g�1) and lower bulk density (0.33 g cm�3) of the RFA due to the absence of

TMD's, resulting in a more sparse 3D network of active material with poorer electronic

conductivity whose e↵ect is great enough to counteract the easier ion movement. In support

of this claim, Yang et al. recently conducted a comprehensive study of pyrolyzed RF aerogel

supercapacitors where the pore size was tuned by catalyst concentration [249]. They found

that charge transfer resistance tended to increase in tandem with pore size and confirmed

the high electronic resistance of samples with large pores by four-point probe measurements.

In contrast to RCT , RESR is similar for all tested aerogels, ranging from 0.56–0.76 ⌦. This

is not surprising given the identical composition of the pyrolyzed RF matrix and identical

construction of the coin cell devices for all samples. The slight increase in RESR for MA-17

compared to WA-17 reflects the di↵erence in the electrical conductivity of the constituent

bulk TMD's—0.9 S cm�1 for WS2 versus 0.2 S cm�1 for MoS2 at 300 K [216, 250]. Mechanical

integrity may also be responsible for the di↵erences in series resistance, as the MA electrode

amalgam had a stronger tendency to crack and flake apart during the flattening process,

presumably due to the weak interlayer bonding of the TMD and its higher molar loading

compared to WA-17.

Another performance metric is the knee frequency fk, which is the frequency at which

the semicircle transitions into the sloped linear region in the Nyquist plot, corresponding

to a local minimum of the phase angle. Physically, the knee frequency signifies the point

below which ions can penetrate more easily into pores of the active material, covering its

entire surface to produce capacitive behavior. Within the WS2 aerogels, fk increases with

decreasing TMD loading—20, 28, and 54 Hz for WA-34, WA-17, and WA-8.6 respectively—

although it drops to 14 Hz for the unloaded RFA. The larger charge transfer resistance of

WA-34 and RFA likely accounts for the lower fk, even though they have larger pores on

average compared to the other samples, which would suggest less hindrance to ion di↵usion

within the electrode [251]. In fact, the very short 45°-sloped Warburg region preceding the
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steeper part of the line in these samples also suggests lower resistance to ion di↵usion in the

pores. The much lower fk of MA-17 (4 Hz) compared to WA-17 is indicative of the former's

much higher charge transfer resistance as well.

The wider pore size distribution of WA-34 and RFA also explains why these samples

exhibit smaller slopes—corresponding to a lower phase angle—in the low-frequency region.

With variation in pore sizes, the AC signal does not penetrate equally at a given frequency,

since it is easier for ions to access larger pores than smaller pores, resulting in a shift from

the theoretical vertical line of a capacitor. Song et al. developed a model to describe this

particular frequency dispersion using a dimensionless frequency-dependent “penetrability”

and a pore size distribution function, showing that the slope of the line in the Nyquist plot

decreases for pore distributions with greater standard deviation [252, 253].

The current–voltage plots from the 20 mV s�1 CV sweeps are shown in Figure 7.6c. While

an ideal capacitor exhibits a rectangular shape, the voltammograms of the aerogel samples

exhibit rounded corners, indicating resistance to ion di↵usion that slows the response of the

current to changes in the direction of the voltage sweep. In agreement with EIS, the MA-

17 shows the largest ion di↵usion resistance, represented by a lens-shaped voltammogram.

Similarly, WA-34 and RFA also have significantly distorted CV curves, while WA-8.6 and

WA-17 have the most rectangular curves. The trend in CV shape reflects the superior

volumetric capacitances of the WA-8.6 and WA-17 at most of the tested current densities, as

well as their higher knee frequencies compared to the other two samples. The lack of peaks

and troughs in the voltammograms of the three aerogels indicate that no redox reactions

occur over the tested voltage range and that the mechanism of capacitance is purely double-

layer. While Na+ ions are known to intercalate between the layers of TMD particles, they

are unlikely to do so except at extremely low scan rates [254, 255].

7.4 Conclusions

In conclusion, we have demonstrated a rapid, scalable nanomanufacturing process for the

production of TMD-doped carbon aerogel composites via polycondensation of resorcinol and
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Table 7.1: Summary of pyrolyzed TMD aerogel composite properties

MoS2 17
mg/mL

WS2 8.6
mg/mL

WS2 17
mg/mL

WS2 34
mg/mL

No
loading

TMD Mole % 6.70% 2.30% 4.40% 8.40% 0.00%
XRD Crystallite
thickness (nm)

64 99 104 95 -

BET Surface Area
(m2g�1)

408 500 620 514 776

Gravimetric Capacitance
(F g�1)

84.5 60.3 56.2 64.7 87.5

Volumetric Capacitance
(F cm�3)

52.5 54.2 50.9 59.8 26.3

Molar Capacitance (F
mol�1)

1650 970 1110 1760 1060

Equivalent Series
Resistance RESR(⌦)

0.76 0.60 0.68 0.56 0.60

Charge Transfer
Resistance RCT(⌦)

21 2.6 3.9 5.7 5.7

Knee Frequency fk(Hz) 4 54 28 20 14

formaldehyde catalyzed with hydrochloric acid in acetonitrile. Compared to typical aerogel

processing (24 hours), the reaction presented here occurs in 2% of the time without sacri-

ficing the narrow pore sizes or high surface areas of a standard RF aerogel. This synthesis

outlines a general method to support TMD's with high electrical conductivity and porosity

which is applicable to other stable TMD's. In addition, any novel advances in TMD syn-

thesis or exfoliation can be directly incorporated via this process. Given the wide potential

range of uses of TMD's, including electrochemical, photovoltaic, and catalytic applications,

their e�cient synthesis will enable rapid, combinatorial optimization of design parameters

to engineer new devices. As a proof of concept, we explored the performance of MoS2 and

WS2-doped carbon aerogels as electrodes for supercapacitors. An initial screening of device

performances indicates that the addition of TMD's yields electrodes that are cyclically stable

and o↵er volumetric capacitances up to 127% higher than pyrolyzed RF alone. Further, the
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ability to rapidly process new materials into composites is magnified by the range of applica-

tions for high-surface-area, conductive supports, and we believe this scalable manufacturing

methodology will find widespread use.
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Appendix A

PRESSURE-DEPENDENT CARBON VACANCY DIFFUSION
COEFFICIENT

A.1 Vacancy di↵usion coe�cient estimation

To determine vacancy di↵usion coe�cient in diamond at elevated temperature and pressure,

we used a C�⌦ model of the form [86, 87],

D = fa2⌫exp

✓
�cact�⌦

kBT

◆
(A.1)

where D is the di↵usion coe�cient, a is the lattice parameter, ⌫ is the attempt frequency, B

estimated as the Debye frequency, B is the isothermal bulk modulus, ⌦ is the molar volume,

kB is the Boltzmann constant, T is the temperature. We calculate cact from reported values

and literature, using the equation

cact =
kBT

�⌦
ln

✓
fa⌫

D

◆
(A.2)

While the absolute value of the di↵usion coe�cient is strongly dependent on cact, we are

interested in the di↵usion coe�cient dependence on temperature and pressure via a, B, and

⌦, which we calculate from the diamond equation of state. Notably, cact has no dependence

on temperature or pressure in this formalism and, thus, these results are independent of

any debate over the value of vacancy di↵usion activation, which range from 2.3 to 9.1 eV in

literature, Supplementary Table 2.

We use a Mie-Grneisen-Debye model for the diamond equation of state with parameters
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defined by Dewaele and coworkers,

P (V, T ) = PV (V, 298K) + (PTHDebye (V, T )� PTHDebye (V, T )) (A.3)

where

PV = 3K0x
�2 (1� x) exp ((1.5K 0

0
� 1.5) (1� x)) (A.4)

In these equations, x, the dimensionless volume, is
⇣

V

V0

⌘(1/3)

, K0 andK 0
0
are the bulk modulus

and the pressure derivative of the bulk modulus in the reference state (ambient pressure and

T = 0K), and T , V , and P are the temperature, volume, and pressure. ✓D is the characteristic

Debye temperature. As suggested by Dewaele, we assume the Debye temperature is only a

function of volume,

✓D = ✓0x
�1.5exp

✓
�1 (1� x3q)

q

◆
(A.5)

Because �D is related to ✓D by dln✓D/dlnV , we define its volume dependence as

�D = �1x
3q + 1/2 (A.6)

To fit the values of Dewaele, we simplify this expression to

�D = �1x
3q (A.7)

For the diamond EOS and vacancy di↵usion calculations, we use the constants in Supple-

mentary Table 3. The results of this analysis for cact = 0.430 are shown in Fig. S3.

To account for the time-dependence of vacancy-di↵usion, we used a continuum probability

distribution function for di↵usion,

P (r, t,D) =
4⇡r2

(4⇡Dt)3/2
exp

✓
�r2

4Dt

◆
(A.8)

where D is the di↵usion coe�cient, t the time, and r is the radial distance from the starting
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location. To solve for the di↵usion coe�cient at elevated temperatures and di↵erent time

scales, we solved for a probability distribution function using experimental values from lit-

erature and t = 3600 s (Table 3). We then solved for the di↵usion coe�cient at elevated

pressure, D16.3GPa, with t = 30 s using,

P (r, 3600s,Datm) = P (r, 30s,D16.3GPa) (A.9)

And used this value to calculate the necessary temperature at P=16.3 GPa.

Table A.1: Equivalent temperature di↵usion coe�cients at elevated pressure

Activation
Energy
(eV)

873.00 K 1073.00 K 1473.00 K

7.054 972.84 1198.15 1652.56
6.796 972.85 1198.17 1652.59
6.927 972.84 1198.159 1652.57
5.563 972.87 1198.203 1652.66
2.3 973.33 1198.89 1654.99
9.1 972.80 1198.07 1652.40

Here, ksolidAr is calculated using the equation

log10(k) = �1.5⇥ log10(Tsurface) + 4.671 (A.10)

and kliquidAr is calculated using

k = 6.38⇥10�19T 5�6.00⇥10�15T 4+2.26⇥10�11T 3�4.43⇥10�8T 2+7.06⇥10�5T�5.55⇥10�5

(A.11)
The values in Table A.2 are representative of these calculations.
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Table A.2: Constants and units used in vacancy di↵usion coe�cient calculations

Constant
Name

Value Units

V0 5.6693 Å/ atom
K0 444.5 GPa
K 0

0
4.18 -

✓0 1860 -
�1 0.85 -
q 3.6 -
⌫ 47.69 THz
f 0.7276 -
R 0.0138 GPaÅK�1atom�1

cact 0.43 -
e 1 -
k 0.05 Wm�1K�1

ksolidAr 0.88 Wm�1K�1

kliquidAr 0.066 Wm�1K�1

nCarbon 1.5-1i -
nAr 1.6 -
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