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High temperature processing can provide sufficient activation energy for
materials’ compositional, structural, and morphological evolutions, and is essential for
various kinds of reactions, synthesis, and post-treatment. However, the current high
temperature heating sources, mostly furnaces, are far from satisfying for nanomaterials
processing owing to their bulky size and limited temperature and ramp range (~1300
K, ~10 K/min). In this thesis, we have focused on the study of electrical triggered Joule
heating as a new route for high temperature engineering of nanomaterials toward
nanomanufacturing. We developed facile, highly stable and controllable heating
strategies for micro/nanoscale high temperature engineering.
Ultrahigh temperature annealing (>2500 K) is applied to carbon nanomaterials
to address the defects and poor interfacial problems. In the carbon nanofibers (CNFs),
the high temperature graphitizes the carbon nanomaterials with significantly improved

crystallinity and less defects. Importantly, the rapid heating (~100 K/min) leads to



junction welding at fiber intersections. Similarly in carbon nanotubes (CNTs), welded
CNTs is achieved by incorporating a thin polymer coating, followed by high
temperature annealing to form 3D interconnected structures, defined as an “epitaxial
welding” process.

Ultrafast thermal shock (~2000 K in 55 ms) is applied to metal salt loaded
carbon substrates for in-situ synthesis of ultrasmall, well-dispersed nanoparticles.
Metal salts decompose rapidly at high temperatures and nucleate into well-dispersed
nanoparticles during the rapid cooling (rate of ~10° K/s). By varying the composition
in salt mixtures, we synthesized bimetallic, multimetallic and high entropy alloy
nanoparticles (HEA-NPs) containing up to 8 different and immiscible elements. The
high temperature leads to atomic mixing in the liquid alloy state, while rapid quenching
freezes the completely mixed state to form solid solution nanoparticles with a narrow
size distribution. This is for the first time HEA-NPs were synthesized, enabled by the
unique thermal shock method.

We also developed scalable approaches such as employing non-contact
radiative heating for large scale substrates (either conductive or non-conductive) and
continuous roll-to-roll production. The high temperature engineering on nanomaterials
are highly facile, energy-efficient, and reliable toward scalable nanomanufacturing.
More exciting results and products are expected for various nanomaterials during/after

the unique high temperature engineering.
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Chapter 1: Introduction

1.1 Nanomanufacturing

Nanomaterials are materials which have at least one dimension in 1-100 nm
range, and often have unique optical, electronic, or mechanical properties due to size
effect. While there are lots of natural nanomaterials and nanostructures, most of the
currently studied and applied nanomaterials are synthesized through various processing
or engineering methods. Owing to the unique size-dependent effects (surface effect and
quantum confinement),> nanomaterials shows drastically different structures and
properties from their bulk counterpart, leading to the enormously increasing interests
from both research and industry for the exploration of new materials/structures with
superior properties that can be applied in various fields like energy storage, advanced
electronics, biomedical engineering, medicine, environmental and life science, etc.

Although great breakthroughs in nanoscience have been made since past few
years, successful transfer of these existing nanoscience to practically applicable devices
and products is severely hindered due to the difficulty in precisely handling of
nanomaterials at nanoscale and further scale up toward large-scale manufacturing.®’
Such a challenge has surged a new research area of “nanomanufacturing” - both the
production of nanoscale materials and the manufacturing of parts “bottom up” from
nanoscale materials or “top down” in smallest steps for high precision, according to the
national nanotechnology initiative (NNI) of US.” The national nanotechnology

initiative (NNI) has named nanomanufacturing as one in five of top priority areas and



also one grand challenge, demonstrating the significance of developing
nanomanufacturing techniques to turn the nanotechnology’s potential into reality.
While the typical “top-down” nanofabrication have been developed for many
years in the semiconductor industry and becomes more and more sophisticated and
mature, the scalable “bottom-up” synthesis and fabrication remains largely unexplored.
There is an urgent need to develop fast, high volume, high rate, cost-effective, reliable,
scalable manufacturing techniques to fabricate parts through “bottom-up” technologies
such as self-assembly, in-situ synthesis, etc. The current focus of nanomanufacturing
is threefold (NNI): (1) effective and scalable nanoscale materials synthesis, (2) scale-
up manufacturing for industrial mass production, and (3) system integration across
various dimension scales. In this thesis, we aim at developing various high temperature

processes as “bottom-up” nanomanufacturing through (1)-(3).

1.2 Nanomaterials and challenges

Currently, the most important nanomaterials are carbon-based nanomaterials,
such as carbon nanotube and graphene, and nanoparticles including metallic
nanoparticles and semiconductor quantum dots.>® Carbon is called “The materials of
the 21% century” because of its diversified allotropes and superior properties. Carbon
nanomaterials have a lot of allotropes, from 0 dimension fullerenes, 1-dimensional
carbon nanotube and carbon nanofibers, 2-dimensional graphene and reduced
graphene oxide, to complex 3-dimensional carbon sphere, which all originated from
the 2D graphene sheet structure (Figure 1.1a).8 The strong sp2 hybridized (Figure 1.1b)
carbon-carbon bond and perfect hexagonal structure in the 2D graphene sheet gives

excellent mechanical properties while the one-dimensional confinement of electronic



and phonon states lead to high in-plane electronic and thermal conductivity.® For
example, single wall carbon nanotube (SWNT) has an exceptional in-plane Young’s
modulus of 1 TPa and tensile strength of 50-150 GPa, the high thermal conductivity of
3000-6000 W/m/K and electronic conductivity of 10E6-10E7 S/m. As a comparison,
copper has a Young’s modulus of 120 GPa, thermal conductivity of 400 W/m/K and
electronic conductivity of 6*10E7 S/m, with a much higher density of 9 g/cm? (carbon-
based < 2 g/cmq).® With all these exceptional properties, carbon nanomaterials have
been intensively studied for energy storage (Li-ion batteries, supercapacitors, fuel
cells), advanced electronics to partially replace Si-based technologies, high
performance lightweight composite materials with extraordinary mechanical

properties, among other numerous applications.?°

Side view Top view
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Figure 0.1. (a) Various allotropes originated from the 2D graphitic carbon sheet, in another
word, graphene.® (b) The origin of superior properties in carbon-based nanomaterials: the sp2
hybridization and crystal structure gives excellent mechanical properties; the free p electron

give high electronic and thermal conductivities.®

Unfortunately, these superior properties are often compromised as carbon
nanomaterials are assembled into bulk structures on a macro scale, an issue of scaling

(nanomanufacturing). For example, single-walled CNT are known to exhibit electrical



conductivity above 10000 S/cm, but the reported conductivity of self-assembled CNT
membranes is two orders of magnitude less, approximately 100 S/cm.*®*2 Such an
issue of scaling limits the use of carbon nanostructures and is attributed to the poor
physical contacts (van der Waals force) between these carbon nanostructures that give
large contact resistance as well as easy sliding. It is reasonable to believe that by
addressing the poor contacts between carbon nanomaterials, the bulk performance of
interconnected carbon structures could be improved significantly.

On the other hand, nanoparticles are another important part of nanomaterials
spanning from the metallic nanoparticle, semiconductor quantum dot, to ceramic
nanoparticles and so on.** Due to its versatile variations in size, shape, structure, and
compositions, they show various unique properties for application in energy storage,
biomedical engineering, drug delivery, advanced imaging, and catalytic reactions. The
essential feature of nanoparticles is that their physical and chemical properties are
highly dependent on their size.*>* For example, Figure 1.2b shows the scaling of
melting temperature of Au nanoparticle with decreasing in size as a surface scaling
effect. Figure 1.2c shows the change of density of states as the spatial confinement
increases as a quantum confinement effect in nanoparticles. Such a size effect
originated from the increasing number of surface atoms which has very different
electronic and bonding states compared with body atoms and therefore much higher
reactivity. Since the properties and performances of nanoparticles are highly dependent
on its size, the controllable synthesis of ultrafine nanoparticles with narrow size
distribution is of very important and has been successfully realized by various wet

chemistry methods™>**15-17 (Figure 1.2a).



Energy
Figure 0.2. (a) TEM images of iron oxide nanoparticles with different diameters.*® (b) Size-

dependent of the melting temperature of Au nanoparticles due to surface effect.!* (c) Change
of density of states due to the spatial confinement.®

Similar to carbon nanomaterials, these synthesized nanoparticles also
encountered serious obstacles in scaling up for mass production and device integration.
For example, in many applications, the synthesized nanoparticles should be dispersed
onto support for applications such as energy storage and electrochemical catalysis.
While fine control over size distribution can be easily realized through wet chemistry
methods, it is still very challenging to effectively disperse these nanoparticles onto
support without losing their reactivity due to serious aggregation.!®!> The highly
reactive surface of nanoparticles are prone to aggregate during the redistribution
process, rendering the loss of high performance of nanoparticles due to loss of reactive
surfaces. Therefore, manufacturing of high-quality nanoparticles well dispersed onto
the support in an efficient manner remains a challenge, especially due to agglomeration
during assembly processes. In the meantime, due to the slow Kkinetics in wet chemistry,
there is an increasing challenge in synthesizing multielements nanostructures as the

number of elements increased, owing to the difficulties in the overall kinetic control of



multiple elements with intrinsically different physical and chemical properties. Finally,
since nanomaterials are in the scale way beyond our human handling capability, there
is a fundamental challenge to develop effective and reliable methods for mass-
production of their assembled structures without sacrificing their superior

performances, namely protocols for “nanomanufacturing”.

1.3 High temperature nanomanufacturing

To effectively tackle the above-mentioned nanomanufacturing problems and
challenges, fundamentally new processing and engineering methods are needed. In the
manipulation of nanomaterials, the processing temperature is critically important.
Specifically, high temperature processing provides sufficient activation energy which
is critical to enable various kinds of reactions, synthesis, and treatments. In the bulk
materials synthesis and processing, high temperature treatment is everywhere. For
example, high temperature annealing of carbon-based materials is an effective way to
increase the crystallinity and remove impurities/defects, leading to increased
conductivity and mechanical properties. For nanoparticles, the high temperature is also
essential for particle synthesis via thermal reduction or thermal decomposition.

However, currently, the high temperature heating source, namely furnaces, is
far from satisfying to be applied as high temperature source for nanomaterials. First,
furnaces are very bulky in size and are too large for precise temperature control and
processing for nanomaterials (at the nanoscale). Second, due to the large chamber size
and radiation heating strategy, the temperature and heating/cooling rate of furnaces are
largely limited, typically with a temperature around 1300 K and heating/cooling rate of

10 K/min. Third, owing to the slow heating/cooling rate, the high temperature duration



is often long and very often can cause severe aggregation of nanoparticles due to
particle sintering/coarsen at high temperature. As a result, the current researches in
nanoscience and technologies are mostly focused on the low-temperature behavior of
nanomaterials with slow heating/cooling rate, leaving the study of extreme temperature
treatment (high temperature, ultrafast heating/cooling rate) a virgin field to be explored.

In fact, high temperature can be well controlled via electrical triggered Joule
heating where the electric power is converted into internal energy and revealed by
increasing temperature. The temperature can be easily controlled by tuning the input
electrical power. In history, carbonized bamboo fibers were the first commercial
filaments used in Edison’s light bulb for lighting, and have demonstrated excellent
performances as high temperature lighting/heating source. Previously, Joule heating
was also applied to study the high temperature lighting behavior of various carbon
materials.8-?2 Unfortunately, these works all focus on the lighting and high temperature
phenomena, while leaving these materials after high temperature treatment not well
characterized and studied, and therefore, excluding the possibility of utilizing Joule
heating induced high temperature as a synthesis or manufacturing methods for
nanomaterials.

We have found that there are several merits of using Joule heating as a new
route for high temperature treatment of nanomaterials. (1) The temperature can be
easily and precisely controlled by input electrical field. (2) The maximum temperature
can reach up to 3000 K, which is far beyond most furnace temperatures and provides a
great opportunity for ultrahigh temperature treatment of nanomaterials which is rarely

studied. (3) The ramping rate can reach up to unparalleled 10E° K/s, a record high



heating/cooling rate that can enable non-equilibrium treatment of nanomaterials that is
again rarely studied before. (4) Joule heating is directly applied to the object itself and
nearly 90% of electrical energy is effectively converted into Joule heat, making the
process highly effective and economic for scalable nanomanufacturing.

Importantly, the structures and properties of nanomaterials changed
significantly after high temperature treatment, especially under extreme conditions
such as ultrahigh temperature or ultrafast heating/cooling, which are seldom studied
before. Such a highly controllable heating strategy can act as a new protocol for
nanomaterials processing and manufacturing and provides the possibility for the high
temperature engineering and manufacturing of various nanomaterials for the

development of new structures and improved properties for advanced applications.

1.4 Summary and motivation

Since most studies and researches on nanomaterials are at low temperature with
slow heating/cooling rate, it is of great interest for us to employ high temperature
engineering methods to study those nanomaterials, especially under/after extreme high
temperature treatments (ultrahigh temperature, ultrafast heating/cooling), in order to
develop new materials and structures with drastically improved properties, and
potentially a new way for scalable nanomanufacturing.

Based on the high temperature experiments we developed recently, in this
thesis, I will present and discuss in mainly three parts. (1) Develop of highly stable and
controllable high temperature heating source for microscale/nanoscale heating, and
study of related high T phenomena. (2) Study the behaviors of various nanomaterials

under/after the extremely high temperature conditions: (i) high temperature annealing



of carbon-based nanomaterials; and (ii) Rapid thermal shock synthesis of various
nanoparticles. (3) Develop of rapid and efficient high temperature processing methods
toward scalable manufacturing.

(Part I) Develop a highly stable high temperature source capable for microscale
and nanoscale heating with well-controlled temperature, heating/cooling rate. Besides
the 2D flexible carbon film for high temperature lighting, we developed a three-
dimensional (3D) printed reduced graphene oxide (RGO)-based heaters to function as
high-performance thermal supply with high temperature (3000 K) and ultrafast heating
rate (10° K/s). Compared with other heating sources, such as furnace, laser, and infrared
radiation, the 3D printed heaters have the following distinct advantages: (1) the RGO
based heater can operate at high temperature up to 3000 K because of using the high
temperature-sustainable carbon material; (2) the heater temperature can be ramped up
and down with extremely fast rates ~20,000 K/second; (3) heaters with different shapes
can be directly printed with small sizes and onto different substrates to enable heating
anywhere. The 3D printable RGO heaters can be applied to a wide range of
nanomanufacturing when precise temperature control in time, placement, and the
ramping rate is important.

(Part 1) The structure and properties change of nanomaterials under/after
extreme high temperature treatment can be very interesting and it is expected new
structures with excellent performances can be achieved via extreme high temperature
engineering. We mainly focused on two aspects: (1) high temperature annealing of
carbon-based nanomaterials and (2) ultrafast thermal shock for the synthesis of well-

dispersed nanoparticles.



High temperature annealing was applied to carbon nanofibers (CNFs) to
temperatures greater than 2500 K at a heating rate of 200 K/minute. After the high
temperature treatment, not only the CNFs become highly crystalline with improved
conductivity and purity, but also the individually intertwined CNFs were welded at
junctions, namely, these CNFs are fused together for adjacent CNFs. The welded-CNFs
shows greatly improved conductivity and mechanical properties as a result of forming
3D interconnected CNFs structure, addressing the poor interface problems in many
carbon-based nanomaterials. Based on this finding, we continue to weld crystalline
CNTs together by incorporating a thin layer of the polymer as the welder to link the
crystalline CNTSs to form 3D interconnected structures, defined as an “epitaxial welding”
process. The pristine individual CNTs were connected by the thin polymer shell on
CNTs; after high temperature annealing, these polymer shells were in situ converted
into the graphitic shell using the embedded CNTs as growth templates. The final 3D
CNTs shows enhanced conductivity and mechanical properties by addressing the poor
interface problems. The high temperature annealing not only help remove the defects
in carbon-based nanomaterials, but also bring these nanomaterials together into an
interconnected structure, which is critical to transfer their excellent properties at
nanoscale to macroscale.

We also successfully realized a rapid thermal shock method (RTS) to in-situ
synthesize well-dispersed nanoparticles on a conductive fiber matrix from metal
precursor salts. The carbon nanofibers coated with metal salts was ramped from room
temperature to ~2000 K in 5 milliseconds, which corresponds to a rate of 400,000 K/s.

Metal salts decompose rapidly at such high temperatures and nucleate into well-

10



dispersed metallic nanoparticles during the rapid cooling step (cooling rate of ~100,000
K/s). These ultrafine, well-dispersed nanoparticles on conductive substrates can be
utilized directly for catalytic reactions. Based on this finding, we synthesized bimetallic
nanoparticles by tuning the initial precursor into salt mixture. The high temperature is
well above the decomposition temperature of both salts and even above their melting
point, therefore, leading to atomically mixed nanoparticles owing to the atomic mixing
at high temperature (liquid alloy state). The homogeneous alloy structure shows high
catalytic properties.

Further exploration of these extreme high temperature engineering was applied
to the synthesis of multimetallic nanoparticles. In our method, the high temperature
(~2000 K, 55 ms) enables complete mixing of up to 8 immiscible elements (e.g.
PtPdNiFeCoAuCuSn) in the liquid metal state; rapid quenching (rate of ~105 K/s)
freezes the completely mixed state to form solid solution nanoparticles with a narrow
size distribution. The thermal shock method leads to homogeneous solid solution
nanoparticles (i.e. high entropy alloy nanoparticles, HEA-NPs), where each element is
uniformly distributed (no phase separation) to maximize the mixing entropy. This is
for the first time we synthesized HEA-NPs through the unique high temperature shock
method which combines high temperature and rapid quenching to enable unique HEA
structure and nanoparticle formation. The HEA-NPs exhibit highly improved catalytic
performances for ammonia oxidation.

(Part 111) It is obvious that novel nanomaterials and nanostructures are enabled
by high temperature engineering, especially those with extreme conditions (ultrahigh

temperature, ultrahigh heating/cooling rate). It is found these high temperature
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engineering methods are also highly facile, efficient, and reliable towards scalable
nanomanufacturing. We also developed methods to even further speed up the process.
For example, thermal shock of 3D carbonized wood structure enables synthesis of
nanoparticles in a 3D bulk structure with 100x increase in particle production
efficiency. Also, by employing non-contact radiative heating, large-scale substrate can
be easily incorporated and a continuous roll-to-roll production process is possible for
the rapid synthesis of nanoparticles on either conductive or non-conductive substrate,

pushing the synthesis capability even further.
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Chapter 2: Literature Review

The literature review consists of basic properties and challenges in materials
selected (carbon nanomaterials and nanoparticles), and existing high temperature
processing methods. Other background information for specific problems will be

reviewed separately in the introduction part of each chapter.

2.1 Carbon-based nanomaterials

In my research, carbon nanomaterials are subjected to high temperature
annealing for the new structure and improved properties. Previously there a lot of
studies focused on the structures and properties of carbon nanomaterials, which can be
a good reference data for our experiments. Below, we will briefly review the structure
and properties of carbon nanomaterials from literature.

Raman is a very powerful and versatile tool to characterize the vibration modes
and phonons in nanomaterials and particularly useful for the investigation of carbon
materials due to the resonance effects. Four characteristic Raman bands, namely the
radial breathing modes (RBMs), G-band, D-band, and 2D-band are distinct in Raman
spectra of carbon materials with RBMs only appears in nanotubes®?® For example, in
Figure 2.1a, the Raman spectrum of SWNT is presented with all feature peaks. The
RBM is the vibration modes in which all the carbon atoms are moved perpendicularly
to the nanotube axis and can be used to determine the nanotube chirality. The G band
originates from the vibration of nearby carbon atoms in reverse directions along the
nanotube axis. This peak is the most important information about the crystallinity of
carbon materials in terms of its graphitic degree. On contrary, the D band involves

phonon scattering in the process and is related to the defect or sp3 hybridized carbon
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bond in the sample materials. Similarly, the structure and bond of carbon-based
materials can be revealed by X-ray diffraction (XRD) and x-ray photoelectron
spectroscopy (XPS) with different information. XRD give the crystallinity of carbon
materials and also the featured interlayer distance, while the XPS shows clearly the

bonding information and content/purity of carbon nanomaterials (Figure 2.1b and c).
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Figure 2.1. Typical structure characterization of carbon-based nanomaterials. (a) Raman
spectrum of SWNT.® (b) XRD and (c) XPS characterization of GO and RGO at different

treatment temperature.?*

As stated before, carbon-based nanomaterials have excellent mechanical
properties and high electronic and thermal conductivity originated from its increased
graphitic sp2 layer. These properties have been well studied before. As an example, we
compared those mechanical properties of carbon nanotube with carbon fiber and copper
(Table 2.1),° and carbon nanomaterials still show superior properties. Unfortunately,
these excellent properties are not inherited into the assembled form of these
nanomaterials due to the poor interface between carbon nanomaterials: only weak van
der Waals force between neighborhood nanomaterials. We will show how high
temperature annealing can help improve the performances of assembled nanomaterials

by several orders, especially in conductivity.
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Table 2.1: Physical properties of CNTs compared with other engineered materials °

Material Mechanical properties Thermal Electrical

Modulus Strength conductivity conductivity

(GPa) (GPa) (Wm' K" (S/m)

Carbon 1000 30 - 100 >3000 10°- 10
nanotubes

Carbon fibre 300 - 700 5-7 1000 2-8.5%10°
(Pitch)

Copper | 110-128 400 6% 10’

2.2 Nanoparticles

In my research, I tried to use high temperature thermal shock for the in situ,
ultrafast synthesis of nanoparticles well dispersed on carbon support for advanced
applications. Previously literature also cover a lot of synthesis methods for
nanoparticles and their applications, which can be good reference/comparison for our
experiments. Below, we will briefly review the synthesis methods for nanoparticles and
the applications we are interested.

Nanoparticles can be made using a variety of synthesis methods and can be
classified into two categories as physical top-down process and chemical bottom-up
assembly. Physical top-down methods include ion beam lithography, X-ray
lithography, and high energy ball milling and laser ablation. Although physical
methods are usually simple, they are highly energy sensitive and it is very difficult to
control the size and shape of final nanoparticles by these top-down process. In contrast,
the chemical bottom-up process uses atoms as building blocks to self-assemble into
large cluster and nanoparticles. Chemical bottom-up synthesis can be realized by

numerous ways with precise control ability on the final particle size, shape, crystal
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facets, and composition, and therefore are widely applied for the synthesis of

nanoparticles.315-17

In wet chemistry synthesis, the nanoparticles are dispersed in solution, which is
difficult to handle, prone to aggregates, and not suitable for many application which
requires dispersed nanoparticles on conductive matrix. The support not only provides
mechanical strength but also chemical and sinter resistance. In the meantime, the
support can interact with nanoparticles as heterogeneous catalysts for improved
performances. There are typically three ways to prepare nanoparticles dispersed onto a
support (Figure 2.2a). A widely used approach is to impregnate the porous support into
precursor solution for in situ thermal/chemical reduction/decomposition after drying.
Another one is to fill the porous support with a melt of phase by a molten precursor and
then in situ formation of nanoparticles. However, if one want precise control of
nanoparticles formed without the influence of support, the NPs can be synthesized by
conventional colloidal methods and then impregnated into the porous support.
Although it is possible to incorporate pre-synthesized nanoparticles into the support,
more often the nanoparticles are prepared in situ onto and with the help of support to
avoid serious aggregation as well as poor dispersion of nanoparticles inside the porous

support.
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Figure 2.2. (a) General methods for preparation of nanoparticles onto the mechanical support.
! (b) The difference in the nucleation and growth of nanoparticle in the homogeneous and
heterogeneous environment. (¢) The free energy and particle formation schematic to show the

difference.’1617

It should be noted that with the present of support, the nucleation of
nanoparticles becomes very different from those in homogeneous solution. The
difference is schematically shown in Figure 2.2b and c.!®" For nucleation process,
homogeneous nucleation goes through a large nucleation energy barrier and only when
the size of nuclei reaches large enough (> critical size), the nanoparticles can be
thermodynamically favored and stabilized. In contrast, the heterogeneous nucleation
on the surface of the support is easier with lower activation energy. The stable interface
between nuclei, support and solution form a non-spherical shape which has much large
diameter curvature and helps to minimize the activation energy required for the further
stabilization and growth. This is clearly demonstrated in Figure 3-4c with Gibbs free
energy comparison of two cases and the comparison of diameters. Therefore, with the
presence of support, the nucleation is much easier for the nanoparticles to in situ grow

onto a porous support.
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2.3 Existing high temperature methods

In my research, high temperature annealing and high temperature thermal shock
were applied to the processing of carbon nanomaterials and synthesis of nanoparticles,
respectively. Previous literature also reported high temperature methods for the similar
purpose, which can be a good reference and compared with our data. Below, we will
briefly review the existing high temperature methods for annealing and synthesis of
nanoparticles.

For high temperature annealing, the most used methods are furnaces because
they are the only way available for the constant supply of high temperature. However,
the furnace and hotplate are bulky in large size and the heating strategy used is thermal
radiation heating, leading to a very energy intensive and consuming of using these for
high temperature annealing. Most important, the nanomaterials are often very tiny and
small, such a bulky design is definitely not suitable for nanoscale material processing.
In the meantime, due to the large size and radiation heating method, the furnace and
hotplate has very limited temperature control ability: the typical heating rate is around
10 K/min and the maximum temperature is 1300 K. Such a limited capacity is definitely
not enough to explore the temperature, especially the high temperature, annealing effect
on nanomaterials.?® Therefore, the extremely high temperature is hard to obtain and the
rate control is very limited to be used for high temperature annealing.

On the other hand, high temperature is also applied for the nanoparticle
synthesis by mainly combustion synthesis and aerosol spray pyrolysis (Figure 2.3).2¢"
3 Since nanoparticles are prone to aggregate to minimize its surface energy, high

temperature can be detrimental to the uniform size distributions. Therefore, precisely
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short time control at high temperature is critical for synthesizing ultrafine
nanoparticles. Combustion synthesis is an effective method to synthesize ceramics,
refractory materials, intermetallic, and even thermoelectric, by using the exothermic
reaction heat generated by the reactive precursors after ignition. According to the initial
reaction phase, combustion synthesis can be classified as conventional solid-state self-
propagating high temperature synthesis (SHS), solution combustion synthesis (SCS),
and gas-phase combustion. As a high temperature synthesis method, SHS can achieve
temperature as high as 4000 K with a heating rate around 10E3 K/s in a relatively short
time (0.05-5 s), demonstrating the capability for fast high temperature reaction.3%3
For preparation of nanoparticles, the most used method are solution based
combustion owing to the uniformity of size distribution of resultant nanoparticles.?®
The typical SCS heating curve is shown in Figure 3-3b, with maximum temperature
around 1200 K and a maximum rate around 120 K/s due to the loss of thermal energy
through water medium.® Aerosol spray pyrolysis involves the process of making
aerosol particles and fast synthesis of nanoparticles on the gas flame (Figure 2.3c). The
initial precursor droplets are heated above 1200 K in seconds and cooling down
subsequently. The key to such method is rapid heating of precursor allows the quick
formation of nanoparticles. The short duration time and fast subsequent cooling can
freeze the nanoparticles in the matrix.2® However, since the synthesis is carried out in
the gas phase, this method can only be used for materials that can be atomized. It is
hard to synthesise nanoparticles in situ inside of integrated substrate or substrate that

are sensitive or cannot sustain high temperature by aerosol spray pyrolysis.
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Figure 2.3. (a) High temperature synthesis of nanoparticles by combustion. (b) Typical
temporal temperature profile during a solution combustion synthesis.*® (c) High temperature

aerosol spray pyrolysis.?®2°

For above mentioned two kinds of high temperature methods, although they
have demonstrated high temperature with fast heating and cooling rate, there are still
remain challenges and disadvantages of using these methods for nanoparticles
synthesis: (1) in both cases, the substrate is not preserved and it is extremely hard to
incorporate these synthesized nanoparticles into support by post-treatment; (2) the
product are limited to reactive products which are mainly oxides, carbides, intermetallic
etc. (3) they usually result in coarse particles and need follow-up treatment such as ball
milling or chemical treatment; (4) although the high temperature duration for both cases
is short (several seconds), the high temperature duration is still too long for
nanoparticles and importantly they are hard to control in both cases. For Joule heating
used in our experiments, the temperature, heating/cooling rate, and high temperature
duration time can be precisely controlled for the formation of nanoparticles on

integrated support with controlled size distribution.
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Chapter 3: Experimental setup and characterizations

3.1 Materials preparation

Preparation of graphene oxide (GO) ink: GO was prepared from graphite according to
the modified Hummer’s method.!® Briefly, 1.5 g graphite was added to 200 mL
H2S04/H3PO4 (volume ratio 9:1) solution. 9 g KMnO4 was gradually added to above
solution and stirred for 12 h at 250 rpm at 50 <C. The solution was then cooled to room
temperature and poured onto 400 mL ice and 3 mL H>O, was added to the solution
while stirring. The solution was washed with 30 mL 37% HCI and followed by washing
with distilled water by centrifuging at 8000 rpm. The upper clear solution was dumped
and refilled with distilled water for centrifugation until there is no visible AgCl
precipitation in a test solution by adding AgNOs. The resulted GO solution was freeze-
dried (- 50 <C, 0.6 Pa) to remove the solvent and then distilled water was controllably
added to form highly concentrated GO inks. For 3D printing purpose, the printable GO
ink had a concentration of 80 mg/ml in water. The highly concentrated GO can be
stored in a refrigerator at 7 <C.

Carbon nanofibers (CNF) preparation: Polyacrylonitrile (PAN) was purchased from
Sigma-Aldrich and dissolved in dimethylformamide (DMF) to form an 8%wt solution
and stirred at 60 <C for 12 hours. The resulting transparent solution was electrospun at
a voltage of 10 kV, a spinning distance of 15 cm and a feeding rate of 1 ml/hour. The
electrospun nanofibers were collected by a rotation drum at a speed of 80 rpm. The
PAN nanofibers were then stabilized at 260 <C for 2 hours in the air and carbonized at

600 <T in an argon protected atmosphere.
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Preparation of CNF with metal salts: The PAN nanofibers were first stabilized at 533K
for 5 hours in the air and then carbonized at various temperatures (873 K, 1073 K, 1273
K) for 2 hours in argon. Although the CNF-873K has a higher defect concentration to
disperse nanoparticles, the sample requires a higher voltage and power to induce CTS
(sometimes beyond the external power source’s voltage/power limit depending on the
sample’s size). CNF-1273K is highly crystalline (fewer defects) and demonstrates poor
nanoparticle dispersion capabilities. CNF-1073K acted as the ideal carbon support due
to its defect density for nanoparticle dispersion and ease of applying an electrical pulse
within the limits of the external power source. In this work, CNF-1073K is the carbon
support used unless stated otherwise.

For aqueous precursor solutions, the CNF films were dipped into the mixed metal salt
solutions (0.01 mol/L for each element), placed under vacuum for 30 minutes, and then
suspended in a 60C oven to dry. For ethanol-based precursor solutions, the mixed
solutions (0.05/n mol/L for each element, where n is the total number of elements) were
directly dropped onto the suspended CNF film with a loading of ~120 pL/cm? and left
to dry at room temperature. In general, the ethanol-based solutions result in more
uniform loading (and particle dispersion) owing to improved wettability to carbon.

3D printing process: 3D printing was performed by a 3D printer (Fisnar F4200n) with
capability for programmable patterning in three dimensions built layer-by-layer. In our
experiments, a 3D printing nozzle (diameter 300 jum) was used with pressure controlled
at 60 psi and the nozzle’s moving speed was 1-5 mm/s. The dimension of 3D printing
was input into the system as design. The whole printing process took less than 10

minutes for a 3D heater with 12 layers. After printing, the printed structures were
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freeze-dried at — 50 <C with a vacuum pressure of 0.6 Pa to remove the water solvent

and maintain the 3D structures.

3.2 High temperature setup and process

The Joule heating process was controlled by an electric field to the set
temperatures with at a controllable rate. The Joule heating setup is displayed in Figure
3.1a. The CNF samples were connected to copper electrodes by silver paste and
suspended on a glass substrate to avoid the thermal damage during the Joule heating
process. The CNF films were heated to a high temperature in an argon protected

atmosphere or vacuum.

Silver paste

/ gl

\ Copper ribbon /

Glass
Glass

Figure 3.1. Schematic of sample setup for high temperature treatment.

Joule heating for RGO heater: Joule heating was performed in either glove box with
argon protection atmosphere or under vacuum to protect RGO heater from burning in
air at high temperatures. The as-printed GO heater was first reduced at 600 <C for 1
hour under Argon flow (100 ml/minute) in a tube furnace with a ramping rate of 10
°C/min to obtain suitable conductivity for Joule heating (~ k€). The thermally reduced
RGO nanostructures were connected with copper electrodes by silver paste (SPI
Supplies) to improve the electrical contact between RGO heater and the copper

electrodes. The RGO heater was suspended on a ceramic substrate to avoid the high
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temperature damage to the substrate. Keithley 2400 source meter was used as electrical
input power source for current below 1 A or power below 20 W. A higher power
transformer (Volteq HY6020EX) was used for higher current (up to 10 A) or higher
power (to 60 W) input.

Joule heating for CNF film: Joule heating was performed in an argon-filled glove box.
The CNF film was connected to copper tape electrodes by silver paste. A Keithley 2400
source meter was used as an input power source for current below 1 A or power below
20 W. A higher power transformer (Volteq HY6020EX) was used for current up to 20
A. The current was controlled by LabVIEW program for targeted temperature and
heating/cooling rates.

Rapid thermal shock for CNF-metal salts: Rapid thermal shock was realized by
electrical Joule heating in an argon-filled glovebox. The metal precursor loaded CNF
film was connected to copper electrodes and the interfaces were glued together with
silver paste. The external current source was supplied by a Keithley 2400 SourceMeter
by programming “sweep function” with the amplitude and duration adjustable.
Typically, thermal shock duration of 5 ms, 55 ms, and 505 ms are used for particle

synthesis.

3.3 Temperature measurement

Figure 3.2a schematic shows a clear and simple image to illustrate the high
temperature setup. The emitting light spectra at high temperature was collected by
optical fiber with a diameter of 400 pm for extracting of temperature by fitting the
emitted spectra to gray body radiation equation. The optical fiber was connected to a

spectrometer (Ocean Optics) for wavelength splitting and calibrated by a National
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Institute of Standards and Technology (NIST) traceable light source to quantify the
measured intensity. We fitted the spectra profiles of the gray body radiation equation
(Eg. 3.1), obtaining the temperature as a fitting parameter.242%:%

___ 2hc? 1 .
B)L(/l, T) = )/SFW (Equatlon 31)

where ¢ is the gray emissivity (~0.8 for carbon materials),®’ ks is the Boltzmann
constant, h is the Planck constant, c is the speed of light, A is the wavelength, and the
constant vy is introduced for fitting.

As an example, Figure 3.2b shows the collected spectra from the lighted sample at high

temperature, and the corresponding fitted temperatures are plotted in Figure 3.2c.
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Figure 3.2. (a) Schematic diagram for electrical Joule heating and spectrum collection. (b)
Collected spectra from 350-900 nm. (c) Fitted temperature according to the light spectra.

3.4 T-t measurement

For the ultrafast thermal shock, owing to milliseconds time scale which
excluded the use of photo-diodes or charge-coupled device (CCD) for the spectrum
capture, the emitted light at high temperature was collected by a specifically designed,
on-line, time-resolved pyrometer that can disperse light at a spatial resolution of 0.8
nm/mm and a temporal resolution as low as 2.5 ps, enabling us to capture the fast

switching process by electrical pulse (Figure 3.3). Briefly, the system employed a 0.5
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m spectrometer (Sp-500i) with a dynamic choice of 150, 600 and 1200 grooves/mm
gratings that can disperse light at a resolution of 6.5, 3.2, and 0.8 nm/mm. The dispersed
light was collected by a 32-channel PMT array (H-7260), where the temporal spectra
can be integrated and plotted as a function of time. By fitting the full spectrum collected
at a specific time to the blackbody radiation equation (Eq. 3.1.), the fitted parameter T
(i.e. approximate sample temperature) can be approximated. Note that the system offers
a temporal resolution as low as 2.5 ps, which enables us to capture the fast switching
process from the electrical pulse. By using a high-speed video camera, we were able to
capture the spatial temperature evolution in the CNF-based sample during a 55 ms
shock process (Figure 3.3b). The sample showed relatively uniform lighting in the

chamber reaching a temperature of ~2000 K.
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Figure 3.3. (a) Schematic configuration of a time-resolved pyrometer for spectrum
collection during the rapid, high temperature process. (b) Spatial temperature evolution
captured by a high-speed camera during a 55 ms thermal shock. Temperature
distribution in the CNF-based sample as well as the raw lighting images captured by

the high-speed video camera at 5 ms, 20 ms, and 57 ms, respectively.
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3.5 Characterization and measurements

Characterization: The rheological study of GO ink was conducted on a stress-
controlled AR 2000 rheometer (TA Instruments). The temperature was maintained at
25 <C throughout the entire rheology experiment. A shear rate sweep was performed
for viscosity as a function of shear rate from 0.01 to 100 s, and an oscillatory stress
sweep at a frequency of 1 Hz was performed to obtain storage (G’) and loss modulus
(G”) as a function of shear stress (0.1-1000 Pa). The microstructure and morphology
were characterized by Hitachi SU-70 FEG-SEM at 10 kV and JEOL 2100 LaB6 TEM
at 200 kV. Raman spectra were characterized by Horiba Jobin-Yvon with laser
wavelength 532 nm and the integration time 4 seconds repeated for 4 times. XPS
analysis was performed on a Kratos Axis 165 X-ray photoelectron spectrometer. XRD
data were collected by a D8 Advanced (Bruker AXS, WI, USA). The mechanical strain-
stress curves were measured by dynamic mechanical analysis (DMA Q800) with TA
Instruments.

High-resolution TEM: The microstructure and morphology of the prepared
samples was observed by a scanning electron microscope (SEM) (Hitachi SU-70 FEG-
SEM at 10 kV) and transmission electron microscopes (TEM) (JEOL 2100F FEG
TEM/STEM operated at 200 kV, and JEOL TEM/STEM ARM 200CF equipped with
high angle annular dark field (HAADF) and annular bright field (ABF) detectors). A
22 mrad probe convergence angle was used to perform STEM imaging. HAADF
detector in t the JEOL 2100 FEG TEM with 90 mrad inner-detector angle was utilized
to obtain the Z-contrast atomic-resolution images. For EDS data collection, an Oxford

X-max 100TLE windowless X-ray detector was utilized. The average particle size and

27



distribution were determined by ImageJ software using at least three microscopy
images per sample

Conductivity measurement: The conductivity of the CNF films and single fibers
were measured by a four-point probe. For the single fiber conductivity, a single carbon
nanofiber was sonicated from the CNF film and transferred to a silicon wafer. A
shadow mask was used to deposit Au electrodes and then the single fiber was prepared
by electrical Joule heating and the conductivity was measured by the two electrodes

method with a bias voltage of 10 mV.
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Chapter 4: 3D printable high temperature heaters™

Abstract

High temperature heaters are ubiquitously used in materials synthesis and
device processing. In this work, we developed three-dimensional (3D) printed reduced
graphene oxide (RGO)-based heaters to function as high-performance thermal supply
with high temperature and ultrafast heating rate. Compared with other heating sources,
such as furnace, laser, and infrared radiation, the 3D printed heaters demonstrated in
this work have the following distinct advantages: (1) the RGO based heater can operate
at high temperature up to 3000 K because of using the high temperature-sustainable
carbon material; (2) the heater temperature can be ramped up and down with extremely
fast rates, up to ~20,000 K/second; (3) heaters with different shapes can be directly
printed with small sizes and onto different substrates to enable heating anywhere. The
3D printable RGO heaters can be applied to a wide range of nanomanufacturing when

precise temperature control in time, placement, and the ramping rate is important.

4.1 Introduction

Heaters are widely used in materials synthesis and processing such as high-
temperature chemical reactions and localized high temperature processing.342
Conventional heating solutions are limited by factors such as low maximum heating

temperatures and slow ramp rates. These limitations will hinder many processes that

* The results in this chapter have been published: Yao, Y.; Fu, K. K.; Yan, C.; Dai, J.; Chen, Y.; Wang,
Y.; Zhang, B.; Hitz, E.; Hu, L. Three-Dimensional Printable High-Temperature and High-Rate Heaters.
ACS Nano 2016, 10, 5272-5279.
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are desirable for materials synthesis and processing. Furnaces are the most widely used
heating devices but they are often bulky in size and weight. In addition, the temperature
ramp rate is also slow for furnaces, which is normally less than 100 K per minute.*
Different from furnace heating, laser heating features high temperature capabilities and
precise location control.**#" However, laser heating is expensive, has poor temperature
distribution throughout the sample (i.e. temperature is higher on the surface), and is
highly dependent on the absorption of the target material.

Meanwhile, with the advancement of micro/nanoscience and engineering,
materials, structures, and devices have been designed and developed into micro-
/nanoscale. To study physical and chemical properties, especially thermal-related
behaviors, it is important to provide a heating element with a high temperature range
to the target object in a small dimensional environment. The shape and size of heaters
can be also fully dependent on the heating requirement of materials synthesis and
processing to maximize the thermal efficiency and at the same time to avoid the damage
of surrounding parts of the system. Therefore, it is desirable to design a minimized
three-dimensional (3D) heating element, which would lead to a locally more uniform
temperature distribution with precise temperature control. Heating elements in
microscale have been extensively studied and demonstrated by using micro-hotplate as
heating source.®>! A minimized heating element in the form of micro-sized hotplate
down to 100 pm was developed with photolithography.>®>* However, the minimized
heater is limited to a 1000 K maximum temperature due to the poor high temperature

stability of the materials in their micro-heaters.*®>! In addition, these planar micro-
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hotplates are two-dimensional (2D) in shape and provide a 2D heating that can cause a
temperature gradient in the target objects along the heating directions.

We report a printable heater by using 3D printing of viscous GO aqueous
solution to form a series of complex GO architectures, followed by Joule heating via
electrical current to generate high temperature up to 3000 K in a controlled manner.
The temperature ramping response is fast and the heating rate can be up to ~20,000 K/s.
The high viscosity of concentrated GO ink and the high resolution of direct 3D printing
together lead to control over both size and shape. The heater can be printed into
arbitrary shapes and dimensions. The 3D heater also demonstrated excellent stability
at high temperature and stable temperature switching between room temperature and
2000 K for more than 2000 cycles. The excellent performance and potentially lower
cost of the 3D heater fabricated by scalable 3D printing provide a promising heating
solution for a range of applications, especially when high temperatures and 3D shapes

are preferred.

4.2 Result and discussion

Highly viscous graphene oxide (GO) dispersion in water was prepared by
following the modified Hummer’s methods.>? The GO aqueous dispersion with suitable
viscosity can be directly 3D printed into different shapes via a layer-by-layer fashion
controlled by a computer program. We have printed microsized heaters with feature
size down to 200 um by our 3D printer setup. As shown in schematic Figure 4.1a, a
horse-shoe 3D structure was printed for this study. Figure 1a inset shows microsized
heaters with a chamber diameter of 1.5 mm, much smaller than a quarter coin. A photo

image of the horseshoe-shaped 3D heater is shown in Figure 4.1b. The as-printed,
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horseshoe-like 3D heater was thermally reduced at 873 K (600 °C), leading to a suitable
conductivity of 3 S/cm. We then employed a simple and effective Joule heating process
to further reduce the RGO structures at high temperature, up to 3000 K. The unique
high-temperature reduction of the 3D heater containing RGO flakes effectively
increases the conductivity, as described later. The resultant 3D RGO nanostructures
function excellently as a heater at high temperature, up to 3000 K (Figure 4.1c). The
temperature of the 3D RGO heater can be readily controlled by the applied current and
can be inferred based on blackbody radiation (Figure 4.1d).>

(a) (b)

(© VS (d)

(=

Figure 4.1. Schematic demonstration of 3D printable heater. (a) High concentration GO ink

was used for 3D printing of RGO heater. Arrays of 3D printed heaters with chamber size 1.5
mm are also shown in the inset. (b) Image of as-printed horseshoe-like 3D heater. (¢) The
operation of RGO heater at high temperatures is achieved by applying a driving current. The
contact area between two RGO flakes is expected to experience a higher temperature due to

larger contact resistance. (d) Image of 3D printed RGO heater under high temperature operation.

The properties of the GO ink, especially its rheological behaviors, significantly

affect the 3D printing process and the stability of printed architecture.>*®! The aqueous

32



GO solution was freeze-dried into powders, followed by concentrating GO with water
into 80 mg/ml for a proper viscosity. The rheological properties of the printing GO inks
are shown in Figure 4.2a-c. The apparent viscosity of the GO ink in Figure 4.2a shows
a linear decrease in shear stress on a logarithmic scale, indicating a non-Newtonian
fluid property of the concentrated GO solution that exhibits a shear-thinning behavior.
Figure 4.2b displays the modulus as a function of shear stress for the aqueous GO inks.
These high yield stress and plateau moduli values are essential for the layer-by-layer
stacked architectures to have good shape retention. An oscillatory time sweep for both
moduli was also applied with a shear stress of 6 Pa at a frequency of 1Hz for three
hours. The storage and loss moduli as a function of time were plotted in Figure 4.2c.
No apparent change in G” or G’ was observed for continuous 2-hour testing, indicating
an excellent rheological stability of GO inks for long-term printing.

Figure 4.2d shows a photo image of the printing process. A multilayered 3D
RGO heater was printed by using a 3D printer with a pre-programmed printing path.
The excellent rheological properties of GO inks enable the continuous layer-by-layer
printing with a uniform printing diameter. After printing, the as-printed architecture
can maintain the shape and its dimension for a few hours under ambient environment.
The printed sample was then freeze-dried to remove the solvent to further stabilize the
3D structure. The scanning electron microscopy (SEM) images of the printed
architecture are shown in Figure 4.2e. The layer structure consists of stacked filaments
with a size of ~ 200 um in diameter. The magnified SEM image of the printed heater

surface (Figure 4.2f) shows rough large GO flakes as the building blocks.
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Figure 4.2. The rheological properties of GO inks and morphological characterizations of 3D

printed heaters. (a) Apparent viscosity as a function of shear rate. The inset shows a picture of
GO ink used for printing. (b) Storage and loss moduli as a function of shear stress. (c) Stability
of GO ink is shown by storage and loss modulus evolving with time at a shear stress of 6 Pa.
(d) Picture of the layer-by-layer 3D printing process. (¢) SEM image of the printed heater after
removal of solvent and (f) magnified surface morphology.

The 3D printed heater was freeze-dried to remove the water solvent and then
thermally pre-annealed at 600 °C in an argon environment. The thermally reduced 3D
RGO heater was attached to copper electrodes for high temperature reduction by Joule
heating (Figure 4.3a). Figure 4.3b shows the 3D RGO heater operated at different input
power levels (0.5 W, 3 W, 6 W) corresponding to different temperatures (1300 K, 1800
K, 2000 K). Figure 4.3c shows the resistance (R) and voltage (V) of RGO heater as a
function of driving current (1) during the Joule heating process. The resistance of RGO
heater decreased by a factor of 56, revealed by a change in the conductivity from 3
S/cm to 144 S/cm before and after the high-temperature reduction, respectively. The
RGO heater after annealing through Joule heating exhibits a stable resistance and a

linear I-V curve up to 8V, which corresponds to a wide temperature range (Figure 4.3d).
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The stable 1-V curves for 1%t and 50" scans also indicate the excellent stability of 3D
RGO heaters after thermal annealing by Joule heating.

Raman spectra were measured to investigate the structural changes induced by
the high temperature Joule heating (Figure 4.3e). The RGO heater after Joule heating
at high power shows a higher degree of graphitic structure characterized by the sharp
graphitic (G) peak and the ultralow intensity disordered (D) peak, in contrast to the pre-
annealed RGO heater (at 873 K) which showed broad G and D peaks.®2% The low Ip/lg
peak ratio (~0.1) achieved in our RGO nanostructure after Joule heating is lower than
the typical values reported by others. Figure 4.3f shows the X-ray diffraction (XRD)
profile of as-printed 3D heater and compared with thermally annealed RGO heater by
Joule heating. After high temperature reduction by Joule heating, the (002) XRD peak
became much sharper, indicating a higher crystalline structure due to the removal of
defect atoms and reconfiguration of carbon during high temperature reduction.

Figure 4.3g-h show the SEM images of 3D RGO heater after Joule heating
annealing. The surface morphology is very different from as-printed graphene oxide
heater as shown in Figure 4.2f. After annealing, the flakes became rugged due to
deformation caused by high temperature reduction. The cross-section SEM image
(Figure 4.3h) also showed the porous structure of RGO heater with RGO flakes
interconnected (inset). The porosity comes from 3D printing process as well as the
reduction of graphene oxide. GO ink for 3D printing contained water solvent and was
not densely packed. After removal of water by freeze-drying, the 3D structure was
porous already. The thermal reduction of GO further increased the porosity of RGO

heater because gasses were released during the thermal reduction process. The porous
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structure, as well as the poor contact between RGO flakes, decreased the conductivity
of RGO heater. However, as stated before, these increased resistances were critical for
cultivating Joule heating energy for effective heating.
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Figure 4.3. High temperatures annealing of printed RGO heaters. (a) Schematic for Joule
heating setup. (b) Photographs of a 3D printed RGO heater under Joule heating with different
powers. Scale bar is 1 mm. (c) Resistance and measured voltage vs. annealing current for the
RGO heater. (d) Current-voltage profiles for the RGO heater after high temperature annealing.
Only the 1t and 50" curves were shown in the figure. (e) Raman spectra of RGO before and
after high-temperature annealing by Joule heating. (f) XRD profiles of as-printed and thermally
annealed 3D heater. SEM images of RGO heater after annealing for (g) surface and (h) cross-
section. The inset shows the contact between RGO flakes.

The temperature of the 3D RGO heater was obtained through measurement of
light emission using an optical fiber (experimental section). Figure 4.4a shows the
radiation spectra of the 3D RGO heater under different input powers, as collected by
the optical fiber (400 um diameter, Ocean Optics software) in the range from 360 nm

to 950 nm. The relationship of temperature vs. input power of the specific 3D RGO
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heater was established (Figure 4.4b). A heating temperature of 3016 K was achieved

(Figure 4.4c).
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Figure 0.4. The performance of printed 3D RGO heater at high temperature. (a) The emission
spectrum of an RGO heater under different input powers. (b) The temperature of RGO heaters
under different input powers fitted with a blackbody radiation model. (¢) The emission
spectrum and fitted high temperature of 3016 K in RGO nanostructures. (d) The emission of
RGO heater was turned on and off in less than 100 milliseconds. The temperature for the “on”
state is 2000 K. (e) The RGO heater can be turned on and off repeatedly for 2000 cycles without
degradation. (f) Current stability of 3D RGO heater under a 4V bias voltage was demonstrated
(temperature of 1500K) over a 24-hour period.

Besides the high temperature capability, the 3D RGO heater can be turned on
and off with a high ramping rate (Figure 4.4d). The 3D RGO heater can reach 2000 K
from room temperature in less than 100 milliseconds (ms). The turn-off time from 2000
K to no-emission (less than 1000 K) is also less than 100 ms. As a conservative
estimation, we can achieve ~20,000 K/s heating rate in the device easily, which is
several orders of magnitude higher than that of current furnaces. Figure 4.4e shows the
repeated cycling performance of the 3D RGO heater for more than 2000 cycles, where
RGO heater shows no observable change. These results indicate that after Joule heating
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reduction, the RGO heater has excellent pulse thermal heating capability. By holding
the driving voltage at 4V (~1500 K) for 24 hours, the measured current showed a
negligible change (from 0.3987A to 0.3986A), which indicates excellent thermal
stability for long-term operation.

The printed 3D RGO heaters can be used for a range of materials synthesis and
processing techniques. We 3D printed and then freeze-dried the GO nanostructure. The
3D printed GO was reduced at 600 <C followed by a unique high-temperature reduction
through Joule heating. The RGO heater on ceramic substrates can operate effectively
as a 3D high temperature heater (Figure 5.5a). Local temperatures at different locations
of the 3D heater under different input power levels were measured by a K-type
thermocouple with a detection range from room temperature to 1500 K (Figure 5.5b).
The temperature distribution profile shows that center of the horseshoe heater exhibits
the highest temperature, much higher than the surrounding areas, indicating that the
designed RGO heater can generate and accumulate Joule heating locally.

Three metals with different melting temperatures and shapes were placed in the
RGO heater to observe their morphology change under heating (Figure 5.5c¢). Effective
melting was achieved for Sn ball (Tm 505 K), Al block (Tm 933 K), and Cu block (Tm
1357 K), all of which became more spherical as shown in the inset photo images
compared the morphology change before and after heating. Since our RGO heater has
a 3D shape, this benefits those metal pillars and balls with more uniform temperature
field, in contrast to the planar heating source which has a large thermal gradient along
the heating directions. Because of the flexible design of the 3D printing technology, we

can integrate the printed RGO heaters into the circuit as a controllable heating element,
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as shown in Figure 5d. The heating elements were triggered passively by the applied
voltage. Such passive-matrix heating arrays with high temperature capabilities and fast

on-off switching can enable a range of materials synthesis and processing techniques.
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Figure 5. Demonstrations of 3D printed RGO heating elements. (a) 3D RGO heater
with a chamber diameter of 4 mm and (b) its local temperature profiles at different
power levels. (c) Metal melting experiments for Sn, Al, and Cu at different power
levels. Insets are the morphology changes before and after high T. (d) Selective and

controllable heating demonstration with printed RGO heaters. Scale bar: 2 mm.

4.3 Conclusion

The 3D printable RGO heater fabricated by a 3D printing technique followed
by Joule heating can function as an effective heating source with arbitrary shapes. Joule
heating was used to effectively reduce RGO at high temperature. The resulting 3D
heater with RGO flakes can reach a high heating temperature, up to 3000 K, and can
be turned on and off with high switching rates, up to ~20,000 K/s for 2000 cycles
without performance decay. We demonstrated that the 3D RGO heater can be used to

melt metal particles effectively. The printable RGO heater, therefore, offers a thermal
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strategy for micro-/nanoscale materials and devices with designed 3D heating patterns,
outstanding temperatures, and heating rates that can enable a range of processing and

high temperature synthesis.

4.4 Experimental

Preparation of graphene oxide (GO) ink, Temperature measurement, and
Characterizations: see Chapter 3 Experimental section.

3D printing process: 3D printing was performed by a 3D printer (Fisnar
F4200n) with capability for programmable patterning in three dimensions built layer-
by-layer. In our experiments, a 3D printing nozzle (diameter 300 jum) was used with
pressure controlled at 60 psi and the nozzle’s moving speed was 1-5 mm/s. The
dimension of 3D printing was input into the system as design. The whole printing
process took less than 10 minutes for a 3D heater with 12 layers. After printing, the
printed structures were freeze-dried at — 50 <C with a vacuum pressure of 0.6 Pa to
remove the water solvent and maintain the 3D structures.

Joule heating process: Joule heating was performed in either glove box with
argon protection atmosphere or under vacuum to protect RGO heater from burning in
air at high temperatures. The as-printed GO heater was first reduced at 600 <C for 1
hour under Argon flow (100 ml/minute) in a tube furnace with a ramping rate of 10
°C/min to obtain suitable conductivity for Joule heating (~ k€). The thermally reduced
RGO nanostructures were connected with copper electrodes by silver paste (SPI
Supplies) to improve the electrical contact between RGO heater and the copper
electrodes. The RGO heater was suspended on a ceramic substrate to avoid the high

temperature damage to the substrate. Keithley 2400 source meter was used as electrical
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input power source for current below 1 A or power below 20 W. A higher power
transformer (Volteq HY6020EX) was used for higher current (up to 10 A) or higher

power (to 60 W) input.

4.4 Supporting Materials

(a)

2mm

Figure 4.6. Dome-like suspended structure with printable graphene oxide.

Figure 4.9. (a)(c ross-sectin SEM iaes of 3D heaters ad ()-(f) magnified SEM

images to show the contact between RGO flakes.
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Figure 4.10. EDX point and mapping analysis of (a) As-printed GO. (b) Thermal
reduction at 600°C and (c) high temperature reduction by the Joule heating at 2500 K.
The cross point shows the EDX sample point.
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Chapter 5: Carbon welding by ultrafast annealing®

Abstract

Carbon nanomaterials exhibit outstanding electrical and mechanical properties
but these superior properties are often compromised as nanomaterials are assembled
into bulk structures. This issue of scaling limits the use of carbon nanostructures and
can be attributed to poor physical contacts between nanostructures. To address this
challenge, we propose a novel technique to build a 3D carbon matrix by forming
covalent bonds between carbon nanostructures. A Joule heating method was developed
to bring the carbon nanofiber (CNF) film to temperatures greater than 2500 K at a
heating rate of 200 K/minute to fuse together adjacent CNFs, forming a 3D
interconnected carbon network. The bulk electrical conductivity of the carbon matrix
increased four orders of magnitude to 380 S/cm with a sheet resistance of 1.75 €Q/sq.
The Joule heating method enables graphitization of carbon materials at high
temperature and provides a new strategy to build covalently bonded, interconnected
carbon networks by welding adjacent carbon fibers. We anticipate that this method can
be extended to other carbon nanomaterials such as graphene and carbon nanotubes

using proper surface modifications to build advanced structures.

5.1 Introduction

Carbon-based nanomaterials such as carbon nanofiber (CNF), carbon nanotube

(CNT), graphene are featured with lightweight, flexible, anti-corrosion, highly

* The results in this chapter have been published: Yao, Y.; Fu, K. K.; Zhu, S.; Dai, J.; Wang, Y.; Pastel,
G.; Chen, Y.; Li, T.; Wang, C.; Li, T.; Hu, L. Carbon Welding by Ultrafast Joule Heating. Nano Lett.
2016, 16, 7282-7289.
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conductive and high surface area, which are important materials as conductive host for
electrocatalysis and electrochemical energy storage applications.?*%4%8 However,
attempts to mechanically join and create bulk structures from individual carbon
nanomaterials often results in the loss of key performance metrics.%>%%-"7 For example,
single-walled CNT are known to exhibit electrical conductivity above 10000 S/cm, but
the reported conductivity of assembled CNT membranes is two orders of magnitude
less, approximately 100 S/cm.%12 This decrease can be attributed to the poor physical
contacts between nanotubes that lack effective bonding to maintain the intrinsic,
nanoscale properties. It is reasonable to believe that by addressing the poor contacts
between carbon nanomaterials, the bulk performance of 3D carbon structures could be
improved significantly and could open up new areas of large-scale development of high
performing, bulk carbon-based materials from nanostructures.

In the literature, there are many techniques reported to mechanically or
chemically fuse carbon nanomaterials.’>"3-7>78-82 Materials can be uniformly deposited
along junctions to form a continuously interconnected structure using chemical vapor
deposition (CVD) of amorphous carbon,® SiC,” or atomic layer deposition (ALD) of
Al,03.8* For example, Z. Lin, et al. report an increase in the compressive strength of
CNT sponges with an amorphous carbon coating by three orders to 72 MPa.”* To form
a covalent chemical bond at junctions between carbon nanostructures, boron doping
has been reported to form elbow junctions with B-C bonds.”® Although extensive
studies have been conducted, none of the reported methods offer a cost-effective and
scalable approach to fundamentally improve the contacts between carbon

nanostructures for macroscale designs.
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To address this challenge, we propose a simple, repeatable method to build a
3D interconnected network by forming covalent bonds between carbon nanostructures
to achieve high conductivity and good mechanical performance. Although 3D
covalently bonded carbon structures have been predicted by theoretical simulations,®
as far as we know, no experimental work has been achieved. In this communication,
we for the first time report a 3D covalently interconnected carbon network by applying
a Joule heating method to polyacrylonitrile (PAN) based carbon nanofibers at a high
temperature (> 2500 K) and an ultra-fast rate (~200 K/minute). The heat generated by
applying an electrical current to carbon nanofibers can produce a high temperature
environment that enables further carbonization of the nanofibers and induces welding
between adjacent nanofibers. After welding, the bulk electrical conductivity of the CNF
network exhibited four orders of magnitude improvement to ~380 S/cm and a sheet
resistance of 1.75 Q/sq, compared to the pristine CNF membrane with 0.0133 S/cm
bulk conductivity and 18400 €/sq sheet resistance. The Joule heating method not only
enables graphitization of carbon materials at a high temperature but more importantly,
it provides a new strategy to build a covalently interconnected carbon network by
welding adjacent carbon fibers together. We envision that this method can be extended
to other carbon materials such as graphene and CNTs with certain surface chemical

modifications to build advanced high-performance structures.

5.2 Results and discussion

Figure 5.1a shows an electric current is applied to the pristine intertwined CNFs
to induce an ultrafast heating rate and result in (1) highly crystallized CNFs, as well as,

(2) covalently welded CNFs at their junctions. The high crystallinity of CNFs after
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high-temperature Joule heating was revealed in the Raman spectra as shown in Figure
5.1b. After Joule heating to 2800 K in 10 minutes, the D band peak was almost
completely suppressed for the welded CNFs and the intensity of all other peaks in the
Raman spectra became much sharper in comparison to for the spectra of CNFs pre-
carbonized at 873 K. The intensity ratio between D peak and G peak (Ipo/lc) decreases
from 1.14 for pristine CNFs to 0.035 for welded CNFs. This is the lowest value reported
in the literature for carbonized CNFs characterized by Raman spectroscopy.®®®’ The
graphitization process takes ~10 minutes by Joule heating but would take days by
furnace heating, further illustrating the high efficiency and practicality of the Joule
heating method.®

()

Electrical triggering

Joule heating
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‘‘‘‘‘ “ Overlapped contact
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Figure 0.1. Schematic of the welding process of CNFs and selected characterization results. (a)
Schematic of the carbon welding process of CNFs triggered by Joule heating. (b) Raman
spectra of pristine CNF and Joule heated CNF. The change in the ratio between Ip/lg and an
increase in peak sharpness is indicative of the high crystallinity and graphitization of welded
CNFs. (c) and (d) SEM images of the pristine CNF and welded CNF.

The welding of CNFs at junctions was shown by SEM images in Figures 5.1c-
d. For pristine CNFs, the individual fiber has a smooth surface and is semi-transparent
due to its amorphous structure. Overlapping nanofibers in the pristine CNF matrix are
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in physical contact with their neighbors but VVan der Waals interactions are weak. After
Joule heating, the smooth fibers become rough and the physical contacts were welded
at junction points, forming an integral fiber network (Figure 5.1d).

CNF films were obtained by the electrical spinning of PAN in
dimethylformamide (8 wt. %) followed by thermal stabilization at 260 <C and
carbonization at 600 <C. The Joule heating process was controlled by an electric field
to the set temperatures with at a controllable rate. The Joule heating setup is displayed
in Figure 5.2a. The CNF samples were connected to copper electrodes by silver paste
and suspended on a glass substrate to avoid the thermal damage during the Joule heating
process. The CNF films were heated to a high temperature in an argon protected
atmosphere. Figure 5.2b demonstrates a large CNF film (20 mm*3 mm*30 um in
length, width, and thickness) loaded at 15 W, with a temperature of around 2000 K.
The optically emissive behavior indicates that high temperature is reached by the CNF
films. The Joule heating process was also carried out on CNF film (4 mm*2 mm*30
um in length, width, and thickness) with the driving current increasing from 0.1 mA to
1 A (Figure 5.2c). In comparison to the linear current-voltage (1-V) profile of a pure
resistor, the measured resistivity of the CNF film shows a continuously decreasing
profile for 4 orders of magnitude during the Joule heating process. The temperature of
lighted CNF can be calculated by fitting the emitted light spectra to the gray body
radiation equation as shown in Figure 5.2d. With an increase in input power, the
intensity of emitted light gets higher and brighter in emission. The temperature versus
power relation in Figure 5.2e illustrates a sublinear relation due to the decrease of

heating efficiency at high temperatures. This repeatable temperature-power relation can
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be used to precisely control the temperature of the Joule heating technique for future
CNF experiments. The whole heating process takes about 10 minutes, with an average

heating ramp rate of 200 K/minute.
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Figure 5.2. Joule heating process of CNF. (a) Schematic to show the Joule heating
experiment and setup of the temperature measurements. (b) The real image of the Joule
heated CNF at high power and inset is the film after Joule heating. (c) The calculated
resistance (R=V/A) vs. power plot during the Joule heating process with the measured
voltage as a function of input current, inset. (d) The emitted spectra at high temperatures
fitted to gray body radiation for temperature measurements at different powers. (€)
Temperature vs. power curve for a typical CNF sample. (f) and (g) Plots of the Ip/lg

ratio and Raman profiles during the graphitization process for CNF.

Figures 5.2f-g demonstrate the evolution of Raman spectra at different
temperatures to reveal the bonding structure evolution during the Joule heating process.

With increasing input power, there is a clear tendency for the D band peak to become
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suppressed while the G band and 2D peaks become sharper. Figure 2f summarizes the
In/lG relation at different temperatures, showing a drastic decrease from 1600 K to 2400
K, which corresponds to the carbonization and graphitization of CNFs that occurs
above 1600 K. After Joule heating to 2800 K, the lowest Ip/lg ratio of 0.035 was
obtained, which indicates that the majority of carbon bonds in CNFs are sp? bonds
graphitic carbon (graphene structure) after Joule heating.

The highly graphitic structure of the CNF network after Joule heating was
confirmed by high-resolution transmission electron microscopy (HR-TEM) in Figure
5.3a. Before Joule heating, the main structure of the CNF is dominated by amorphous
carbon and few graphitic carbon layers can be observed by TEM. By applying the Joule
heating treatment, the CNF film formed a highly crystallized carbon structure with
graphitic carbon layers in the longitudinal direction as indicated by the arrow in Figure
5.3a. During the high temperature Joule heating process, hydrogen and nitrogen are
removed from the PAN-derived carbon structure, facilitating the cross-linking into a
crystallized carbon structure. Figure 5.3b shows TEM images of the junctions between
welded carbon nanofibers after the Joule heating process. Highly crystallized carbon
layers are clearly observed at the junction point that bridges the neighboring CNFs. As
far as we know, this is the first report of welding behavior for PAN-derived carbon

materials.8"88
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Figure 0.3. Morphological characterization of the welded CNF structure. High-resolution TEM
images of (a) Joule heated CNF and (b) the junction between Joule heated CNFs. (c)-(f) SEM
images showing the morphological evolution of CNFs by Joule heating at (d) 1500 K, (e) 1800
K, and (f) 2300 K.

To understand the welding behavior in the context of the Joule heating
treatment, we controlled the temperature induced by Joule heating to observe the
morphological evolution of CNFs as shown in Figures 5.3c-f. The pristine CNF film
displays smooth, intertwined fibers with a diameter around 200 nm and semi-
transparent optical properties due to their amorphous structures. After Joule heating to
1500 K, fibers start to stick together both in parallel, therefore forming a Y’ shape, as
well as in crossover, forming a “+” shape. Clear boundaries between these fibers were
still present at 1500 K which indicates incomplete welding between the carbon
nanofibers. At 1800 K, the fiber surface becomes rough and the nanofibers start to
merge and weld together, resulting in ambiguous boundaries between fibers. At 2300

K, the fiber junctions are completely welded together without distinct boundaries can
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be seen. The micro-morphology of CNFs at different temperatures during the Joule
heating process confirms the fusion of CNFs between 1500 and 2300 K.

From above experiments, it can be concluded that fast heating to high
temperature played a key role in the formation of welded graphitic carbon structures.
Another important condition for the welding of fiber junctions lies in the starting
materials of amorphous CNFs whose structure can be tuned at high temperatures. To
study the Joule heating effect on different carbon structures, CNT was selected due to
its highly crystallized carbon structure, which is used to compare with the amorphous
carbon of CNF. A thin CNT film was prepared and tested under similar conditions as
the amorphous CNF samples. The lack of fusion between CNT fibers is due to the high
crystallinity of the as-prepared carbon nanotube structures (supporting materials). As
schematically shown in Figure 5.4a, even though high temperatures can be generated
at the junction between carbon nanotubes (c-Carbon), the highly crystalline carbon
structure cannot weld together without first deforming the stable C-C bonds and CNT
structure that are already present.?> For amorphous carbon fibers (a-Carbon), Joule
heating enables the defects of nitrogen and hydrogen in the amorphous structure to
activate at a high temperature. With the removal of H and N, Bergman cyclization
between adjacent CNFs takes place and new bonds are formed to weld the amorphous
nanofibers together. Nitrogen elemental mapping of the CNF films before and after
Joule heating is given in Figures 5.4b-c. A large amount of nitrogen can be detected on
the pristine CNF surface, and only a small amount of nitrogen can be observed on the

welded CNF films, especially at the junctions between nanofibers. The elimination of
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nitrogen is an indication of the improved graphitization of carbon at high temperatures
during the Joule heating method.

To study the welding behavior of PAN-derived carbon on an atomic scale,
molecular dynamic (MD) simulations were performed using a large-scale
atomic/molecular massively parallel simulator (LAMMPS)®® and REAXFF
potential®®! (Figure 5.4d). Due to the higher resistance at the contact point between
CNFs, a higher temperature environment at the junction is expected and helps initiate
the welding and ordering of the amorphous carbon matrix. On the atomic level, we
envision that Joule heating could greatly accelerate the purification and ordering of
CNFs, particularly at the high temperature junctions between nanofibers. During Joule
heating, the collisions between electrons that produce a current and the atoms in the
nanofibers cause excessive vibrations of the amorphous carbon layers. The equilibrium
structure at 300 K was heated to 3000 K and a certain degree of nucleation of carbon
chains is observed. After cyclically removing the nitrogen molecules from the system
and keeps running the simulation, carbon atoms begin to nucleate. After continuing to
remove hydrogen molecules from the system, eventually, carbon atoms nucleates into
the graphitic structure. Detailed simulation can be found in supporting information.
Since the temperature of the Joule heating technique is highly dependent on the
resistance of the CNF matrix, the welding of amorphous nanofibers benefits from the
larger contact resistance at junction points, and graphitic structure can be expected after

defects removal at high temperature.
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Figure 5.4. Molecular dynamic simulation of carbon welding at fiber junction. (a)
Schematic of the crystalline (c-Carbon) and amorphous (a-Carbon) carbon fibers before
and after the high temperature Joule heating technigue. (b-c) SEM elemental mapping
of nitrogen for pristine CNF and welded CNF. (d) Evolution of the amorphous carbon
structure at fiber crossover region in LAMMPS. The equilibrium structure started at
room temperature (300 K) and was heated to 3000 K. After the removal of nitrogen and
hydrogen atoms, highly crystalline and graphitic structure was formed. Cyan: carbon.
Pink: Nitrogen. White: Hydrogen.

Both the high graphitization and junction welding of welded CNF film can
benefit the electron transport in bulk scale CNF structures and result in significantly
improved conductivities. The electrical conductivity of the CNF film increased by a
factor of 30,000 from 13.3 mS/cm to 381 S/cm, and a sheet resistance of 1.75 €/sq
(Figure 5.4a). This calculation is determined without subtracting the porosity of the
CNF film with a density of around 0.1 g/cm®. To understand the role of junction
welding in the enhancement of electrical properties, we measured the conductivity of a

single fiber by a shadow-mask technique (Figure 5.4b). A single fiber was sonicated

from CNF film and transferred to a silicon wafer. 100 nm Au electrodes were deposited
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through a shadow mask to either end of the fiber (Figure 5.4b inset). The low
temperature carbonized CNF shows a conductivity of 4.67 S/cm, which is in
accordance with literature studies.®> After high temperature Joule heating, the
conductivity of the single fiber increases ~180 times to 822 S/cm by two-probe
measurement. The electrical conductivity of a pristine CNF film, a welded CNF film,
a single CNF fiber and a single CNF fiber after Joule heating are presented in Figure
5.4c. After Joule heating, both the film as well as single fiber conductivity increased
substantially but by different magnitudes. The change in conductivity of the CNF film
is a factor of 30000 times while the single nanofiber only increased by a factor of 180.
We speculate that the welding of nanofiber junctions in CNF film is also critically
important to the enhancement and purification of the carbon matrix.

Besides the tremendous enhancement in conductivity, the unique 3D
interconnected carbon structure of the welded CNF film can also be used for other bulk
structures and composites.’®’” For instance, after polymer infiltration the conductivity
of the CNF film is maintained and therefore provides a conductive matrix for other
designs and applications. The 3D interconnected CNFs with fused junctions form a
continuous electrically conductive backbone, while the external coating from polymer
infiltration has no effect on the electron transport inside the CNF matrix. As shown in
schematic Figure 5.5d, the nanofibers of a pristine CNF film will experience a large
contact resistance when infiltrated by polymer layers.”®’" In comparison, the welded
CNF film forms an interconnected structure with well-bonded junctions, and the outer

polymer coating will not affect the electron transport inside the interconnected matrix.
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We infiltrated epoxy resin into the open structure of a welded CNF matrix to
create a composite material with improved mechanical properties as well as excellent
bulk electrical conductivity (supporting materials). The poor physical contacts in the
pristine CNF film leads to poor mechanical strength and toughness as amorphous
nanofibers slide over one another in response to a load. After high temperature Joule
heating, nanofibers in the welded CNF films become highly crystalline and fuse
together to form stiffer interlocked structures. The fused junctions in the post-process
CNF matrix can prevent cross-slip between fibers and result in approximately10 times
higher tensile strength and toughness from 0.31 MPa to 3.86 MPa and from 1.265 kJ/m?
to 20.65 kJ/m?. After polymer resin infiltration, the tensile strength and toughness were
further enhanced to 10.6 MPa and 501.1 kJ/m®. As shown in Figure 5.5e, the
conductivity after epoxy resin infiltration remained relatively constant, due to the 3D
interconnected porous structure.

We summarized the electrical conductivity of CNF films and compared with
typical fiber networks and fiber-polymer composites in Figure 5.5f.12697093-98 Thg
conductivity of the CNF film increases with an increase in the graphitization
temperature. It is expected that a higher conductivity can be obtained if the CNF film
is more densely packed before it is Joule heated. In the meantime, our CNF-polymer
composite exhibits a higher conductivity (340 S/cm) over most of the CNT-enhanced
polymer composites reported in the literature, which proves that this material and the
Joule heating technique could lead to further promising developments in the field of

highly conductive polymer composite design.
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Figure 0.5. The electrical conductivity of the welded CNF (w-CNFs). (a) Conductivity results
for the CNF film before and after the high T Joule heating process. (b) Conductivity
measurement results for a single fiber before and after Joule heating. (c) The conductivity of a
pristine CNF film, a welded CNF film (w-CNF), a single fiber CNF (s-CNF) and a Joule heated
single fiber CNF (j-CNF). (d) Schematic diagram to show the change in the structure of
separate and welded fibers after polymer resin infiltration. () Conductivity measurement
results of pristine CNFs, welded CNFs, and welded CNFs after polymer infiltration (w-CNFs-
epoxy). (f) Chart comparing the conductivity of CNF films, CNT films, and their composites.

5.3 Conclusion

A Joule heating method was developed to bring the CNF film to high
temperatures (> 2500 K) at an ultrafast rate (~200 K/minute), thereby significantly
improving the bulk electrical and mechanical properties. The bulk electrical
conductivity of the carbon structure increased four orders of magnitude to ~ 380 S/cm
and a sheet resistance of 1.75 Q/sq. This work demonstrates a high temperature Joule

heating method that can enable graphitization of carbon materials at a high temperature,
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and also provide a new strategy to build a covalently interconnected carbon network

by welding adjacent carbon fibers together.

5.4 Experimental

CNF preparation, Joule heating process, Temperature and Conductivity measurement,

and Characterizations: see Chapter 3 Experimental sections.

5.5 Supporting materials

(@)

of the pristine CNF at different magnifications.

(a) (c)
Y R e | ? q q

(e) (f)

i

Figure 5.7. (a)-(d) In-situ images and (e)-(f) thermal microscope images for the lighting
process induced by Joule heating at different powers and temperatures.
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Figure 5.8. Temperature fitting from the device emission spectra at close to 3000 K.

(2) 7
CA 2 » P
' }'/'/////,//

- . XA
Figure 5.9. (a) HRTEM image of the pristine CNF film and (b) the CNF after Joule
heating.

before

Figure 5.10. (a) HRTEM observation of a pristine CNF at a fiber junction. The white
arrows indicate the fiber directions. (b) HRTEM observation of a Joule heated CNF at
a fused fiber junction. The white arrows indicate the previous fiber directions. A
continuous weld or fusion between two fibers is observed.
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Chapter 6: Epitaxial welding of carbon nanotubes™

Abstract

Carbon nanomaterials are desirable candidates for lightweight, highly
conductive, and corrosion-resistant current collectors. However, a key obstacle of
utilizing carbon nanomaterials is the weak interconnection between adjacent
nanostructures, which renders orders of magnitude lower electrical conductivity and
mechanical strength in the bulk assemblies. Here we report an “epitaxial welding”
strategy to engineer carbon nanotubes (CNTs) into highly crystalline and
interconnected structures. Solution-based polyacrylonitrile was conformally coated on
CNTs as “nano-glue” to physically join CNTs into a network, followed by the rapid
high temperature annealing (>2800 K, in ~30 mins) via electrical Joule heating to
graphitize the polymer coating into epitaxial layers using the embedded CNTs as
growth templates. The newly formed graphitic layers effectively bridge the adjacent
CNTs and contribute to both a high conductivity (~1500 S/cm) and a high tensile
strength (~120 MPa) for the contact-welded CNTs (W-CNTSs). In addition, the W-
CNTs display chemical and electrochemical stabilities in strong acidic/alkaline
electrolytes (>6 mol/L) when potentiostatically stressing at both cathodic and anodic
potentials. With these exceptional properties, the W-CNT films are optimal as high-
performance current collectors and were demonstrated in the state-of-the-art aqueous

battery using a “water-in-salt” electrolyte.

* The results in this chapter have been submitted: Yao, Y.; et al; Hu, L. Epitaxial Welding of Carbon
Nanotube Networks for Aqueous Battery Current Collectors. ACS Nano, submitted, 2018.
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6.1 Introduction

The crystalline allotropes of carbon nanomaterials such as carbon nanotubes
(CNT) and graphene are widely studied due to their high surface areas, superb electrical
and thermal conductivities, and excellent mechanical properties.®**-1% Importantly,
unlike metals, highly graphitic carbon shows considerable stability in harsh chemical
environments like highly concentrated acidic/alkaline solutions, owing to the
chemically inert carbon bonds that do not react with the active H or OH" in these
solutions.?%21:1% Therefore, highly crystalline carbon nanomaterials are intensively
investigated as flexible, lightweight, highly conductive, and corrosion-resistant current
collectors for batteries and catalysts, to replace traditional metallic current collectors
that are bulky, heavy, and liable to erode in the corrosive environments,24102107-111
Recently, the increasing market demands in high-performance and intrinsically safe
aqueous batteries*%12113 hoosted the research of carbon-based current collectors that
are stable in the strong acidic or alkaline aqueous electrolytes, which rule out metallic
current collectors that are subject to severe corrosion. 14115

The key obstacle of using carbon-based current collectors lies in the orders of
magnitude performance degradation in bulk assemblies of carbon nanomaterials as
compared to their nanoscale building blocks,’7°116:117 which can be ascribed to the
weak or even lack of effective interconnections between individual nanostructures.’*!
Previously, heteroatoms or amorphous carbon are often employed to bridge adjacent
CNTs by two major approaches: (1) non-covalent physical bonding, where a
continuous layer of material is deposited to connect the adjacent CNTs by physical

means, such as atomic layer deposition (ALD) of Al>Ozor chemical vapor deposition
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(CVD) of amorphous carbon and SiC,’:79838 and (2) covalent chemical bonding,
where divalent bonding elements such as B or S are intentionally introduced to
covalently join adjacent CNTs into elbow structures during CNT synthesis.587>118
However, the introduced foreign elements, impurities, and amorphous coating layers
in these approaches can be a huge problem in the corrosive chemical and
electrochemical environments which requires highly graphitic carbon to achieve
stabilities. Ideally, building intrinsic covalent carbon bonds among CNTSs is strongly
preferred; 11120 yet considering the high stability and high C-C bond energy (4H=85
kcal/mol), opening and reforming covalent carbon bonds between CNTSs presents a
great challenge. Successful demonstration has only been achieved through high energy
radiation (by electron, ion beam, or plasma),?-1% or by high pressure (up to 55 GPa)
combined with shear deformation.’?®128 These approaches not only have limited
scalability owing to special equipment needed, but also can easily cause
physical/radiative damages to the original CNTs and introduce a lot of undesired
defects into the system. Therefore, a more constructive and scalable method is needed
for the formation of bulk interconnected CNT assemblies.

Here we report an “epitaxial welding” method as a scalable and cost-effective
approach for the formation of highly crystalline and interconnected CNT assemblies
bearing the merits required as high-performance current collectors. Solution-based
polyacrylonitrile (PAN) was dip-coated onto CNTs as “nano-glue” to physically
connect CNTSs together and the PAN coated CNT film was rapidly annealed at a high
temperature (>2800 K, in ~30 mins) via electrical Joule heating, which in situ

graphitize the polymer coating on CNTs into continuous graphitic layers through
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epitaxial growth. The newly formed graphitic layers effectively eliminate the poor
contacts in CNT assemblies by bridging adjacent CNTs together and contribute to both
high electrical conductivity (~1500 S/cm) and mechanical strength (~120 MPa), which
are 5 and 20 times higher than the un-welded CNT assemblies, respectively. Moreover,
the high-temperature graphitization also effectively removes the defects and helps the
formation of highly crystalline carbon showing chemical and electrochemical stabilities
in the corrosive environments. The proposed “epitaxial welding” method can be
generally applied to other graphitic carbon nanomaterials as an effective strategy to

form highly crystalline and interconnected carbon nanostructures.

6.2 Result and discussion

A dry-processed CNT film drawn from vertically aligned CNT forest was
selected as a model system owing to its simple and ordered structure.®%108:123-132 The
as-grown CNTs are continuous and parallel with each other in the length direction and
have an average diameter of 4347.5 nm. Due to the weak van der Waals interaction
among individual CNTs, the CNT film presents a porous and loosely packed structure
that could be easily pulled apart when handling. By applying polymer coating through
immersion into 2% PAN/dimethylformamide (DMF) solution and subsequent drying,
PAN chains can assemble on the surface of CNTs to form a conformal coating (Fig.
6.1a). Also, the structure becomes dense and compact as indicated by the reduced
thickness from 20-30 pm for pristine CNT to ~10 um for CNT-PAN. The epitaxial
growth of the coated PAN layer into highly crystalline graphitic carbon was initiated
by high temperature annealing using embedded CNTs as the template, which is

achieved by electrically triggered Joule heating to over 2800 K in ~26 minutes and
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holding for 5 minutes (Fig. 6.1a inset).3313* As PAN conformally coats along the outer
surface of CNTs and binds adjacent CNTs together at the intersections, the derived
graphitic layer can also simultaneously weld CNTSs together as a graphitic welder, to
obtain a welded CNT film (W-CNT). This process is denoted as “epitaxial welding”.

In the “epitaxial welding” process, the polymer coating provides the carbon
source for graphitic welding between adjacent CNTs at high temperature, and PAN was
chosen owing to its simple structure and high yield in graphitic carbon production.t®
Meanwhile, the Joule heating process is especially effective as it directly heats the
samples other than the bulky chamber/furnace and therefore is both fast and energy
efficient: a typical heating process to >2800 K takes less than 30 minutes (heating rate
~ 100 K/min) with a consuming power less than 20 W. Additionally, as the temperature
in the Joule heating process is directly related to the resistance (P=I?R), the junctions
or contact points between CNTs having higher resistance than the crystalline CNTs
will be selectively heated to higher temperature, demonstrating an effective/targeting
graphitization at the junctions.

The microstructure evolution from pristine CNT to CNT-PAN and W-CNT
during the “epitaxial welding” process is examined by scanning electron microscope
(SEM) images (Fig. 6.1b-d). It is clear that pristine CNT film shows a porous and
loosely packed structure due to poor physical contact; after PAN coating, CNTs are
densely packed together through polymer binding, showing significantly reduced gaps
among the CNT bundles. After Joule heating at above 2800 K, the W-CNT film remains

compact and forms interconnected networks of CNTs (Fig. 6.1d).
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High T > 2800K
in ~30 mins
Conformal polymer coating on CNT Epitaxial growth and welding

Figure 6.1. “Ep1tax1a1 weldmg” for the formatlon of mterconnected W-CNTs. (a)
Schematic of CNTs with a conformal polymer coating and after high temperature
heating. The inset shows the picture of CNT-PAN film under high temperature (2800
K) Joule heating. SEM images of (b) CNT, (c) CNT-PAN, and (d) W-CNT, showing
the microstructure evolution at each step.

The structural evolution over the entire “epitaxial welding” process was
examined in further detail in Fig. 6.2. The pristine CNT film is porous and loosely
packed (Fig. 6.2a), which is difficult to handle and lacks the performance required for
practical implementation. After coating with PAN solution, pressing, and drying, the
individual CNTs were effectively glued with a much denser packing structure, showing
at least 2-4 times thinner thicknesses in CNT-PAN (from 20-30 um to 5-10 um) (Fig.
6.2b). The densely packed structure facilitates the intimate contact and subsequent
welding of adjacent CNTs. This densely packed structure can be well maintained after
high temperature annealing, indicating that all CNTs remain binding with each other
without losing the structure integrity (Fig. 6.2c).

Electrically triggered Joule heating is adopted as a facile means for high

temperature annealing of carbon materials, demonstrating several advantages as
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compared with conventional furnace heating: (1) ultrahigh temperatures up to 3000 K
inside the sample (most annealing furnaces have maximum temperature of 1500 K or
lower), which is critical to achieve highly graphitized carbon structure; (2)
unprecedented heating and cooling rates up to 10%-10° K/s (the rate for furnace heating
is roughly ~ 10 K/min), enabling fast ramp to high temperature for efficient heating;
(3) easily controllable temperature, duration, and heating ramp rate that can be
programmed in the electrical power source; and (4) highly energy efficient as
mentioned before.

The CNT-PAN film was connected to an electrical power source through
conductive silver paste and copper tape, spanning across a trench between two
separated glass slides to prevent contamination and damage at high temperature (Fig.
6.2d). High temperature annealing can be easily achieved by slowly increasing the
current from 0 to 3.15 A at 0.002 A/s in a gradual annealing process performed in an
argon-filled glovebox. During the annealing, the film lit up as a high temperature
blackbody radiation source at above 1000 K (Fig. 6.2d).212%1%.117 The emitted
spectrum was collected by an optical fiber from 350 nm to 950 nm (Fig. 6.2e) and then
fitted to the blackbody radiation equation to obtain T as a close approximation of
temperature reached in the sample (Fig. 6.2f). By using the direct Joule heating
developed in our lab,* the CNT samples can be heated above 2800 K by simply
increasing the input power with a heating rate of 100 K/s. All these temperature controls
can be performed by a programmable electrical power source, making the high

temperature annealing process more controllable.
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Fig. 6.2g-i show the compositional and structural evolutions from CNT, CNT-
PAN to W-CNT revealed by Raman and X-ray photoelectron spectroscopy (XPS)
spectra. Overall, these characterizations show that PAN coating initially introduces
impurities (N, O) and amorphous structures into CNT film, while after high
temperature annealing, the W-CNT shows similar or even better purity and crystallinity
than pristine CNT film. In the Raman spectra, typical D-mode (D) and G-mode (G)
peaks can be seen for all samples, where the D peak represents the disordered or
defective carbon bonds and G peak indicates the graphitic sp? carbon bonds.5" CNT-
PAN film has a large background that obscures the peaks due to the addition of polymer
coating. The W-CNT film shows a lower D peak and correspondingly reduced D/G
ratio of Ip/lc=0.1 compared with the Ip/1c=0.3 for the pristine CNT film, which is a
strong indication of increased graphitic structures in W-CNT after high temperature
annealing, even compared with the pristine CNT. Note the decrease in 2D peak
intensity comes from the increased diameter of W-CNTs.%2 Additionally, in the XPS
spectra, the typical C, N, and O peaks were detected and the C:N:O ratio evolved from
(98.8:0:1.2) for CNT, t0 (79.8:8.9:11.3) for CNT-PAN, and to (98.9:0:1.1) for W-CNT,
confirming slightly improved purity (reduced O content) in W-CNT after high-
temperature annealing. It should be noted that N is introduced from the air stabilized
PAN and is only observed in the CNT-PAN sample, suggesting that all polymer coating
has been converted into carbon materials in W-CNT. The above characterizations prove
the effectiveness of high-temperature annealing by Joule heating for fast graphitization

and confirm the highly crystalline and graphitic carbon achieved in the W-CNT film.
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Figure 6.2. The “Epitaxial welding” process and associated structural evolution. (a)-(C)
SEM cross-section images of CNT, CNT-PAN, and W-CNT. (d) Picture for Joule
heating set-up, and the lighting pictures during Joule heating at 1500 K and 2000 K.
(e)-(f) The emitted light spectra at increased power input and corresponding fitted
temperatures according to the blackbody radiation equation. Structural evolutions
observed in (g) Raman and (h)-(i) XPS for CNT, CNT-PAN, and W-CNT.

The aforementioned structural evolution was further corroborated by the high-
resolution TEM images. The pristine CNT shows a highly crystalline structure with
fiber diameter averaging around 40 nm (Fig. 6.3a). After polymer coating and high-
temperature annealing, a radial growth of CNT was found to be around 10-20 nm in
thickness (Fig. 6.3b). Most significantly, these additional graphitic layers have the same
atomic stacking and alignment as the initial CNTs, showing the growth of epitaxial

layers (EL) via high temperature annealing. Here, the embedded CNTs act as templates
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for the epitaxial growth of PAN layers along the CNT direction during the high
temperature graphitization. The epitaxial growth of graphitic layer can also be observed
at the junction point, showing that the newly formed graphitic layers can successfully
bridge CNTSs together (Fig. 6.3c for pristine CNTs and 3d for W-CNTSs). The epitaxial
graphitic layers continue to grow from one CNT to the other, behaving as a bridge to
connect adjacent CNTs for forming a continuous pathway for electron conduction and
mechanical force transfer, leading to increased electronic conductivity and mechanical

strength that will be discussed in the following section.

Sl ~Pristine CNT By <575 __ Epitaxial growth

Figure 6.3. Microstructures of pristine CNTs and W-CNTSs. (a) TEM image of pristine
CNT with a diameter around ~ 35 nm. (b) TEM image of W-CNT to show the epitaxial
growth of graphitic layers from PAN using CNT as a template. EL stands for epitaxial
layer. The new layer is clear and has the same atomic packing as the embedded CNT.
(c)-(d) TEM images of pristine CNTs and W-CNTSs at junctions to show the junction

welding and formation of crossover layers between CNTSs after “epitaxial welding”.

To further prove the effectiveness of epitaxial growth of graphitic layer by high

temperature Joule heating, the electrical conductivity and mechanical properties of W-
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CNT films were measured and compared with those of pristine CNT films. Fig. 6.4a-c
show the electrical conductivity and mechanical stress-strain curves for CNT, W-CNT-
0.5 (using 0.5%PAN solution), and W-CNT-2 (using 2%PAN solution). The
conductivity of CNT film increased from 314 S/cm to 900 S/cm for W-CNT-0.5, and
up to 2000 S/cm for W-CNT-2 (averaged around 1500 S/cm). Similarly, the mechanical
yield strength also increased from 5.6 MPa (CNT), to 22.5 MPa (W-CNT-0.5), and to
126 MPa (W-CNT-2) (Fig. 6.4b), with the maximum Young’s modulus reaching to ~30
GPa for W-CNT-2, which is approximately 5000 times greater than the 63 MPa
Young’s modulus for the pristine CNT film. Thus, after epitaxial welding, the W-CNT
film forms compact and interconnected structures that simultaneously boost the
electrical conductivity and mechanical performance. It is worth noting that both the
conductivity and mechanical properties of W-CNT-2 are higher than those of W-CNT-
0.5, which can be explained by the limited available welding agent and graphitic
coatings for using dilute 0.5% PAN. Decreasing the polymer concentration (0.5%
PAN) resulted in only non-continuous, partially graphitic layers formed on CNT.
Besides the improved conductivity and mechanical strength, the highly
graphitic carbon in W-CNT film also ensures excellent chemical and electrochemical
stabilities in acidic and alkaline solutions. Fig. 6.4d shows the schematic of T-cell setup
for corrosion evolution to mimic the actual aqueous battery cells. The fixed electrodes
geometry in T-cell setup also guarantees the accuracy of repeated measurements. The
electrochemical corrosion was evaluated by measuring the cyclic voltammograms
(CVs) of W-CNT film before and after potentiostatically stressing (Fig. 4e). The

chemical and electrochemical stabilities of W-CNT were investigated in highly
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concentrated acidic (5 mol/L H2SO4) and alkaline (5 mol/L KOH + 1 mol/L LiOH)
electrolytes at both cathodic and anodic potentials (1.7 V and -0.5 V vs Ag/AgCl for
acid; 0.65 V and -0.9 V vs Hg/HgO for alkaline). These potentials were chosen to
mimic the voltage limits in typical acidic and alkaline batteries. The highly
concentrated electrolytes and aggressive holding potentials were chosen to accelerate
the corrosion of those electrodes.

Fig. 6.4f shows cyclic voltammograms (CVs) before and after holding the W-
CNT film at fixed cathodic and anodic potentials in both acidic and alkaline electrolyte
solutions. In the alkaline electrolytes, W-CNT shows excellent stability with minor
changes in CV area and peak height after potentiostatically holding. The minute
differences between the 0 h and 48 h curves are due to an initial wetting process of the
electrodes. Under acidic conditions, there are redox peaks at ~ 0.5V, which is
characteristic of a quinone-hydroquinone (Q-HQ) redox reaction and can be used for
measuring carbon corrosion along with an overall increase in voltammetric current. At
the anodic potential, CVs of W-CNT show no increase in Q-HQ peak height or CV
area after stressing, indicating that W-CNT is very stable under the anodic holding in
acidic conditions under these reduction potentials. For the cathodic potential hold of
1.7 V in acid, the current associated with the Q-HQ region as well as the area under the
CV curves increased slightly after stressing, indicating minute unstable corrosion in W-
CNT film under cathodic potential in acidic electrolytes.

As a comparison, a commercially available carbon-based current collector,
activated carbon cloth (ACC), was used for the corrosion test under the same condition.

The ACC carbon is not as stable as W-CNT films in either acid or alkaline aqueous
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solutions, as indicated by the large value of current in CVs as well as the increase of
areas inside the C-V curves after longtime holding. During the 48 h potential hold in
acidic electrolyte at cathodic potential, the total peak height of Q-HQ redox reaction
increased by a factor of 4.8 times for commercial ACC current collectors, as compared
to an increase of 1.5 times for W-CNT films, demonstrating higher stability of W-CNT

compared to ACC when used in harsh agueous conditions.
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Figure 6.4. Properties of W-CNT films. (a)-(b) Electrical conductivities of CNT and
W-CNT films (using 0.5% PAN and 2% PAN, respectively). The inset is the film used
in four-point conductivity measurement. (c) Mechanical stress-strain properties of CNT
and W-CNT films. (d) Schematic of three electrodes T-cell setup for corrosion
evaluation. (e) Evaluation process: I. CVs measured at the beginning; II.
Potentiostatically stressing at various conditions for 48 hours; I1l. CVs measured after
48 hours stressing. (f) CVs before and after holding the W-CNT film and commercial
ACC carbon at cathodic and anodic potentials in the acidic or alkaline electrolyte, as

indications for the degree of surface corrosion after potentiostatically stressing.
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The above performance data clearly show the effectiveness of the epitaxial
welding process and also the potential of W-CNT films to be used as lightweight,
highly conductive, mechanically strong, and corrosion resistant current collectors. Here
we demonstrate using W-CNT films as a superb current collector for the state-of-the-
art “water-in-salt” aqueous battery with high performance and electrochemical
stability. Fig. 6.5a shows the cycle voltammetry (CV) of W-CNT films in highly
concentrated “water-in-salt” electrolyte: 21 mol/kg lithium bis(trifluoromethane
sulfonyl)imide (LiTFSI) in water.1*313” The LiTFSI possesses high solubility in up to
21 mol/kg high concentration aqueous solution, which shows high stability against
hydrolysis. This, therefore, enables a larger electrochemical stability window, ranging
from ~ 2 to 4.5 V (vs. Li*/Li), corresponding well with a measured window of stable
performance shown by the W-CNT film in Fig. 6.5a.

A full cell of lithium-ion battery was evaluated using LiMn204 as a cathode,
MosSg as the anode material (denoted as LMO/MS) and W-CNT films as current
collectors for both electrodes. Fig. 6.5b shows a typical charge-discharge curve for the
full battery cell in conventional coin cell configuration. The battery shows great
stability in this highly concentrated “water-in-salt” aqueous electrolyte with a high
capacity of 120 mAh/g (based on the mass of the anode) at 2 C rate (1 C = 125 mA/qg)
and a Coulombic efficiency >99.5% after the first few cycles (Fig. 6.5c). The
exceptional electrochemical performance should be attributed to the stability of “water-
in-salt” electrolyte as well as the W-CNT current collector, which is stable even in the

extremely concentrated electrolyte solution and wide electrochemical window.
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Figure 6.5. W-CNT films as current collectors for “water-in-salt” aqueous battery. (a)
CV curve showing the electrochemical stability window of the W-CNT film in the
“water-in-salt” electrolyte. (b) Stable (5") charge-discharge curve and (c) cycling
performance of full battery cell (LMO/MS) using W-CNT films as current collectors.

6.3 Conclusion

In this work, we demonstrate an “epitaxial welding” process as an effective
method to form highly crystalline and interconnected CNTs by utilizing thin and
epitaxial graphitic layers to bridge adjacent CNTs together into a 3D covalent CNTs
networks, which can subsequently lead to improvement of both electrical conductivity
and mechanical properties in the bulk CNT assemblies without sacrificing the structural
and compositional purity. The resultant W-CNT film is highly conductive (~1500
S/cm), mechanically strong (~120 MPa), and chemically and electrochemically stable
in acidic/alkaline solutions, showing great promises as high-performance current
collectors for various applications (e.g. aqueous battery). Both the solution-based

polymer coating and high-temperature annealing in the “epitaxial welding” process are
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considerably simple and scalable for industrial scale production, and can also be
generally applied to various carbon materials where the interconnection between

carbon nanostructures is a problem.

6.4 Experimental

CNT synthesis: Firstly, vertically aligned CNTs (CNT forest) were grown on a quartz
through chemical vapor deposition from acetylene (600 sccm), argon (395 sccm), and
Cl (5 sccm), using FeCl, as the catalyst at 760 <C, 3 Torr for 15 minutes.®! Dry-
processed CNT film (20-30 pum thick) was directly drawn from the as-grow CNTSs
forest through a tail-to-head manner.*®

PAN coating and Joule heating: A piece of CNT film (typical geometry 2 cm*0.5 cm,
for battery current collectors geometry 2 cm*2 cm) was immersed into a 2% PAN/DMF
solution for 1 min, and then the fully saturated film was pressed between glass slides
to remove the excess polymer and solvent, resulting in a compact CNT-PAN film. The
film was then heated to 60 <C on a hot plate in a fume hood to evaporate absorbed
solvent, leaving a PAN coated CNT film for Joule heating experiment. For Joule
heating, the CNT-PAN film was bridged between two laterally separated glass slides,
and both ends of the film were connected to copper electrodes using conductive silver
paste. The film was heated in an argon-filled glove box by introducing increasing
electrical current from 0 to 3.15 A (0.002 A/s) and kept at 3.15 A for 5 minutes and
then cooled down to room temperature slowly at a rate of 0.01A/s.

Corrosion test: Electrochemical measurements were conducted using a
perfluoroalkoxy alkane (PFA) T-cell in a three-electrode configuration. Graphite rods

were used to hold the CNT-PAN film as a working electrode and Pt-coated activated
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carbon cloth (ACC) counter electrode (0.5 in diameter) in place, sealing the T-cell and
acting as a current collector. The T-cells were filled with 5 mL of 5.0 mol/L H2SO4 for
testing in acidic conditions or 5mL of 5.0 mol/L KOH + 1.0 mol/L LiOH for testing in
basic conditions.silver/silver chloride (Ag/AgCl) and mercury/mercury oxide (Hg/HgO)
reference electrodes were used for testing in acidic and basic electrolytes, respectively.
A BioLogic EC-Lab VVSP modular potentiostat was used to hold the CNT-PAN at fixed
cathodic and anodic potentials of 1.7 V and -0.5 V vs. Ag/AgCl, respectively, for tests
with acid electrolyte. In basic electrolyte, CNT-PAN was held at cathodic and anodic
potentials of 0.65 V and -0.9 V vs. Hg/HgO, respectively. The CV scan rate is 0.5 mV/s.
Due to oxygen and hydrogen evolution during electrochemical tests, the electrolyte
solution was periodically refilled with water.

Battery test: The high-concentration aqueous electrolyte was prepared by dissolving
LiTFSI (Tokyo Chemical) in purified water to its solvation limit of about 21 mol/kg.
The anode material Mo6S8 was prepared according to the previously reported leaching
method from Cu2Mo06S8.1*2 The cathode material LiMn204 was purchased from MTI.
Electrodes materials were directly coated onto the surface of the W-CNT film and
showed good wetting and attachment. Cyclic voltammetry measurement was
performed on the CHI 600E electrochemical workstation at a scanning rate of 10 mV/s
to determine the electrochemical stability window. The full battery cell was assembled
in CR2032-type coin cell and evaluated on a Land BT2000 battery test system (Wuhan,

China) at room temperature.
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6.5 Supporting materials
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Figure 6.7. (a)-(b) TEM images of pristine CNT, and (c) statistical analysis of CNT
diameter distribution in pristine CNT.

i)

Figure 6.8. (a)-(b) SEM images of PAN coated CNT (CNT-PAN).
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Figure 6.9. (a)-(b) SEM images of pristine CNT and CNT-PAN film (cross-section).
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Figure 6.11. The high temperature annealing process. (a) Current as a function of time
and (b) Measured voltage as a function of driven current.

Figure 6.12. TEM images of (a) prlstlne CNT and (b) CNT W|th a broken coating which
clearly shows the coating thickness around 10 nm. (c)-(d) Epitaxial growth of CNTs

after polymer coating and high temperature annealing. EL stands for epitaxial layers.
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Figure 6.13. (a) TEM images of W-CNT and (b) statistical analysis of diameter
distribution in W-CNT.
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Figure 6.14. (a) and (b) TEM images of W-CNT welded using a 0.5% PAN solution.
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Figure 6.15. Corrosion evaluation of commercially available ACC carbon. CV before
and after holding the W-CNT film in alkaline electrolyte at (a) -0.9 V (anodic potential)
and (b) 0.65 V (cathodic potential) (vs. Hg/HgO); and in acidic electrolyte at (c) -0.5
V (anodic potential) and (d) 1.7 V (cathodic potential).
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Chapter 7: High-Temperature annealing for other applications

7.1 High temperature lighting”

Besides the high temperature heating aspect, the electrical triggered Joule
heating also leads to bright light emission which can act a high-performance light
source. We also report highly efficient broadband thermal radiation from reduced-
graphene-oxide (RGO) paper mixed with single-walled carbon nanotubes (CNTSs). The
RGO-CNT paper can be fabricated by scalable spray coating or 3D printing from ink,
and processed into different shapes and formats. High-temperature pre-annealing self-
stabilizes the RGO-CNT paper, leading to unprecedented crystallinity and a record-
high DC electrical conductivity. Flexible, even foldable paper-thin lighting with
different shapes is demonstrated, including long (> 3 mm) and thin (< 1 um) suspended
ribbons acting as incandescent light sources. The high efficiency of incandescent
emission is due to the relatively low thermal conductivity, high emissivity, long, thin,
planar structure, high operating temperature, and ability to operate in vacuum. These
RGO-CNT paper ribbons routinely reach 3,000 K before failure, with some samples
exceeding 3,300 K, higher than any other carbon nanomaterial. Excellent performance
was achieved, with ~90% radiation efficiency, 200,000 on/off cycles, fast (~13 ms)
on/off response time, and stable operation for more than 50 hours. The visible lighting
efficiency is comparable to and potentially higher than standard tungsten filament bulbs

in Ar. This study demonstrates that RGO-CNT paper can enable emerging lighting

* The results have been published: Bao, W.; Pickel, A. D.; Zhang, Q.; Chen, Y.; Yao, Y.; Wan, J.; Fu,
K.; Wang, Y.; Dai, J.; Zhu, H.; et al. Flexible, High Temperature, Planar Lighting with Large Scale
Printable Nanocarbon Paper. Adv. Mater. 2016, 28, 4684-4691. (Yao. Y is the co-first author.)
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solutions where arbitrary shapes, manufacturability, cost, and response time are

important.

7.2 High temperature annealing of carbonized grass for sodium ion batteries”

Through electrical Joule heating, we can obtain high-quality carbon in a rapid
and efficient manner. The graphitic carbon (i.e. hard carbon) can be applied for many
applications such as high performance, corrosion resistant current collectors, promising
anode candidate for room temperature sodium ion batteries etc. We employed
switchgrass as a biomass example to be carbonized at an ultra-high temperature, 2050
<C, induced by Joule heating to create hard carbon anodes for sodium ion batteries.
Switchgrass derived carbon materials intrinsically inherit its three-dimensional porous
hierarchical architecture, with an average interlayer spacing of 0.376 nm. The larger
interlayer spacing than that of graphite allows for the significant Na ion storage
performance. Compared to the sample carbonized under 1000 <C, switchgrass-derived
carbon at 2050 <C induced an improved initial Coulombic efficiency. Additionally,
excellent rate capability and superior cycling performance are demonstrated for the

switchgrass-derived carbon due to the unique high temperature treatment.

* The results have been published: Zhang, F.; Yao, Y.; Wan, J.; Henderson, D.; Zhang, X.; Hu, L. High
Temperature Carbonized Grass as a High Performance Sodium lon Battery Anode. ACS Appl. Mater.
Interfaces 2017, 9, 391-397.
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7.3 High temperature thermal electrics*

The development of ultrahigh-temperature thermoelectric materials could enable
thermoelectric topping of combustion power cycles as well as extending the range of
direct thermoelectric power generation in concentrated solar power. However,
thermoelectric operation temperatures have been restricted to under 1,500 K due to the
lack of suitable materials. Here, we demonstrate a thermoelectric conversion material
based on high-temperature reduced graphene oxide nanosheets that can perform
reliably up to 3,000 K. After a reduction treatment at 3,300 K, the nanosheet film
exhibits an increased conductivity to ~4,000 S cm™! at 3,000 K and a high power factor
S’%¢ = 545 p W cm ' K2 We report measurements characterizing the film’s
thermoelectric properties up to 3,000 K. The reduced graphene oxide film also exhibits
a high broadband radiation absorbance and can act as both a radiative receiver and a
thermoelectric generator. The printable, lightweight and flexible film is attractive for

system integration and scalable manufacturing.

* The results have been published: Li, T.; Pickel, A. D.; Yao, Y.; Chen, Y.; Zeng, Y.; Lacey, S. D.; Li,
Y.; Wang, Y.; Dai, J.; Wang, Y.; et al. Thermoelectric Properties and Performance of Flexible
Reduced Graphene Oxide Films up to 3,000 K. Nat. Energy 2018, 3, 148-156.
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7.4 Ultrafast annealing toward carbon booming

Carbon-based nanomaterials are featured with lightweight, flexible, anti-
corrosion, highly conductive and high surface area, which are important materials as
conductive host for electrocatalysis and electrochemical energy storage applications.
However, attempts to create high surface area carbon materials with enhanced
mechanical properties often result in the loss of key performance metrics. Here we
report an interconnected carbon network with increased carbon surfaces by applying
Joule heating to polyacrylonitrile (PAN) based carbon nanofibers at a high temperature
(> 2500 K) and an ultra-fast heating rate (10%*-10° K/min). The ultrafast heating
produces a high temperature environment that enables further carbonization of the
nanofibers and induces bombing of CNF in diameters, forming a 3D hollow carbon
network. Since the carbonization occurs in several seconds or minutes, the drastic
releasing of defective C, H, O (most in gaseous forms) cause the expansion of carbon
fibers layer by layer and creates concentric circles like morphology owing to the rapid
heating is from shell to inner core. In contrast, prolonged slow heating (10 K/min)
results in the shrinkage of carbon fiber as the result of slow graphitization. The high
temperature Joule heating not only enables fast graphitization of carbon materials at
high temperature but also provides a new strategy to build high surface area of graphitic
carbon networks from an amorphous carbon source. Because of the high electrical
conductivity, good mechanical structures as well as anti-corrosion properties, this 3D
interconnected carbon membrane can be potentially used in energy storage

applications.
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Chapter 8: Thermal shock synthesis of uniformly distributed
nanoparticles”

Abstract

Nanoparticles (NPs) dispersed within a conductive host are essential for a range
of applications including electrochemical energy storage, catalysis as well as energetic
devices. However, manufacturing high-quality NPs in an efficient manner remains a
challenge, especially due to agglomeration during assembly processes. Here we report
a rapid thermal shock method to in-situ synthesize well-dispersed NPs on a conductive
fiber matrix using metal precursor salts. The temperature of the carbon nanofibers
(CNFs) coated with metal salts was ramped from room temperature to ~2000 K in 5
milliseconds, which corresponds to a rate of 400,000 K/s. Metal salts decompose
rapidly at such high temperatures and nucleate into metallic nanoparticles during the
rapid cooling step (cooling rate of ~100,000 K/s). The high temperature duration plays
a critical role in the size and distribution of the nanoparticles: the faster the process is,
the smaller the nanoparticles are, and the narrower the size distribution is. We also
demonstrated that the peak temperature of thermal shock can reach ~3000 K, much
higher than the decomposition temperature of many salts, which ensures the possibility
of synthesizing various types of nanoparticles. This universal, in-situ, high-temperature
thermal shock method offers considerable potential for the bulk-synthesis of

unagglomerated nanoparticles stabilized within a matrix.

* The results in this chapter have been published: Yao, Y.; Chen, F.; Nie, A.; Lacey, S. D.; Jacob, R. J,;
Xu, S.; Huang, Z.; Fu, K.; Dai, J.; Salamanca-Riba, L.; et al. In Situ High Temperature Synthesis of
Single-Component Metallic Nanoparticles. ACS Cent. Sci. 2017, 3, 294-301.
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8.1 Introduction

Well-dispersed functional nanoparticles (NPs) in a conductive carbon host are
particularly important for electrochemical energy storage, electrochemical catalysis,
and photocatalysis, among other applications.’*®* The conductive support cannot
only effectively transport electrons and heat generated during electrochemical reactions,
but also disperse the nanoparticles from severe aggregation.’** To date, two main
strategies have been developed for the synthesis of NPs decorated on carbon-based
materials: (1) synthesis-then-assembly'#2145-147 and (2) in-situ growth*®153 For
synthesis-then-assembly methods, suspension of synthesized nanoparticles is
introduced to the porous carbon matrix by impregnation and then drying. Such
approaches allow for precise control of the NPs’ size, phases, and structures by wet
chemistry synthesis and then the synthesized NPs are re-dispersed onto support.1>417
Dispersion agents are usually required to stabilize the nanoparticle solutions, which can
leave a residue on the nanoparticle surface and may deteriorate performance.51%8-161
More often the NPs are prepared in-situ onto a carbon support via chemical reduction
or hydrothermal reaction as a simple and low-cost method,*®% and sometimes
physical methods, such as electron beam radiation®1%* and selectively surface
functionalization'®®. Since carbon is non-wetting with most metals and the interaction
between metal NPs and carbon surface is weak,® the as-formed nanoparticles are
prone to agglomerate and redistribute during the synthesis and post heat
treatments.153'161'167‘170

As the growth and aggregation of nanoparticles are time-dependent diffusion

and migration processes, it is critical to synthesize ultrafine NPs over a short time and
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guench the process to prevent, or at least, minimize agglomeration. While conventional
high temperature syntheses methods, such as spray pyrolysis and combustion, are fast
(several seconds to minutes), a well controllable heating method is desirable for the
control of both the high temperature heating process and also the resultant particle size
and distribution.17-173

Here we report a one-step thermal shock method for rapid, in-situ and
surfactant-free synthesis of well-dispersed nanoparticles on a carbon matrix. Ultrafast
thermal decomposition (400,000 K/s ramp rate) of metal salts on a carbon support was
achieved by electrical Joule heating for 5 milliseconds at high temperature (~2000 K).
Palladium (Pd) nanoparticles acted as the model system, however, gold (Au), iron (Fe),
and tin (Sn) were also demonstrated using the proposed universal synthesis method.
Due to a short thermal shock duration followed by ultrafast cooling, the metal atoms
have limited time for migration, resulting in uniformly distributed NPs on the carbon
support. In addition, the size distribution of the NPs strongly depends on the thermal
shock duration; namely, a faster thermal shock process yields smaller nanoparticles
with a more uniform size distribution. Compared to other synthesis methods for
assembling nanoparticles on a carbon matrix, the proposed thermal shock process is
facile, ultrafast and yields high purity and evenly distributed nanoparticles. By Joule
heating, the temperature can reach ~3000 K, which enables the decomposition of most
metal salts. Thus, a range of nanoparticles can be readily fabricated on carbon-based

materials using this universal and ultrafast thermal shock method.
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8.2Results and Discussion

Fig. 8.1ais a schematic representation of the proposed high temperature thermal
shock method where NPs are rapidly assembled onto carbon nanofibers (CNFs). Pd
nanoparticles were chosen as the model system to investigate the process-structure
relationship in the proposed synthesis method. The pristine CNFs were dipped in an
aqueous solution of PdCl, (1 mg/ml) and dried in an oven to prepare PdCl,-coated
CNFs for the rapid thermal shock process. The rapid thermal shock was triggered by
Joule heating, where the thermal energy can be easily controlled by the applied current.
In a typical process, CNF-PdCI, was heated to ~2000 K for 5 milliseconds and cooled
down immediately. The high temperature in the thermal shock process leads to the in-
situ thermal decomposition of PdCl, at 590-740 € and the formation of Pd
nanoparticles on the CNFs; the short shock time limits the diffusion and migration of
the as-formed Pd nanoparticles and enables a uniform NP distribution across the CNFs.
Note that CNFs were chosen as a suitable carbon matrix due to its open network
structure for gas releasing and also can be used for filtration purposes such as air or
water purification.

Fig. 8.1b-c depicts the scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) images of Pd-decorated CNFs after a one-second and 5-
millisecond thermal shock at ~2000 K. Large number of Pd nanoparticles were formed
and uniformly distributed along the CNFs. The average size of Pd nanoparticles formed
by the 5-millisecond shock (~ 4 nm) is much smaller compared to the one-second shock

(~ 27 nm), demonstrating the temporal confinement of shock time on the synthesis of
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ultrafine NPs. The corresponding SEM images of CNF, CNF-PdCI, can be found in

supporting materials.
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Figure 8.1. Synthesis of Pd NPs on CNFs via a rapid, high temperature thermal shock method.
(a) Schematic to show the Pd NP formation process. Metal salt precursor PdCl; is formed on
the pristine CNF surface by a dip-coating method and then treated with a rapid thermal shock
by Joule heating, which results in Pd NPs loading the carbon matrix. By utilizing different
shock times, the NP size can be tuned: a faster shock creates smaller particle sizes. (b) SEM
image of Pd/CNF formed by a one-second thermal shock. (c¢) TEM image of Pd/CNF formed
by a 5-millisecond thermal shock.

The rapid thermal shock process was triggered by electrical Joule heating and
its temperature was controlled by the input electrical power.?22536.108117.174.175 The
carbon-based samples were attached to copper electrodes and placed in an argon
environment and connected to an external current source (Keithley 2400). Fig. 8.2a
shows images of the CNF-PdCl> (3 mm x 1 mm x 30 um) before and during the thermal
shock process. In this example, a one second 100 mA current (or 1.54 W) pulse was

applied to the sample whose temperature was raised up quickly due to direct Joule
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heating. Carbon materials at high temperatures will emit bright light as a radiation
source due to gray-body radiation, and the spectrum can be used for temperature
evaluation according to blackbody theory. The emission spectrum was collected by an
optical fiber (400 um, ocean optics) and dispersed using a spectrometer (Ocean Optics
USB 2000+).

Fig. 8.2b depicts the temporal evolution of emitted light intensity during the
rapid high temperature process at 800 nm, and overlaid with the 100 mA pulse. The
emission intensity induced by the 100 mA pulse saturated within 0.1 seconds,
equilibrated, and subsequently dropped after the pulse ended. Both an ultrafast heating
and cooling rate were achieved during the thermal shock process, owing to the direct
Joule heating, the good thermal conductivity of carbon materials, and also small sample
size. The full spectrum from 350 nm to 950 nm was collected and fitted to the gray-
body radiation equation to determine the sample temperature during thermal shock (Fig.
2¢).2>37117 Although carbon materials are not exactly a blackbody source, they have a
stable emissivity around 0.8 for the measured wavelength range to ensure the fitting
accuracy.® In this one-second shock process, the estimated temperature was
approximately 1950 K, which confirms that the temperature induced by the thermal
shock method was more than enough for PdCI, decomposition.

The exceptional temperature control via Joule heating can be further illustrated
by an ultrafast 5-millisecond thermal shock duration (Fig. 8.2d-e). The rapid thermal
shock held for 5 milliseconds is beyond the temporal resolution of commercial
spectrometers. Thus, a specially designed spectrometer, capable of sub-millisecond

diagnostics with a temporal resolution down to 2.5 us, was used to monitor the thermal
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shock pulse as shown in Fig. 8.2d. Both the electrical pulse and above spectrometer
were triggered at the same time for the measurement. Despite the thermal shock
duration is 5 milliseconds, the emitted light was monitored from 0 ms to 20 ms to cover
both the heating and subsequent cooling period. These spectra at different times during
the shock were fitted to the gray body radiation equation to extract the temperature vs.
time profiles (Fig. 8.2e). As the spectrometer cannot properly detect below 1000 K, the
temporal light emission at 800 nm was overlapped with the temperature evolution curve
to illustrate the heating and cooling process. To heat from room temperature to the peak
temperature of 2100 K takes a mere 5 milliseconds, which roughly translates to a ramp
rate of 400,000 K/s.

Fig. 8.2f summarizes and compares the ramp rates of the proposed thermal
shock method to conventional heating in a furnace. For furnace-based heating, the
heating/cooling ramp rate is limited to 10 K/min (< 1 K/s) due to slow radiation heating
and an expansive heating volume. For electrically triggered Joule heating via thermal
shock, the temperature increases by direct Joule heating effects and the size of the
sample is orders of magnitude smaller than a conventional furnace chamber size. This
enables the ramp rate for the proposed thermal shock method to be exceptionally large.
For a one-second thermal shock, the heating and cooling processes occurred within
100-130 ms (Fig. 8.2b), which corresponds to a heating/cooling rate of ~15,000 K/s.
For the 5-millisecond thermal shock, a 400,000 K/s heating rate was demonstrated (Fig.
8.2e). Since initial cooling from 2100 K to 1200 K takes only 5 milliseconds (180,000
K/s), the cooling rate was roughly estimated to be ~100,000 K/s for a total cooling time

of 20 milliseconds. Thus, the exceptional ramp rates of the Joule heating process and
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the ability to tune the thermal pulse time provides extreme kinetic control for the

synthesis of nanoparticles.
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Figure 8.2. Characterization of the rapid high temperature thermal shock method. (a) Digital
images of the CNF-PdCI, sample before and during thermal shock. Scale bar: 2 mm. (b)
Evolution of light emission intensity during the one-second thermal shock treatment with a 100
mA current pulse. (c) Emitted light spectrum for the one-second shock at 100 mA. The spectra
are fitted to the gray body radiation model using a temperature of 1944 K. (d) Light emission
spectra at different times from 0 ms to 10ms, covering both the heating and cooling of 5-
millisecond thermal shock at 100 mA. () The temporal evolution of temperature and light
intensity at 800 nm for the 5-millisecond thermal shock. (f) Temperature ramp rate for

conventional furnace heating, one-second thermal shock, and 5-millisecond thermal shock.

Besides the formation of NPs on the CNFs, we also investigated the impact of
the thermal shock method on the CNF substrate and data is included in supporting
materials. Although the high temperature achieved by the thermal shock process is
much higher than the CNF carbonization temperature (600 <C), the thermal shock pulse
is not detrimental to the substrate due to its short duration and the inert atmosphere

during the application of the shock pulse. This is confirmed by Raman and XRD
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analysis that shows no change before and after the thermal shock method. In contrast,
our CNFs under extended pulse time (100 s) at high temperature carbonizes the fibers
further and results in substantial changes in both the Raman and XRD spectra.
Therefore, a short thermal shock duration causes the sample to reach high enough
temperatures to induce thermal decomposition with minimal impact to the substrate
(i.e. CNFs).

The microstructure of the in-situ synthesized Pd nanoparticles on the CNF
matrix was examined by SEM and TEM. Based on the thermal pulse duration, the
proposed rapid thermal shock method creates nanoparticles with specific sizes and
distributions. After a one-second thermal shock at 100 mA, Pd nanoparticles are
uniformly distributed across the entire CNF sample (Fig. 8.3a). The formation of
metallic Pd nanoparticles from PdCI> by thermal decomposition was confirmed by X-
ray photoelectron spectroscopy (XPS) (supporting materials), showing the metallic Pd
3d peak. Fig. 8.3b-c are TEM images of the aforementioned Pd nanoparticles with an
average size of approximately 27 nm. The as-formed Pd nanoparticles are anchored to
the CNF surface, ensuring the maximum exposure of NPs as a contrast with NPs buried
inside the carbon matrix 142146.147.161176 The attached Pd nanoparticles were firmly
anchored onto the CNF surface which was verified by sonicating the TEM samples for
several hours in ethanol before imaging the well-preserved NPs. Fig. 8.3d-e exhibits
Pd nanoparticles on CNF using a 100 mA pulse for 5 milliseconds. Using a short
thermal shock duration, the average Pd NP size is approximately 4 nm. This verifies
the proposed mechanism where an extremely short shock duration enables the synthesis

of smaller nanoparticles due to temporal limitations on mass diffusion and migration.
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The synthesized Pd NPs possess a highly crystalline structure as shown in the high-
resolution TEM image (Fig. 8.3e). Thus, the rapid thermal shock method can fabricate
high purity nanoparticles on carbon-based materials in a facile manner.

Fig. 8.3f shows a typical low magnification high angle annular dark field
scanning TEM (HAADF-STEM) image of the synthesized Pd nanoparticles on CNFs
using a one-second thermal shock. Since the intensity of the HAADF-STEM image is
proportional to the atomic number Z1-7 of the sample,!’” the CNF matrix appears dark,
however, the Pd nanoparticles can be easily identified. The energy dispersive X-ray
mapping (EDX) illustrates the elemental distribution of Pd on the sample. The Pd
mapping coincides with the nanoparticles on the CNF surface which confirms the
chemical composition of the synthesized nanoparticles. In order to obtain more detailed
structural information of the synthesized Pd nanoparticles, atomic-scale HAADF-
STEM was employed (Fig. 8.3g-h). The atomic-scale HAADF-STEM image coincided
with the [110] zone axis of the Pd nanoparticle since the d-spacing of the main lattice
planes matches well with the (111) and (111) planes of the fcc Pd metal (Fm-3m, a =
b = ¢ = 3.867, JPCDF 87-0645). Notably, this Pd nanoparticle contains several twin
boundaries (TBs) and stacking faults (SFs) along the {111} planes, which are marked
by red arrows in Fig. 8.3h. The existence of TBs and SFs in the Pd nanoparticles may
have an effect on the electrocatalytic activity of the Pd/CNFs. More specifically, these
planar defects are favorable in chemical reactions’® and ionic diffusion®” due to their
high lattice energy.

The catalytic properties of the synthesized Pd/CNFs were also evaluated

(supporting materials). A CNF matrix uniformly loaded with Pd nanoparticles is an
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ideal structure for electrical catalysis, specifically fuel cells, lithium-oxygen batteries,
and flow catalysis, among others 28150180181 The porous CNF matrix provides a
conductive support structure for Pd nanoparticles while facilitating gases/solutions to
flow throughout the structure for catalysis. In this work, we demonstrate the

aforementioned Pd/CNFs for the favorable catalytic decomposition of methylene blue.

Figure 8.3. The microstructure of Pd/CNFs using the rapid thermal shock method. (a) SEM
image and (b)-(c) TEM images of Pd nanoparticles formed on CNFs by a one-second thermal
shock treatment. (d)-(e) TEM images of Pd nanoparticles formed on CNF by a 5-millisecond
thermal shock treatment. (f) HAADF-STEM image and EDX elemental map of the Pd/CNF
sample fabricated with a one-second thermal shock. (g-h) Atomic-scale HAADF-STEM image

of a Pd nanoparticle formed on CNF surface along the [110] zone axis. Twin boundaries (TBs)

and stacking faults (SFs) are present due to the non-equilibrium rapid thermal shock.

To evaluate the dependence of nanoparticle size and distribution on the high
temperature thermal shock conditions, the Joule heating time and temperature were
varied. Fig. 8.4a-c exhibits SEM images of the Pd/CNFs formed with a 100 mA Joule

heating over various shock durations (5 ms, 1 s, and 100 s). By altering the duration
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time of the high temperature synthesis, the average nanoparticle size and distribution
change dramatically, where shorter thermal shock times lead to smaller nanoparticle
sizes with narrower size distributions. More specifically, for the one-second and 5-
millisecond shock, the average nanoparticle size changed from 27.7 nm to 4.2 nm with
a size distribution ranging between 4.5 nm and 0.5 nm, respectively. In contrast to the
rapid thermal shock method, Fig. 8.4c shows the SEM image of Pd/CNF subjected to
100 s of high-temperature heating. The resultant Pd nanoparticles have a broad size
distribution with a much larger particle size (~ 140 nm) than the rapid thermal shock
durations (5 ms and 1 s). Additionally, by 100 s of high-temperature heating, some
CNF areas were not loaded with Pd particles while others suffered from aggregation.
This indicates that severe nanoparticle migration occurs with prolonged high
temperature heating.

Fig. 8.4d summarizes the average size of the Pd nanoparticles as a function of
thermal shock time. It is clear that the size distribution is dominantly affected by
thermal shock time as a temporal constraint in the NPs synthesis: the faster thermal
shock can lead to smaller size nanoparticles with narrower size distribution. The rapid
thermal shock temperatures were also varied by tuning the applied current pulse (100
mA, 50 mA, and 20 mA) (supporting materials). Based on the temperature vs. applied
current plot, the thermal shock conditions for 100 mA, 50 mA and 20mA correspond
to temperatures of 2000 K, 1700 K, and 1300 K, respectively. As the thermal shock
changed from 100 mA to 50 mA, and to 20 mA, the average size changes subtlely from
27 nm to 21 nm, and to 19.7 nm. Therefore, compared to the size dependence on shock

time, the dependence of nanoparticle size on shock temperature is much weaker.
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Figure 8.4. Kinetic variations in the formation of Pd/CNFs. (a) TEM and (b)-(c) SEM images
of the Pd/CNFs formed with a 100 mA thermal shock for 5 milliseconds, one second, and 100
seconds, respectively. Insets are histograms of the particle size distribution for each thermal
shock condition. (d) Average nanoparticle size as a function of shock duration time. As the
thermal shock time decreases, the nanoparticles size become smaller with a more uniform

distribution. Scale bar: standard deviation.

Since the thermal decomposition of metal salts is a universal reaction
mechanism, the synthesis of NPs with the proposed rapid thermal shock method can be
easily extended to numerous other metals. By electrical Joule heating, the temperature
of the thermal shock can reach ~3000 K (Fig. 8.5a). The high temperature achieved by
the thermal shock method is high enough to decompose most metal salts, such as
platinum (Pt), gold (Au), iron (Fe), tin (Sn), and nickel (Ni), among others.*? Fig. 8.5b
exhibits a selected number of metal salt decomposition temperatures compared to the
peak thermal shock temperature of the proposed high temperature synthesis method.
Similar to the synthesis of Pd nanoparticles, when the metal salts are exposed to the

sufficiently high thermal shock temperature for a short duration of time, metal
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nanoparticles can readily form. Au-, Fe- and Sn-based CNF samples were Joule heated
to ~2000 K for one second to enable the in-situ synthesis of uniformly distributed
nanoparticles on the CNF surface. Fig. 8.5c exhibits the synthesized NP/CNF (Au, Fe,

Sn) samples to demonstrate the universality of the proposed thermal shock method.
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Figure 8.5. Rapid thermal shock as a universal NP synthesis method. (a) A plot demonstrating
the high temperature (~3000 K) achieved by Joule heating. The inset is a digital image of the
sample during the high temperature process. (b) Thermal decomposition temperatures of metal
(chloride-based) precursor salts. (c) Synthesis of NP/CNFs (Au, Fe, Sn) by thermal shock at
2000 K. Scale bar: 1 pm.

8.3 Conclusion

In summary, we reported a universal high temperature method for in-situ
synthesis of nanoparticles on a carbon fiber matrix using metal precursor salts. This
high temperature thermal shock method can be used for a range of applications such as
water treatment, energy storage, and electrochemical water splitting. With Pd
nanoparticle as the model system in the study, we thoroughly investigated the temporal
distribution of temperatures with high-resolution spectrometer down to milliseconds.

The typical ramp rates are ~ 400,000 K/s for heating and ~ 100,000 K/s for cooling,
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which are orders of magnitudes higher than values reported in the literature for other
NP synthesis, and are crucial for achieving smaller nanoparticles with a more uniform
size distribution. We extended the high temperature thermal shock method to the
synthesis of other nanoparticles including Au, Fe, and Sn, suggesting that the method
can be applied for the synthesis of a wide range of other nanoparticles with salt

decomposition temperatures less than ~ 3000 K.

8.4 Experimental

Preparation of CNF with metal salts: The CNFs mat was then stabilized at 260 <C for
5 hours in the air and carbonized at 600 <C in an argon atmosphere for 2 hours to obtain
the CNFs. The CNF film was then dipped in a 1 mg/mL PdCl; solution (with vacuum
assistance) and dried in an oven. The as-prepared CNF-PdCI; film was used directly
for high temperature thermal shock experiments.

Rapid thermal shock synthesis: Rapid thermal shock was realized by electrical Joule
heating in an argon-filled glovebox. The CNF-PdCI; film was connected to copper
electrodes and the interfaces were glued together with silver paste. For the ultrafast
thermal shock of 5 ms, which is beyond the resolution capability of the optical fiber,
and we used a specifically designed on-line pyrometer with a 1200 grooves/mm
gratings that can disperse the light at a spatial resolution down to 0.8 nm/mm. The
dispersed light was then collected by a 32-channel PMT array to form the full spectrum,
with a temporal resolution down to 2.5 ps.

Characterization and temperature measurement: See Chapter 3 Experimental section.
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8.5 Supporting materials

Figure 8.6. (a) SEM image of pristine carbon nanofibers (CNF) fabricated by
electrospinning. (b) SEM image of CNF after dipping into PdClz and dried. The CNFs

are uniformly coated with PdCls.
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Figure 8.7. (a)-(b) Raman spectra and XRD structure changes of Pd/CNF by one-second

thermal shock and longtime heating.

Figure 8.8. (a-c) High-resolution high angle annular dark field scanning TEM (HAADF-
STEM) images of to show the twin boundaries and stacking faults in different size Pd

nanoparticles formed by rapid thermal shock.
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Figure 8.9. XPS analysis of (a) Pd/CNF composite and (b) the metallic Pd 3d state.
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Figure 8.10. Catalytic properties of Pd/CNF synthesized by RTS. (a) The catalysis
effect of Pd/CNFs on the degradation of methylene blue (MB) in a flow stream. (b)

UV-Vis absorption spectra of MB solution before and after going through Pd/CNF film.
The inset shows the magnified curve. (c) Static reduction and catalysis effect of NaBHa,
NaBH; + CNF and NaBH4 + Pd/CNF on the MB degradation over time.
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Chapter 9: Thermal shock synthesis of atomically mixing
bimetallic nanoparticles”

Abstract

Supported bimetallic alloy nanoparticles are of great interest in various catalytic
applications due to the synergistic effects of different metals for improved catalytic
performance. However, it still remains a challenge to efficiently synthesize atomically
mixed alloy nanoparticles with uniform dispersion onto a desired substrate. Here we
report in situ, rapid synthesis of atomically mixed bimetallic nanoparticles well-
dispersed on a conductive carbon network via a one-second high temperature pulse
(RTS, ~1550 K, duration 1 s, the rate of 10* K/s). The high temperature facilitates the
total (atomic) mixing of different metals, while the rapid quenching ensures the uniform
dispersion of nanoparticles with fine features such as twin boundaries and stacking
faults, which are potentially beneficial to their catalytic performances. By varying the
ratio of the precursor salts and parameters in the RTS process, we can easily tune the
composition, size, and morphology of the resultant nanoparticles. Moreover, the
synthesized bimetallic (PdNi) nanoparticles present excellent electrocatalytic
performances for hydrogen evolution reaction and hydrogen peroxide electrooxidation.
This work provides a general strategy for a facile and rapid synthesis of bimetallic

nanoparticles directly from their salts for a range of emerging applications.

* The results in this chapter have been submitted: Chen, F.; Yao, Y.; et al; Hu, L. High Temperature
Atomic Mixing Toward Well-Dispersed Bimetallic Electrocatalysts. Advanced Energy Materials.
Submitted, 2018. (Chen, F and Yao, Y. contributed equally)
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9.1 Introduction

Recently, much attention has been focused on bimetallic nanostructures, such
as heterogeneous core-shell structures, homogeneous alloy nanoparticles, and ordered
intermixed nanoparticles, due to their diversified applications in electronics, biology,
and catalysis.83-18 By tailoring the compositions, atomic orderings, and nanoparticle
sizes, the chemical and physical properties of bimetallic nanostructures can be designed
and improved accordingly.1%*183184186.187 |n narticular, bimetallic nanoparticles with
atomically mixing can be very effective at both separating the active surface sites and
adjusting the surface electronic properties. Various bimetallic nanostructures have been
synthesized by multi-process or co-reduction methods, among others,!5188-1%0
However, due to the different reduction potentials of each component in the
multicomponent system, inhomogeneity often occurs where as-formed alloy
nanoparticles usually contain heterogeneous clusters with phase separation or
elemental segregation.551%

Meanwhile, in order to effectively disperse the nanoparticles and improve their
suitability for emerging applications, the nanoparticles are often supported by
conductive matrices such as graphene, carbon nanotubes, and conductive polymers to
accommodate the electrical currents used in electrochemical energy storage and
electrocatalysis. Typically, nanoparticles are first synthesized and subsequently
deposited on a conductive network (i.e. ex-situ synthesis).’>>1%11%2 The deposition
process often involves surface functionalization of the conductive network as well as
the dispersion of the nanoparticles in a solvent, which can damage the carbon structure

and particle surfaces and adversely affect their catalytic performances. Also, inevitable
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agglomeration occurs when these ultrafine nanoparticles are re-dispersed on to carbon
substrate. Therefore, developing a facile and fast strategy for the in-situ synthesis of
atomically mixed bimetallic nanoparticles uniformly distributed onto a carbon support
remains a great challenge.

Here, we report rapid thermal shock (RTS) synthesis of bimetallic nanoparticles
with the atomic-scale mixing of two elements from their precursors directly. The
nanoparticles are in-situ formed and well dispersed on a conductive network in an
extremely simple and fast manner: (i) loading of a precursor mixture onto the carbon
matrix; and (ii) treating the precursor-loaded carbon with a one-second RTS (~ 1550 K
for 1 s). The high temperature facilitates the total (atomic) mixing of different metals
while the rapid quenching ensures the small size and uniform dispersion of
nanoparticles. The atomic-scale mixing of the resultant PdNi nanoparticles was
confirmed by a high angle annular dark field aberration-corrected scanning
transmission electron microscopy (HAADF-STEM) and atomic resolution energy-
dispersive X-ray (EDX) elemental mapping. Electrochemical study of the synthesized
nanoparticles on the CNF network shows excellent electrocatalytic performance for
both hydrogen evolution reaction (HER) and hydrogen peroxide electrooxidation. We
chose PdNi as the model material, but this approach can be extended to other bimetallic

compositions by simply varying the precursors and their molar ratios.

9.2 Result and discussion

Figure 9.1a illustrates the schematic process for the proposed RTS synthesis.
Typically, the carbon nanofiber (CNF) network was soaked in the PdCIl,-NiCl, aqueous

solution and left for dry in the oven at 60 °C. After the solvent evaporation, a thin,
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homogeneous layer of the salt mixture was left on the CNF surface. The CNF network
was then heated to a high temperature (1550 K or higher) for one-second by electrically
triggered Joule heating and subsequently quenched down by shutting off the current.
The RTS synthesis involves the following steps: (1) fast thermal decomposition of
PdClI> and NiCl; precursors to Pd and Ni clusters upon heating; (2) rapid diffusion and
mixing of Pd and Ni clusters at a high temperature (formation of solid solution PdNi);
and (3) self-assembly of PdNi alloy nanoparticles with atomic scale mixing upon the
quenching process. A high density, uniform distribution of PdNi bimetallic
nanoparticles on the CNFs was observed after the RTS synthesis.

A typical scanning electron microscope (SEM) image of CNFs coated with
PdClI, and NiCl. (with a molar ratio of 1:1) shows a homogeneous coating of the salt
mixture without aggregation (Figure 9.1b). The salt-loaded CNF network was
subjected to a one-second RTS as shown in Figure 9.1c. The bright light emitted from
the sample indicates the sample’s high temperature through Joule heating, as a
blackbody radiation source. After the one-second RTS, numerous PdNi alloy
nanoparticles were uniformly dispersed on the CNF surface, with an average diameter
of 10 £1.5 nm (Figure 9.1d). Additional TEM images and corresponding particle size
distributions can be found in Figure S2. Note that the PdCl» and NiCl. salts decomposed
at 948K and 1300 K, respectively. Because the temperature of Joule heating can reach
~ 3000 K,241931% which is higher than the decomposition temperature of most metallic
salts, the RTS method can be extended to the synthesis of other bimetallic alloy

nanoparticles from their precursors.
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PdCl,-NiCl,/CNF High Temperature Pulse PdNi NPs/CNF

Figure 9.1. (a) Schematic of RTS synthesis of atomically mixed bimetallic
nanoparticles on a conductive network. PdNi nanoparticle on a CNF network is used
as the model system in this study. (b) SEM image of a CNF network conformably
coated with a thin layer of PdCIz and NiCl2 salt mixture with the molar ratio of 1:1. (c)
The photo image of a PdCI>-NiCIl2/CNF film under Joule heating at 1550 K. (d) The
TEM image of PdNi alloy nanoparticles formed on the surface of CNF.

We investigated the structure of the bimetallic PdNi nanoparticles by
aberration-corrected scanning transmission electron microscopy (STEM) using the
high angle annular dark field (HAADF) and corresponding energy-dispersive X-ray
(EDX) maps. The HAADF-STEM imaging (also known as a Z-contrast image) can
provide intuitive structural and compositional information of materials whose contrast
is dependent on the atomic number Z of the atomic column. The observably uniform
intensity of the HAADF-STEM image in Figure 9.2a indicates a uniform composition
of the PdNi alloy nanoparticles, which is also confirmed by the uniform distribution of
PtNi by the EDX maps. In addition, the overlap of Pt and Ni maps shows homogeneous

pattern without noticeable elemental segregation. Further atomic-scale HAADF-STEM
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images acquired along the [1-10] zone axis with EDX elemental mapping are shown in
Figure 9.2b, confirming the uniform distribution of Pd and Ni in each atom column.
With the atomic-scale evidence of uniform mixing, we, therefore, name the PdNi alloy
as atomically mixed bimetallic nanoparticles.

The detailed crystal structure, composition, and bonding of the PdNi
nanoparticles were analyzed. The d-spacing of the planes was measured to be 2.25 A
(Figure 9.2b), which is highly close to that of the fcc Pd metal structure (Fm-3m,
a=b=c=2.23 A, JPCDF 87-0645). Quantitative analysis of the PdNi alloy nanoparticles
using EDX spectroscopy resolved a composition with a molar ratio of 1.11, which is
close to the initial ratio of salt precursors. Moreover, macroscopic X-ray photoelectron
spectra (XPS) were also collected for PANi/CNF. The major peaks of Pd(3ds-) and
Ni(2ps2) were detected at 335.5 eV and 855.6eV, respectively, which yielded an
increase of 0.5 eV and 0.4 eV compared to the standard peaks of Pd and Ni.[?®l Such a
binding energy shift can be ascribed to the changes in crystal field potential and
formation of PdNi alloys.[]

The fast quenching (non-equilibrium process) in RTS also leads to some unique
fine structures in the bimetallic nanoparticles, such as high-density twin boundaries
(TBs) and stacking faults (SFs), which can be potentially beneficial for many
applications as reported before.’®® Figure 9.2¢ is a typical HAADF-STEM image of
individual PdNi alloy nanoparticles along the [1-10] zone axis, showing several TBs
and SFs (indicated by red arrows). The enlarged HAADF-STEM image and
corresponding model (Figure 9.2d) clearly depict the atomic configurations of the TBs

and SFs in the PdNi alloy with the (111) plane orientation. Generally, the (111) atomic
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planes of the perfect fcc PdNi structure have an ABCABCABC stacking sequence.
With a 1/6<112> slipping, the stacking sequence of the (111) planes will change,
leading to the formation of TBs and SFs. The grain boundaries, TBs, and SFs can play
very important roles in determining the material properties, especially when they occur
in the nanometer range.!” Correspondingly, the TB and SF defects in the synthesized
PdNi alloy nanoparticles may be favorable in chemical reactions and ionic diffusion

due to their higher lattice energy.

Figure 9.2. (a) HAADF-STEM images and corresponding EDX elemental maps of
PdNi nanoparticles on CNF (after one-second RTS). The Pd and Ni elements are
distributed uniformly at the nanoscale. (b) Atomic-scale HAADF-STEM images taken
along the [1-10] zone axis and corresponding EDX elemental maps of the PdNi alloy
nanoparticles on CNF, showing uniformity at the atomic scale. (c) Low magnification
HAADF-STEM image of a single PdNi alloy nanoparticle on CNF took along the [1-
10] zone axis. TBs and SFs are indicated by red arrows. (d) Atomic-scale HAADF-
STEM image and atomic model showing the structure of TBs and SFs in the PdNi

nanoparticles on the CNFs.
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The RTS synthesis based on high temperature decomposition and nucleation
also allows us to control the atomic composition by simply tuning the precursor ratios
in the salt mixture. In addition to the 1:1 ratio demonstrated above, we synthesized
PdNi nanoparticles with a Pd and Ni molar ratio of 1:2 and 2:1 in the precursor solution,
using the same synthesis procedure. The morphologies and compositions of PdNi» and
Pd2Ni alloy nanoparticles were characterized by TEM, HAADF-STEM, EDX
elemental mapping, XPS, and inductively coupled plasma mass spectrometry (ICP-MS)
(Figure 9.3). Similar to the 1:1 PdNi experiments, PdNi> and Pd>Ni bimetallic
nanoparticles are formed and uniformly dispersed on CNFs (Figure 9.3a-b). Both the
PdNi2 and Pd2Ni alloy nanoparticles exhibit good crystallinity and well-defined lattice
fringes with a lattice spacing of 0.223 nm for PdNi2 and 0.226 nm for Pd2Ni, which can
be indexed to the (111) plane of the PdNi alloy (Figure 9.3b and 9.3e). In addition, the
HAADF-STEM images and corresponding EDX elemental mapping confirm the
uniform distribution of Pd and Ni in the PdNi> and Pd2Ni alloy nanoparticles (Figure
9.3c and 9.3f), displaying atomically mixed Pd and Ni in both alloy nanoparticles.

Besides the structure, the compositions of PdNi> and Pd2Ni alloy nanoparticles
were determined by EDX, ICP-MS, and XPS (Table 9.1). The EDX provides the
microscopic composition ratio in several individual nanoparticles, which is similar to
that measured by macroscopic XPS and ICP-MS. Importantly, the composition ratios
measured resemble the initial composition design in the salt mixture, demonstrating the
effectiveness of RTS synthesis in composition control. Note that the XPS results also
indicate that the binding energies of Pd(3d) and Ni(2p) in PdNi> and Pd2Ni shifted to

higher values, which could be ascribed to the formation of an alloy structure.
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Figure 9.3. (a) TEM image of PdNi> nanoparticles on CNF. (b) HRTEM image of a
PdNi2> nanoparticle. (c) HAADF-STEM image and corresponding EDX elemental
mapping of PdNi. alloy nanoparticles on CNF. (d) TEM image of the Pd:Ni
nanoparticle. (e) HRTEM image of a Pd2Ni nanoparticle. (f) HAADF-STEM image

and corresponding EDX elemental mapping of Pd2Ni alloy nanoparticles.

Table 9.1. Summary of EDX, XPS, and ICP analysis results for compositions of PdNi

alloy nanoparticles formed on CNF after one-second RTS.

Precursor (PdNi) EDX analysis  XPS analysis ICP analysis

molar ratio At% At% At%
' PdNi, " PdNis»  PdNi»  PdNiies
PdNi PdiiNi PdioaNi PdioNi
Pd:Ni NG Pda17Ni PdaoaNi

To understand the underpinning mechanism for the bimetallic nanoparticle
synthesis, we investigated in detail the time-temperature profile of the RTS. Figure 9.4a
shows our homemade setup for the fast Joule heating synthesis. The CNF network was
attached to two electrodes for Joule heating and suspended on a glass substrate to avoid
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thermal leakage. At high temperature, the CNF network will emit visible light owing
to the blackbody radiation. The light spectra were collected by an optical fiber capable
of detecting light within a wavelength range of 380 nm to 950 nm.**4% The collected
light spectra at different powers (triggered by different electrical pulses) and the
corresponding temperature profiles are shown in Figure 9.4b-c, respectively. The Joule
heating temperature increases with the increase of the input electrical power/current,
making the RTS process finely controllable.

For the one-second Joule heating process, the whole process can be divided into
three steps (Figure 9.4d). Firstly, upon driving constant current (50 mA) through the
CNF sample, the temperature increased sharply from room temperature to 1550 K in

about 0.3 seconds (an estimated heating rate of ~1.2 X 10* K/s). Secondly, the

temperature was saturated at 1550 K for the duration of slightly less than 1 second.
Lastly, the sample rapidly cooled when the current was turned off to 0 mA. The Joule
heating temperature is 1550 K in this study, which can be up to 3000 K—high enough
to decompose many types of metal salts. In the RTS process, the high temperature is
essential for the salt decomposition and alloy mixing, while the rapid quenching
process ensures particle formation as opposed to particle coarsening.

To understand the particle formation during RTS synthesis, we also carried out
a Monte Carlo simulation to calculate the adsorption energy of Pd or Ni atoms on CNF
during Joule heating (Figure 9.4e). In the RTS heating process (Figure 4e, stage I), the
Pd precursor begins to decompose first and begins to adsorb on the CNF and form
clusters of Pd. When the temperature increases to 1300 K, NiCl; starts to decompose

and Ni atoms are adsorbed on the Pd clusters to form a core-shell structure. When the
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temperature is higher than 1450 K (Figure 9.4e, stage Il), the Ni atoms in the shell
diffuse dramatically, as high temperature provides sufficient dynamic energy; some of
the Ni atoms move in and exchange positions with Pd atoms. After 400 ps, a well-
mixed PdNi nanoparticle is obtained. Finally, during the cooling process (Figure 9.4e,
stage I11l), atomically mixed PdNi alloy nanoparticles are formed and absorb on the
CNFs. We conclude that high temperature provides the activation energy for the
thermal decomposition of salt precursors and the atomic mixing of Pd and Ni atoms
toward the in-situ formation of PdNi nanoparticles.
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Figure 9.4. (a) Experimental setup for carrying out RTS synthesis. (b) Light emission
spectra of CNF at different current levels. (c) The temperature of CNF at different
power levels. (d) Temporal evolution of triggering current and corresponding
temperature in the one-second Joule heating to 1550 K (50 mA). (e) Simulation reveals
that PA@Ni core-shell nanoparticles form on the CNF first (stage 1); then high
temperature diffusion leads to intermixing of Pd and Ni atoms (stage I1); and finally,

PdNi alloy nanoparticles are formed on CNF during cooling (stage I11).
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These in-situ formed bimetallic nanoparticles can find important use in a broad
range of emerging applications. Specifically, bimetallic nanoparticles anchored on the
conductive carbon surface are ideal for the direct application of electrocatalytic
reactions. In this study, the electrocatalytic activity of PANiI/CNF was evaluated by
electrocatalytic hydrogen evolution reaction (HER) and hydrogen peroxide oxidation.
The HER was performed in a 0.5 M H2SQOg4 solution using a typical three-electrode cell
set-up. Figure 9.5a shows the linear-sweep voltammogram (LSV) at a scan rate of 2
mV-s1, which clearly reveals the catalytic reactivity of PANi/CNF on HER reaction
through the following parameters: onset potential, overpotential, and the derived Tafel
slope. The PdNi/CNF shows impressive HER activity with a small onset potential
(beyond which the cathodic current increases rapidly) of 30mV and the overpotential
of -0.2 V at a current density of 100 mA cm. Additionally, the Tafel slope value is as
low as 60 mV-dec™, which is desirable to drive a large catalytic current density at low
overpotential (Figure 9.5b).1%

The hydrogen peroxide oxidation was performed in a 4 mol-L"! KOH and a 0.9
mol-L"t H,02. We then compared the LSVs of the CNF and PdNi/CNF electrodes
(Figure 9.5c), where the oxidation current density of the PdNi/CNF electrode is
tremendously increased compared to CNF electrode at the same scan rate (10 mV:-s™).
The oxidation current density of the PANi/CNF electrode (281 mA-cm™ at 0.2 V) was
25 times higher than that of the CNF electrode (11 mA-cm? at 0.2 V). The onset
oxidation potential for H2O, electro-oxidation using PdNi/CNF electrode was about -
0.22 V (vs. saturated Ag/AgCl electrode), which is ~42 mV less than that of the CNF
electrode. The catalytic stability of the PANi/CNF electrode for H>O- electrooxidation
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at different applied potentials was further studied by chronoamperometric
measurement. Figure 9.5d shows that after initial decay, the oxidation current densities
remain nearly stable under different control potentials (—-0.10, 0.10 and 0.30 V) and
exhibit scarcely any reduction within a 1000 s test period, indicating excellent catalytic
stability. The superior electrocatalytic performance of PdNi bimetallic nanoparticles
can be attributed to the ultrafine size and uniform dispersion of the nanoparticles on 3D

interconnected CNFs, which can expose more active catalytic sites and consequently

enable the high utilization of PdNi surfaces.
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Figure 9.5. The electrocatalytic performance of PdNi bimetallic nanoparticles hosted
on a 3D interconnected CNFs. (a) The linear sweep voltammetry in 0.5 M H2SO4 with
a scan rate of 2 mV-s™. (b) Fitted (red dash) and observed (black) Tafel plots under the
same conditions. (c) Comparative linear-sweep voltammetry of the CNF and PdNi/CNF
electrode in 4 mol-L'* KOH and 0.9 mol-L* H,O; at a scan rate of 10 mV-s™. (d)
Chronoamperometric curves for H20O- electro-oxidation on the PdANi/CNF electrode at
different applied potentials in 4 mol-L™* KOH and 0.9 mol-L* H20s,.
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9.3 Conclusion

In summary, we report an in-situ, rapid synthesis of atomically mixed
bimetallic alloy nanoparticles from their salt precursors via a one-second high
temperature pulse. The bimetallic nanoparticles were uniformly dispersed on the
surface of the CNF, which can be readily used for a wide range of emerging
applications. The high temperature (up to 3000 K) facilitates the total (atomic) mixing
of different metals and also expands the generality of RTS method to other metals as
well. The rapid quenching (~10* K/s) ensures the ultrafine nanoparticle formation and
leads to fine features such as twin boundaries and stacking faults in the resultant
nanoparticles, which are potentially beneficial to their catalytic performances. By
tuning the precursor salt mixture and parameters in the RTS process, the composition,
size, and morphology of the resultant nanoparticles can be readily adjusted. Since
carbon has excellent heat absorption capability, the RTS triggered by Joule heating

could also be replaced by a rapid radiation heating toward scalable nanomanufacturing.

9.4 Experimental

The material, Joule heating process and Characterization. Similar as Chapter 8.

Electrochemistry. For HER testing, a freestanding network with a size of 3mm>3mm
was directly used as the working electrode in a standard three-electrode apparatus. A
platinum foil and a standard Ag/AgCl electrode were used as the counter electrode and
reference electrode, respectively. The electrolyte was 0.5M H>SO4 aqueous solution.
The activity of the catalyst was evaluated by linear sweep voltammetry from OV to -
0.6V (vs. RHE) with a scan rate of 2mV/s. For H,O> electro-oxidation testing, the

electrocatalytic performance of the as-prepared electrodes was studied in a mixture of
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KOH and H20- solution using a typical three-electrode set-up with a Pt wire as the
counter electrode, saturated Ag/AgCl electrode as the reference electrode and the as-
obtained specimen as the working electrode. The electrochemical performance of
electrodes for H.O> electro-oxidation was investigated by chronoamperometry (CA)
and linear sweep voltammetry (LSV). All of the electrochemical measurements were

conducted using a Bio-Logic potentiostat (VMP3/Z).

9.5 Supporting materials
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Figure 9.6. (a) Typical TEM characterization of PdNi bimetallic nanoparticles formed
on CNF by one-second RTS at 1550K. (b) The histogram of the size distribution of
PdNi nanoparticles showing an average diameter of around 10 nm. (c) HRTEM images
of PdNi alloy nanoparticles with a lattice spacing of 0.225 nm, corresponding to the

(111) plane family.
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Figure 9.7. XPS spectra of PdNix nanoparticles on CNF after RTS synthesis. (a)-(b)
The binding energies of Pd and Ni for PANi/CNF. Both signals of Pd(3d) and Ni(2p)
shift to higher energy fields compared to that of pure Pd and Ni metal. (c)-(d) XPS

spectra of Pd and Ni in Pd2Ni and PdNis.
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Figure 9.8. Effect of temperature in RTS process on the size distribution of PdNi
bimetallic nanoparticles on the CNFs. (a)-(c) SEM images of PdCIl>-NiCl2/CNF by 1-
second RTS at 50 mA, 100 mA, 200mA, respectively. (d) The temperature of the CNF
network under Joule heating using different electrical driving power. () Summary of
average particle size as a function of Joule heating driven current (temperature). The
average particles size increases from 10 1.5 nm to 16.2 2.5 nm to 48.3 =£5.0 nm
with increasing current, confirming the importance of the short pulse for rapid

nanoparticle synthesis at a high temperature.
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Chapter 10: Thermal shock synthesis of high-entropy alloy
nanoparticles”

Abstract

The controllable incorporation of multiple immiscible elements into a single
nanoparticle merits untold scientific and technological potential, yet remains a
challenge using conventional synthetic techniques. We present a general route for
alloying up to eight dissimilar elements into single-phase solid solution nanoparticles,
referred to as high entropy alloy nanoparticles (HEA-NPSs), by shocking precursor
metal salt mixtures loaded onto carbon supports (~2000 K, 55 ms duration, the rate of
~10° K/s). We synthesized a wide range of multicomponent nanoparticles with the
desired chemistry (composition), size, and phase (solid solution, phase-separated) by
controlling carbo-thermal shock (CTS) parameters (temperature, shock duration,
heating/cooling rate). To prove utility, we synthesized quinary HEA-NPs as ammonia
oxidation catalysts with ~100% conversion and >99% NOy selectivity over prolonged

operation conditions.

10.1 Introduction

Multimetallic nanoparticles (MMNPs) are of interest in a wide range of
applications including catalysis 183186:197-201 ‘enerqgy storage 2%2, bio/plasmonic imaging
202203 among others. Alloying multiple metallic elements into individual nanoscale

products offer the promise of material properties that could exceed single element (or

* The results in this chapter have been accepted for publication: Yao, Y.; et al; Hu, L. Carbo-thermal

shock synthesis of high entropy alloy nanoparticles. Science. Accepted, 2018.
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unary) nanoparticles 1°7:200201 The current and primary approaches towards the
preparation of MMNPs arise from wet chemistry synthesis, where a variety of particle
sizes, shapes, and phases can be attained 1°°186.19819 "However, most reports via wet
chemical methods report alloy compositions not exceeding three elements, which limits
the compositional space of multicomponent nanomaterials. Additionally, more site-
specific synthesis techniques including printing- and lithography-based methods
183204205 "have shifted the compositional space towards quaternary and even quinary
nanostructures, however, the subsequent reduction procedures tend to limit the
structural complexity to phase-separated MMNPSs, especially for immiscible elemental
combinations 183205206 In terms of bulk material synthesis, melt processing is a scalable
method that has led to the creation of high entropy alloys (HEAS) consisting of five or
more elements in a solid solution (uniform mixing), which has shown great potential
as structural materials 2211, To date, only a limited family of HEAs have been
achieved, due to the difficulty of mixing elements with vastly different chemical and
physical properties as well as cooling rate constraints. Moreover, downsizing HEAS to
the nanoscale is a daunting task, especially by conventional alloying methods.
Therefore, the development of a synthesis method where elemental composition,
particle size, and phase can be precisely controlled could bring about a new repertoire

of alloys and nanostructures with advanced functionalities.

We developed a facile, two-step carbo-thermal shock (CTS) method which
employs flash heating and cooling (temperature of ~2000 K, shock duration of ~55 ms,
and ramp rates on the order of 10° K/s) of metal precursors on oxygenated carbon to

produce high entropy alloy nanoparticles (HEA-NPs) with up to eight dissimilar

121



metallic elements. MMNPs synthesized by CTS have a narrow size distribution and are
uniformly dispersed across the carbon support, despite being exposed to high
temperatures that conventionally cause particle coarsening. The high temperature, in
conjunction with the catalytic activities of the liquid metals, drives rapid particle
“fission” and “fusion” events that result in uniform mixtures of multiple elements.
Subsequently, the rapid cooling rate facilitates control over kinetic and thermodynamic
mixing regimes and enables the formation of crystalline solid solution nanoparticles.
By adjusting the input electrical pulse parameters, we can also produce phase-separated
nanoparticles by decreasing the cooling rate. This CTS technique opens up a vast space
for synthesizing alloys and nanocrystals, which has potential impacts for a wide range

of technological applications.

10.2 Results

The CTS method we used to synthesize uniformly dispersed, solid solution
nanoparticles (up to 8 elements) requires two steps. First, we mixed metal salt
precursors MCIxHy (M = Pt, Pd, Ni, Fe, Co, Au, Cu, Sn, among others) into a solution
and loaded onto a conductive carbon support, such as carbon nanofibers (CNF). Note
that CNFs carbonized at 1073K (CNF-1073K denoted as CNF hereafter) are the carbon
support employed in this work unless stated otherwise. After drying, we exposed the
precursor-loaded sample to a rapid thermal shock (55 ms) in an Ar-filled glovebox,
which leads to a high concentration of nanoparticles (e.g. PtNi) that form across the
carbon surface (Fig. 10.1A and in Sl). The electrical pulse we applied controls the
thermal exposure conditions (Fig. 10.1B), with a common temperature of ~2000 K and

heating/cooling rates up to ~10° K/s as we measured with a pyrometer (SI). We found
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no apparent elemental segregation or phase separation for the PtNi nanoparticles (Fig.
10.1C) using scanning transmission electron microscopy (STEM) elemental maps. The
high angle annular dark-field (HAADF) images and atomic maps also demonstrated

both uniform atomic scale mixing and the formation of an FCC crystalline structure.

.<-During shock
4

30 40 50 60
Shock time (ms)

100 E

D Octonary high entropy allo nanopamcle

Fig. 10.1. CTS synthesis of HEA-NPs on carbon supports. (A) Microscopy images of
microsized precursor salt particles on the carbon nanofiber (CNF) support prior to
thermal shock as well as the synthesized, well-dispersed (PtNi) nanoparticles following
CTS. (B) Sample preparation and the temporal evolution of temperature during the 55
ms thermal shock. (C) Low magnification and single particle elemental maps, a
HAADF image and corresponding atomic maps for a binary PtNi alloy. (D) Elemental
maps of an HEA-NP composed of eight dissimilar elements (Pt, Pd, Ni, Co, Fe, Au,
Cu, Sn). Scale bar: 10 nm.

Our general method extends to more complex HEA-NPs. For example, we

readily fabricated HEA-NPs composed of eight dissimilar elements (Pt, Pd, Ni, Co, Fe,
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Au, Cu, Sn). These elements have a range of atomic radii (1.24 Ato 1.44 A), reduction
potentials (-0.25 V to 1.5 V), preferred crystal structures (FCC, BCC, HCP, tetragonal)
and melting temperatures (500 K to 2000 K) that typically prevents solid solution

formation (Fig. 10.1D).

MMNPs have been previously synthesized in reported works using
conventional reduction procedures 819, However, these synthetic methods tend to
create phase-separated heterostructures among immiscible elements, which greatly
reduces the configurational entropy of mixing (SI). The CTS process leads to solid
solution MMNPs (i.e. HEA-NPs), where arbitrary metallic elements are completely
mixed to maximize the mixing entropy (ASmix) (Fig. 2A). We demonstrated the
versatility by synthesizing a series of multi-element nanoparticles, and characterized
them by the STEM, TEM, SEM, and energy-dispersive x-ray spectroscopy (EDS). We
synthesized unary (Pt, Au, Fe), binary (PtNi, AuCu, FeNi), and ternary (PtPdNi,
AuCuSn, FeCoNi) nanoparticles exhibit compositional uniformity (Fig. 2B). The
nanoparticles also possess size uniformity, with diameters of >5 nm (Sl), regardless of
the elemental compositions. By adding additional metal salts to the precursor solutions,
we synthesized quinary (PtCoNiFeCu and PtPdCoNiFe), senary (PtCoNiFeCuAu),
septenary (PtPdCoNiFeCuAu) and octonary (PtPdCoNiFeCuAuSn) HEA-NPs, which
are solid solutions and evenly dispersed across the carbon support (Fig. 2C-2D, figs.
S10-S16). Moreover, the HEA-NPs are in nanoscale dimensions with FCC crystal

structures (Fig. 2D, and in SI).

The HEA-NPs exhibited solid solution mixing via the same 55 ms thermal

shock protocol (in SI). We confirmed the structural uniformity (no phase separation)
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and negligible chlorine content with STEM, XRD, and XPS (in Sl). A statistical study
conducted over different sample regions confirms the compositional uniformity among
the synthesized nanoparticles (in S1). For example, the compositional variation for each
element in our quinary HEA-NPs (PtPdCoNiFe) is ~10%, which is smaller than the >50%
variation reported for lithography-based techniques (1). Additionally, the macroscopic
compositions we determined by inductively coupled plasma mass spectroscopy (ICP-
MS) agree well with the STEM-derived statistics. The HEA-NP composition has a
small deviation from the ideal composition based on the initial precursor salt ratios,
which depends primarily on the metal vapor pressures at high temperature (in SI). To
demonstrate compositional control, we employed the (precursor) compensation
approach, which is a common strategy in high temperature synthesis when volatile

elements are involved (in SI).

The HEA-NPs deviate from the phase-separated thermodynamic equilibrium
structures reported in literature®®1%2% dye to the rapid quench-induced
nucleation/growth process of the CTS method, which ‘freezes’ the liquid alloy state to
create solid solution nanoparticles. The synthesized HEA-NPs are stable at room
temperature and remained unchanged in terms of size, structure, and composition after

11 months of storage under standard conditions.
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Fig. 10.2. Elemental characterization of HEA-NPs. (A) Schematic comparison of
phase-separated heterostructures synthesized by a conventional slow reduction
procedure (slow kinetics) vs. solid solution HEA-NPs synthesized by the CTS method
(fast kinetics). (B) STEM elemental maps of unary (Pt, Au, Fe), binary (PtNi, AuCu,
FeNi), and ternary (PtPdNi, AuCuSn, FeCoNi) nanoalloys. Scale bar: 5 nm. (C)
HAADF images and STEM elemental maps of HEA-NPs: quinary (PtFeCoNiCu,
PtPdCoNiFe), senary (PtCoNiFeCuAu), and septenary (PtPdCoNiFeCuAu). Scale bar:
10 nm. (D) Individual and low magnification elemental maps (left) and a high-
resolution HAADF-STEM image with FFT analysis (right) of octonary
(PtPdCoNiFeCuAuSn) HEA-NPs, showing solid solutions with an FCC structure. The
low magnification elemental maps verify the structural and compositional uniformity
of the HEA-NPs. Scale bar: 10 nm.
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In addition to the rich chemistries, the morphologies of the synthesized
nanoparticles indicate a unique formation mechanism for CTS that differs from other
alloying approaches. Because ~2000 K far exceeds the thermal decomposition

temperature of metal precursors (Table in Sl), the salts easily decompose:
MCIxHy — M(lig) + gases? 1)

However, ~2000 K is below the boiling points of the metallic elements. In this case,
the metallic elements are likely in the liquid phase and should be on a similar length
scale as the initial (microsized) salt precursors. Because metals are non-wetting with
carbon, the liquid metals should coarsen to minimize their surface energy at high
temperature 22, Our observation departs from this behavior, requiring a mechanism to
explain how single element, micron-sized liquid metal droplets form uniformly

dispersed nanoparticles.

We performed two control experiments to explore HEA-NP formation. We
found distinct particle morphology differences using the same CTS protocol (Fig.
10.3A and in SI), but with supports differing in carbonization temperature. Specifically,
electrospun polyacrylonitrile fibers carbonized in argon at a range of temperatures (873
K, 1073 K, 1273 K) generated CNF supports with various defect concentrations. Lower
carbonization temperatures resulted in smaller, more uniform particle dispersions. Each
pyrolysis temperature was insufficient to drive away all surface-bound oxygen (O*)
and thus, resulted in an increasing amount of O* residuals remaining on CNFs
carbonized at lower temperatures. Therefore, we surmised that the surface defect

concentration of the carbon support is an important parameter for particle dispersion.
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Our second control experiment used identical CNF supports (CNF-1073K) and
synthesis conditions (55 ms, ~2000 K), but with a variety of single-metal salt precursors
(Fig. 3B and in Sl). Nanoparticle size distribution changes in this case with Cu having
a much larger particle size (~56.8 nm) than Au (~13.5 nm) and Pt (~6.3 nm). This trend
resembles the catalytic activities of the corresponding elements with Pt and Cu being
the most and least active, respectively. Because Au and Cu possess similar physical
properties (Table S4), the discrepancy requires a different particle dispersion

mechanism than a simple, physical melting-and-nucleation process.

Because defects and metal catalysts play a key role during the CTS process, we
considered a catalytically-driven particle dispersion mechanism for the defective
carbon supports. To verify this, we employed in situ mass spectrometry to analyze the
gases created during CTS for defective CNF supports with and without precursor salts.
Compared to bare CNF, the precursor-loaded CNF exhibited a larger and much sharper
release of CO gas during the CTS process (SI). Thus, the release of CO gas upon

thermal shock arises from a catalytically-driven carbon metabolism reaction:

C+0"->Co0T (2
where O* denotes surface-bound residual oxygen. The carbon metabolism reaction
involves C (fuel), O* (oxidizer), and metal (catalyst), which correlates the surface
defect concentration (e.g. carbonization temperature) and the metal’s catalytic activity
to the final nanoparticle size and level of dispersity. We hypothesize that during the 55
ms high temperature exposure, the liquid metal droplets actively travel around and split
(“fission”) to harvest the dispersed O* on the carbon surface based on the catalytically-
driven reaction, C+O*=CO (gas) (AH=-110.5 kJ/mol). Previously published works 2>~
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216 and an in situ TEM study 2! showed that metallic particles can move and split under

a catalytic driving force, which is similar to the carbon metabolism reaction.

Mechanistically (Fig. 10.3C), a larger O* concentration and the use of
catalytically active metals can drive vigorous metabolism with more frequent catalyst
motion and fission events. This opposes equilibrium thermodynamic directives as the
metal surface area increases. Conversely, depleted O* concentrations should lead to
decreased mobility and the localization of liquid droplets that coarsen slowly to reduce
their total surface energy. Note that the liquid alloys have a wide solubility range at
~2000 K. Therefore, the liquid metal movement driven by O* harvesting allows
different droplet compositions to continually meet and fuse into single-phase alloys
during the CTS process. Numerous particle fusion and fission events, which we
estimated to be >10° times based on timescale analysis (SI) 2820 yield a dynamic
steady state during the 55 ms high temperature shock with uniform nanoscale

dispersions and homogeneous high entropy mixing.

To verify the effects of supports with more surface-bound defects, we
synthesized quinary HEA-NPs (PtFeCoNiCu) on CNFs with and without CO>-
activation, resulting in 5.30 nm £1.31 nm particles on CO-activated CNFs and 11.3
nm 2.2 nm particles on CNFs (SI). We achieved further improvements in ultrafine
particle sizes and narrow distributions when more catalytically active metal
combinations (PtPdIrRhRu HEA-NPs, 3.28 nm £0.81 nm) are employed on identical
COg-activated CNF supports (Fig. 3D and in Sl). Therefore, the catalytic metabolism-
induced particle fission/fusion mechanism for metal alloying at the nanoscale is distinct

compared to previously reported alloying methods 183:186.198.209,
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Fig. 10.3. Particle dispersion mechanism for the CTS process. (A) SEM images of

synthesized AuNi nanoparticles on CNFs carbonized at different temperatures: 873 K,
1073 Kand 1273 K. (B) SEM images of (Cu, Au, Pt) particle distributions synthesized
on identical CNF supports via the same CTS process. The higher catalytic activities of
the metal species (Au, Pt) lead to smaller nanoparticles and more uniform distributions.
(C) An illustration of the catalysis-driven particle fission/fusion mechanism to
synthesize uniformly dispersed HEA-NPs. (D) HAADF image and elemental maps of
ultrafine and well-dispersed quinary HEA-NPs (PtPdIrRhRu) on CO,-activated CNFs.
A narrow size distribution is achieved by increasing the support’s surface defect
concentration through CO: activation as well as employing metal species with high

catalytic activities.

By tuning the shock duration and heating/cooling rates, we can adjust the

MMNP size, distribution, and structure. We loaded multiple CNF samples using an
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identical PtNi precursor solution and exposed the support to a temperature of ~2000 K
for 5ms, 55 ms, 1 s, and 10 s durations. The faster exposure times yield smaller particle
sizes (3.51 nm %£0.62 nm for 5 ms and 5.01 nm *=1.69 nm for 55 ms) compared to
prolonged shock durations (8.57 nm £1.98 nm for 1s and 13.30 nm +=6.98 nm for 10
s) (Fig. 10.4A-B). We observed similar behavior with AuNi (SI). As the thermal shock
duration increases to 10 s, the size of the HEA-NPs increases and the synthesized
particles become less uniform since the high temperature exposure depletes the number

of O* present on the CNF support, which inhibits particle dispersity (SI).

We investigated the effect of cooling rate by tuning the electrical input
parameters (Fig. 10.1B) with Au/Ni and Cu/Co, which are immiscible binary elemental
compositions (Fig. 10.4C-D and SI). Due to differences in lattice parameters and
surface energies, these metallic combinations tend to phase separate according to
equilibrium phase diagrams 1221222 However, through rapid quenching, the high
entropy mixing state of the liquid metals is retained and yields single-phase solid
solution nanoparticles (i.e. HEA-NPs) by avoiding the time-temperature-
transformation (TTT) nose (Fig. 10.4E). The AuNi binary alloy formed a solid solution
when quenched at both ~10° K/s and ~10% K/s (Fig. 10.4C). However, nanoscale phase
separation occurred when cooled slowly (~10 K/s), with a clear phase boundary
between Au and Ni shown in the annular bright field (ABF) image (Fig. 10.4D) and
HAADF image (SI). For the CuCo binary system, the 10° K/s produced a solid solution,
but phase separation began at a cooling rate of ~10° K/s (SI). Very slow cooling and
heating rates (~10 K/s) alters the dispersion and size distribution of the synthesized

nanoparticles, leading to aggregates and a non-uniform dispersion across the CNFs (SI).
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Fig. 10.4. Kinetic control over nanoparticle formation. (A) TEM images displaying the
particle size and dispersity at various thermal shock durations (5 ms, 55 ms, 1 s, 10 s).
Scale bars: 100 nm. (B) Particle size distribution of PtNi nanoparticles on CNFs. (C-D)
Cooling rate-dependent AuNi nanostructures determined by elemental maps, HAADF,
and ABF images. Ultrafast cooling rates (~10° K/s) enable the formation of solid
solution nanoparticles, while slower rates (~10 K/s) tend to induce phase separation.
Scale bar: 10 nm. (E) Time-temperature-transformation (TTT) diagram showing the
kinetic formation of a metallic glass, HEA and phase-separated structure, respectively,

as a function of cooling rate.

Our experimental results reveal valuable information about the nucleation and
diffusion kinetics of the CTS method. The transformation of a liquid alloy into a single-
phase solid solution with a specific elemental composition requires local structural

rearrangements but no long-range solute partitioning. The cooling rate (~10° K/s) we
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achieved by CTS is still slow enough to form crystalline structures. If higher cooling
rates are attained with the CTS method, it may be possible to use this route to synthesize
metallic glasses. The ~10° K/s cooling rate is fast enough to prevent solute partitioning
across a distance of approximately 10 nm, enabling the formation of high entropy alloy
structures. On the other hand, slower cooling rates (e.g. ~10 K/s) enable solute
partitioning to occur through (slow) kinetics, which caused the MMNPs to phase
separate into a Janus particle. Note that both single-phase and phase-separated
nanoparticles are useful for applications such as catalysis and plasmonic imaging
155.197,198203  The CTS method has the ability to control phase formation through ramp

rates and may be useful for targeted nanoparticle synthesis.

The CTS method enables diverse compositions of uniformly mixed HEA-NPs
that have the potential for a wide range of applications. As a proof-of-concept, we
demonstrated quinary HEA-NPs as advanced catalysts for ammonia oxidation, which
is the key processing step in the industrial synthesis of nitric acid (Fig. 10.5A) 2%,
Despite extensive efforts on the exploration of new catalysts, PtPdRh-based
multimetallic catalysts are still widely employed in industry to this day ??*. Beyond the
high content of precious metals, these catalysts also require very high temperatures
(>800°C) to achieve high yields of NOx (NO + NO2) versus N2/N20, and tend to
degrade under continuous operation 2%, Using the CTS method, quinary PtPdRhRuCe
HEA-NPs (in SI) were prepared and employed as ammonia oxidation catalysts. We
introduced Ru and Ce to improve the overall catalytic activity (oxygen mobility and

storage capabilities) and reduce the Pt content 226227,
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We achieved ~100% conversion of ammonia (NH3) and >99% selectivity
toward NOy (NO + NO>) at a relatively low operation temperature of 700°C with the
synthesized PtPdRhRuCe HEA-NP catalyst (Fig. 10.5B). For comparison, we prepared
similar catalysts (in terms of composition) by the wet impregnation method (denoted
as PtPdRhRuCe MMNP), which produced an 18.7% yield of NOx at the same operation
temperature, while most of the output was N (Fig. 10.5C). An elemental map
comparison between the two catalysts suggests that the enhanced catalytic selectivity
of the HEA-NPs is likely due to the highly homogeneous nature of the solid solution
nanoparticles compared to the phase-separated heterostructures derived from the wet
impregnation method (Fig. 10.5D and in Sl). Note that synthesizing solid solution
PtPdRh multimetallic systems by conventional synthetic methods is challenging due to
immiscibility %722, We also performed degradation testing to study catalytic
performance under prolonged operation conditions and we observe no degradation in
terms of catalytic activity or selectivity over ~30 h of continuous operation at 700°C
(Fig. 10.5E and in SI). We attributed this durability to the high entropy nature of the
catalysts prepared by the CTS method, which helps stabilize the MMNPs into solid
solutions (i.e. HEA-NPs) and prevents phase separation or elemental segregation owing
to the intrinsically slow diffusion associated with HEAs 2%°2!1, Moreover, the precious
metal content of the HEA-NPs can be reduced further without compromising catalytic
performance or stability, by replacing ~37.5% of Pt with Co and eliminating Ru (e.qg.,
PtPdRhCoCe HEA-NPs, and in Sl). Thus, HEA-NPs fabricated by CTS may be a

general route towards highly active, durable, and cost-effective catalysts.
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Fig. 10.5. Catalytic performance of quinary HEA-NPs (PtPdRhRuCe) for ammonia
oxidation. (A) Reaction scheme for the ammonia oxidation process as well as the
structural and performance differences between the PtPdRhRuCe HEA-NPs
synthesized by CTS and the control sample (PtPdRhRuCe MMNPs) by wet
impregnation. (B-C) Temperature-dependent product distribution and conversion of
NH3 for PtPdRhRuCe HEA-NPs and PtPdRhRuCe MMNPs, respectively. (D) STEM
elemental maps for PtPdRhRuCe HEA-NPs. (E) The time-dependent catalytic
performance of PtPdRhRuCe HEA-NPs at 700<C.

10.3 Discussion and conclusion

The CTS method provides an excellent platform for nanometallurgical studies.
Traditionally immiscible elements are alloyed into single-phase nanoparticles on
defective carbon supports with the following features: (1) high entropy mixing, where
multimetallic mixing leads to the creation of solid solution nanoparticles with
maximized configurational mixing entropy; (2) non-equilibrium processing, where the
shock process takes milliseconds to create HEA-NPs by rapid quenching and thus,

prevents phase separation among immiscible elements by avoiding the nose of the TTT
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curve (Fig. 10.4E); (3) uniform dispersion, where the catalytically-driven carbon
metabolism at high temperature enables uniform, well-dispersed, and controllably-

sized nanoparticles (as opposed to particle coarsen).

This synthetic technique also provides (1) generality, (2) tunability, and (3)
potential scalability. The maximum temperature of the CTS method (2000-3000 K) is
higher than the decomposition temperature of any metal salt, which promotes uniform
mixing of nearly any metallic combination (i.e. generality). Precise control over the
shock parameters (temperature, duration, ramp rates) effectively tunes the particle size,
dispersity, as well as final structure. The synthesis of a diverse array of nanoparticles
with easily tunable processing parameters is ideal for large-scale nanomanufacturing,
where a rapid (synthesis in milliseconds) and energy-efficient (immediate heating
through an electrical pulse) synthetic procedure could enable the high-rate and high-
volume production of quality nanoparticles. Moreover, a scalability evaluation
exhibited a 100-fold increase in HEA-NP production without sacrificing nanoparticle
quality or dispersion by employing a 3D carbon support (figs. S73-S75). These CTS
capabilities facilitate a new research area for materials discovery and optimization,
where the elemental composition and mixing entropy of nanoparticles can be carefully
designed and controlled, which has potential to affect a broad range of research fields

and technological applications.

10.4 Experimental

Carbon nanofibers (CNF) and metal precursor loading: The PAN nanofibers were
first stabilized at 533K for 5 hours in air and then carbonized at various temperatures

(873 K, 1073 K, 1273 K) for 2 hours in argon. CNF-1073K acted as the ideal carbon
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support in this study due to its defect density for nanoparticle dispersion and ease of
applying an electrical pulse within the limits of the external power source. For agqueous
precursor solutions, the CNF films were dipped into the mixed metal salt solutions
(0.01 mol/L for each element), placed under vacuum for 30 minutes, and then
suspended in a 60C oven to dry. For ethanol-based precursor solutions, the mixed
solutions (0.05/n mol/L for each element, where n is the total number of elements) were
directly dropped onto the suspended CNF film with a loading of ~120 uL/cm?and left
to dry at room temperature. In general, the ethanol-based solutions result in more
uniform loading (and particle dispersion) owing to improved wettability to carbon.
Rapid, high temperature CTS method. The CTS process was achieved by electrically-
triggered Joule heating of precursor-loaded CNF films in an argon-filled glovebox. A
thermal shock was applied to the CNF film using the sweep function from Keithley
where the magnitude (temperature), duration (thermal shock time) and speed (ramp
rate) of the electrical pulse are adjustable. A 55 ms electrical pulse was chosen as the
ideal thermal shock duration and used to synthesize multimetallic nanoparticles in this
work (unless noted otherwise).

Catalytic ammonia oxidation tests._Catalytic oxidation of NH3 was conducted in a
fixed-bed flow reactor at atmospheric pressure. Typically, 10 mg of catalyst mixed with
Al>;O3 particles (40-60 mesh) was loaded into a quartz tube reactor (7 mm = inner
diameter). The catalyst was heated to 500°C at a rate of 5°C/min under He (50 mL/min).
At 500°C, the gas flow was switched to a forming gas containing 1% NH3 and 2% O,
balanced by He. The space velocity was adjusted to 120 L /(gcath) by tuning the flow

rate. The reaction was then carried out at various temperatures, which was increased
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stepwise from 500°C to 800°C. Note that a steady state was reached before the product
analysis. To determine the conversion of reactants and the yield of products, a FTIR
spectrometer (Nicolet 6700, Thermo Scientific) equipped with a long path (5 m) gas
cell and a MCT detector (with a resolution of 8 cm™) was used to analyze NH3 (964
cm™), NO (1905 cm?), N2O (2237 cm™), and NO2 (1630 cm™). N2 was detected via a
gas chromatograph (GC) equipped with a BID detector (GC-2010 plus, Shimadzu) and
a HP-POLT Molesieve column. The NHz conversion and product selectivities were
calculated using the following equations:

[NH3 ] inlet [NHS]

outlet
100°
[NH3] *100%

NH3 conversion =
inlet

6 x [Product]

outlet X 1000/
+ [NO] °

+ 2[N2] + 2[N20]

Product selectivity (%) = NO]

outlet outlet outlet outlet

where [NHz]iniet refers to the concentration of NHs fed into the reactor, and
[NHz]outiet, [NOJouttet, [NO2]outtet, [N2]outiet, and [N2OJoutiet refer to the corresponding
species concentrations measured from the outflow of the reactor. In terms of product

selectivity, § = 1 for NO and NO2, while § = 2 for N2 and N20O.

10.5 Supporting materials

(a)

) ' ! ‘
Fig. 10.6. CNFs used as the carbon support. (a) Digital image and (b-c) SEM images

of PAN-derived carbon nanofibers, showing uniform nanofiber sizes and an open

network structure.
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Fig. 10.7. Properties of CNF with different carbonization temperatures. (a) Raman
spectra and (b) conductivity of CNF films carbonized at different temperatures: 873 K,
1073 K, and 1273 K. (c) Carbon content in CNFs carbonized at different temperatures,
identified by point maps via SEM. (d) Elemental map of the carbon, nitrogen, and
oxygen and (e) XPS profile of CNF carbonized at 1073 K.

s Y . v Vo, ol
@gg s
H,PtCl; 2 Nucu2 FeCI, CoCIz "’,:‘,’... 4‘,, 4

HAuCI‘ CuCl, SnCl,

Fig. 10.8. Ethanol-based 8 elemental precursor solutions used to synthesize octonary
HEA-NPs on CNFs. The SEM image and EDX mapping confirms the uniform
precursor loading on CNFs, which is crucial to achieving the desired nanoparticle
compositions via CTS.
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PtPdNi

(d)|

Fig. 10.9. SEM images of the decorated CNF microstructure before and after CTS: (a)
Pt, (b) PtNi, and (c) PtPdNi precursors on CNFs before CTS as well as the synthesized
(d) Pt, (e) PtNi, and (f) PtPdNi nanoparticles after CTS.
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Fig. 10.10. Temporal lighting spectra and temperature fitting for the CTS method with
various shock durations: (a-b) 55 ms pulse and (c-d) 5 ms pulse. These spectra were

fitted to the blackbody radiation equation to acquire an approximate temperature.
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PtPdNi

Fig. 10.11. TEM images of 1-3 element nanoparticles on CNFs with different loading
concentrations. Pt, PtNi, and PtPdNi with a precursor concentration of (a-c) 0.01 mol/L
and (d-f) 0.05 mol/L per composition, respectively.

200 nm

200 nm

Fig. 10.12. TEM images of high entropy nanoalloys (quinary, senary, septenary and
octonary nanoparticles) composed of 5-8 elements, respectively. (0.01 mol/L each
composition)
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Fig. 10.13. STEM elemental maps and corresponding spectrum for HEA-NPs.
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Fig. 10.14. STEM elemental spectrum of an 8 element HEA-NP including CI (from the
initial precursor salt). (a) Full spectrum with elemental ratios of all 8 metals and Cl. (b)
Enlarged region of the same spectrum in (a) however, the amount of Cl is below the
detection limit.
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Fig. 10.15. Atomic HAADF images of HEA-NPs for (a) PtNi, (b) FeCoNi, and (c)
octonary PtPdCoNiFeAuCuSn nanoparticles. They are alloyed into FCC structures
achieved by the CTS method.
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Fig. 10.16. (a) Elemental maps for quinary HEA-NPs (PtPdCoNiFe) and the position
of the point maps on individual nanoparticles. (b) Point-by-point elemental maps of

PtPdCoNiFe, showing uniform distributions of each element in both nanoparticles.
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Fig. 10.17. Atomic-scale HAADF-STEM images and STEM elemental maps for binary
and ternary HEA-NPs (PtNi, AuCu, FeCoNi). These elemental maps show uniform
elemental distribution within the mapped region at an atomic scale.
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Cu

Fig. 10.18. Atomic-level STEM elemental maps of an octonary HEA-NP
(PtPdCoNiFeAuCuSn), which demonstrates uniform distributions of each element

within the mapped region.

Fig. 10.19. (a)-(c) STEM elemental maps of quinary HEA-NPs (PtPdCoNiFe) at low
magnifications, which demonstrates the compositional uniformity of alloy

nanoparticles synthesized via the CTS method.
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Fig. 10.20. (a)-(c) STEM

elemental

maps  of

Sn

octonary HEA-NPs

(PtPdCoNiFeAuCuSn) at low magnifications at different sample regions. Solid

solution nanoparticles are readily achieved via the CTS method.
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Fig. 10.21. Calculation of configurational entropy of mixing and simple classification
of low, medium, and high entropy regions(16). MMNPs synthesized by different
methods fall into different entropy regions (based on the classical definition of high

entropy alloys).
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Fig. 10.22. XPS spectra of 8-element (PtPdCoNiFeAuCuSn) precursor-loaded CNFs
(a) before and (b) after the CTS process. The Cl peak becomes negligible after thermal
shock as indicated by the arrows. From the fitted ratio, the Cl content dropped from
~4% t0 0.15% due to the CTS process.
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Fig. 10.23. (a) SEM and (b) XRD pattern of quinary HEA-NPs (PtPdCoNiFe) on CNFs.
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Fig. 10.26. Atomic percentage distributions for quinary HEA-NPs (PtPdCoNiFe) at

different sample regions, which confirms the compositional uniformity among
nanoparticles synthesized by CTS.

Fig. 10.27. Synthesized nanoparticles on CNFs with different defect concentrations
(control experiments). (a-c) SEM images of AuNi nanoparticles on CNF films
carbonized at 873 K, 1073 K, and 1273 K, respectively.
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Fig. 10.28. Role of defects in nanoparticle dispersion on CNTSs as a control experiment.
(a) AuNi NPs on crystalline CNTSs, showing only aggregates due to the lack of defects.
(b) Defect characterization for CNTs by Raman and XPS spectra. Note that crystalline
CNTs barely disperse metals via the CTS method.
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Fig. 10.29. SEM images of the metallic nanoparticle dispersions on CNFs using the
same CTS synthesis conditions: (a) Cu, (b) Au, and (c) Pt. Although Au and Cu have
similar physical properties, the particle size distributions achieved through the same
CTS process are vastly different, which indicates a particle dispersion mechanism
related to the individual metal species (i.e. catalytic activity).
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Fig. 10.30. (a) Experimental setup and Molecular Beam Mass Spectrometer. (b) The
full mass spectrum obtained during a 55 ms CTS for bare CNF and CNF-AuNi. (c)
Temporal CO emission profiles for bare CNF and CNF-AuNi. The CNF-AuNi sample
shows a sharp peak in terms of CO release compared to bare CNF, which demonstrates

a catalytic carbon metabolism (C+O*=CO1) reaction occurs during the CTS process.
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Fig. 10.31. (a) Log-log plot showing relaxation time (teq) as a function of the crystallite
size (N is the number of atoms) at different temperatures. (b) Estimation of
temperature-dependent surface diffusivity for metals with a melting temperature of
~1500 K. The inset equation is used for estimation, where Ds is the diffusivity, Tm is

the melting point, and T is temperature.
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Fig. 10.32. (a)-(b) TEM and size distribution of PtFeCoNiCu on CNFs. (c)-(d) TEM
and size distribution of PtFeCoNiCu on CO2-activated CNFs (CA-CNFs).
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Fig. 10.33. (a)-(c) TEM and HAADF images of quinary HEA-NPs (PtPdIrRhRu) on
CA-CNFs. (d)-(e) STEM elemental maps of the same quinary nanoparticle composition
on CA-CNFs, showing a uniform distribution and formation of HEA-NPs.

Fig. 10.34. Shock time-dependent size distributions of synthesized nanoparticles by
CTS. AuNi nanoparticles formed by a (a) 5 ms and (b) 55 ms CTS process, respectively.
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Fig. 10.35. Defect concentrations of CNFs after various shock durations. (a-c) Raman

spectra, conductivity measurements and changes in carbon content for CNF-PtNi films
after 5ms, 55 ms, 1 s, and 10 s CTS processes.
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Fig. 10.36. Synthesized nanoparticles by slow heating and cooling rates (control
experiments). (a-c) Slow heating profile (10 K/s) and SEM images of the CNF-AuNi
system via a slow heating rate. (d-f) Slow cooling profile (10 K/s) and SEM images of
the CNF-AuNi using a slow cooling rate.
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Fig. 10.37. The properties of CNF films exposed to different cooling rates. (a) Raman
spectra, (b) conductivity measurements, and (c) the change in carbon content for CNF-
AuNi at 10° K/s, 10% K/s, and 10 K/s cooling rates.
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PtPdRhRuCe HEA-NPs (ours)

Fig. 10.38. (a)-(b) SEM and (c) TEM images of HEA-NPs synthesized by our CTS
method; (d)-(e) SEM and (f) TEM images of MMNPs by the wet impregnation method.
Our HEA-NPs show excellent particle formation, dispersion, and adhesion on the CNF
support. However, the control sample merely reduced the precursor in situ without
exhibiting particle dispersive capabilities.

(a) PtPdRhRuCe HEA-NPs (ours)

Fig. 10.39. STEM elemental maps for (a) PtPdRhRuCe HEA-NPs and (b) PtPdRhRuCe
MMNPs (control). Our HEA-NPs exhibit uniform elemental distribution within the
solid-solution nanoparticles. However, the control sample exhibits phase/elemental
separation/segregation especially between Pt and Pd due to the slow, low-temperature

reduction procedure.
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Fig. 10.40. STEM elemental maps of quinary PtPdRhRuCe HEA-NPs after catalytic
reaction. The nanoparticles retain their original high entropy solid solution structure,
which demonstrates the structural stability of HEA-NPs at high temperature to resist
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Table 10.1. Physi-chemical properties of the elemental precursor salts used and

corresponding metals.

— Chemical -reductian Phys?clal decom- Nl Alf:mic M.elting B?iﬁng Room-T

potential [V] position T [K] Radius [A] | point [K] | point [K] structure
H;PtCly 0.68, 0.73, 1.18 573, 653, 853 Pt 139 2041 4098 FCC
PdcCl, 095 952 Pd 137 1828 3236 FCC
NiCl, -0.25 >1073 Ni 1.24 1728 3186 FcC
FeCly 0.77, -0.44 553, 588 Fe 1.26 1811 3134 BCC
CoCl, -0.28 >873 Co 1.25 1768 3200 HCP
HAuCI, 1.5 527 Au 1.44 1337 3129 Fcc
CuCly 034 1266 Cu 1.28 1358 3200 FCC

SnCl, -0.14 896 Sn 1.40 505 2875 tetragonal

Reduction potential relative to standard hydrogen electrode;
FCC: face-centered-cubic; BCC: body-centered-cubic; HCP: hexagonal-close-packing.

Table 10.2. Literature comparison of catalytic ammonia oxidation performance.

Catalysts® NO, yield (%) T"(°C) Reference

Pt gauze 98 800 [1]

(90-95%) Pt + (5-10%) Rh 94-96 800-950  [2]

90% Pt-5% Pd-5% Rh 96 800-1000 [3]

88% Pt-7% Pd-5% Rh 94 800-1000 [4]

92.4% Pt-4% Pd-3.5% Rh-0.1% Ce 98 900 [5]

81% Pt-15% Pd-3.5% Rh-0.5% Ru 94 900 [6]

21.7% Pt-4.68% Pd-1.3% Rh-0.34% Ru-0.23% Ce 99 700 Current work
17.2% Pt-4.1% Pd-1.1% Rh-4.1% Co-0.7% Ce =00 600-700  Current work

2 the composition of different metals were expressed as weight percentages
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Chapter 11: Thermal shock nanoparticles for applications

11.1 Uniformly dispersed nanoparticles for lithium ion battery*

To exploit the high energy density of the lithium (Li) metal battery, it is
imperative to address the dendrite growth and interface instability of the anode. 3D
hosts for Li metal are expected to suppress the growth of Li dendrites. Heterogeneous
seeds are effective in guiding Li deposition and realizing spatial control over Li
nucleation. Herein, it shows that ultrafine silver (Ag) nanoparticles, which are
synthesized via a novel rapid Joule heating method, can serve as nanoseeds to direct
the deposition of Li within the 3D host materials, resolving the problems of the Li metal
anode. By optimizing the Joule heating method, ultrafine Ag nanoparticles (=40 nm)
are homogeneously anchored on carbon nanofibers. The Ag nanoseeds effectively
reduce the nucleation overpotential of Li and guide the Li deposition in the 3D carbon
matrix uniformly, free from the dendrites. A stable and reversible Li metal anode is
achieved in virtue of the Ag nanoseeds in the 3D substrate, showing a low overpotential
(=0.025 V) for a long cycle life. The ultrafine nanoseeds achieved by rapid Joule
heating render uniform deposition of Li metal anode in 3D hosts, promising a safe and

long-life Li metal battery for high-energy applications.

* The results in this chapter have been published: Yang, C.; Yao, Y.; He, S.; Xie, H.; Hitz, E.; Hu, L.
Ultrafine Silver Nanoparticles for Seeded Lithium Deposition toward Stable Lithium Metal Anode.
Adv. Mater. 2017, 29, 1702714. Yang, C. and Yao, Y. contributed equally.
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11.2 Uniformly dispersed nanoparticles for lithium-oxygen battery”

The lithium-air (Li—-O) battery has been deemed one of the most promising
next-generation energy-storage devices due to its ultrahigh energy density. However,
in conventional porous carbon-air cathodes, the oxygen gas and electrolyte often
compete for transport pathways, which limit battery performance. Here, a novel textile-
based air cathode is developed with a triple-phase structure to improve overall battery
performance. The hierarchical structure of the conductive textile network leads to
decoupled pathways for oxygen gas and electrolyte: oxygen flows through the woven
mesh while the electrolyte diffuses along the textile fibers. Due to noncompetitive
transport, the textile-based Li—O> cathode exhibits a high discharge capacity of 8.6
mAh cm2, a low overpotential of 1.15 V, and stable operation exceeding 50 cycles.
The textile-based structure can be applied to a range of applications (fuel cells, water
splitting, and redox flow batteries) that involve multiple phase reactions. The reported
decoupled transport pathway design also spurs potential toward flexible/wearable Li—

O batteries.

* The results in this chapter have been published: Xu, S.; Yao, Y.; Guo, Y.; Zeng, X.; Lacey, S. D.;
Song, H.; Chen, C.; Li, Y.; Dai, J.; Wang, Y.; et al. Textile Inspired Lithium-Oxygen Battery Cathode
with Decoupled Oxygen and Electrolyte Pathways. Adv. Mater. 2018, 30, 1704907.
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11.3 Rapid thermal annealing for battery interfaces”

High-temperature batteries require the battery components to be thermally
stable and function properly at high temperatures. Conventional batteries have high-
temperature safety issues such as thermal runaway, which are mainly attributed to the
properties of liquid organic electrolytes such as low boiling points and high
flammability. In this work, we demonstrate a truly all-solid-state high-temperature
battery using a thermally stable garnet solid-state electrolyte, a lithium metal anode,
and a V20s cathode, which can operate well at 100 <C. To address the high interfacial
resistance between the solid electrolyte and cathode, a rapid thermal annealing method
was developed to melt the cathode and form a continuous contact. The resulting
interfacial resistance of the solid electrolyte and V205 cathode was significantly
decreased from 2.5 x 104 to 71 Q-cm? at room temperature and from 170 to 31 Q-cm?
at 100 <C. Additionally, the diffusion resistance in the V205 cathode significantly
decreased as well. The demonstrated high-temperature solid-state full cell has an
interfacial resistance of 45 Q-cm? and 97% Coulombic efficiency cycling at 100 <C.
This work provides a strategy to develop high-temperature all-solid-state batteries
using garnet solid electrolytes and successfully addresses the high contact resistance
between the V205 cathode and garnet solid electrolyte without compromising battery

safety or performance.

* The results in this chapter have been published: Liu, B.; Fu, K.; Gong, Y.; Yang, C.; Yao, Y.; Wang,
Y.; Wang, C.; Kuang, Y.; Pastel, G.; Xie, H.; et al. Rapid Thermal Annealing of Cathode-Garnet
Interface toward High-Temperature Solid State Batteries. Nano Lett. 2017, 17, 4917-4923.
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Chapter 12: Scalable nanomanufacturing

We have carried out additional experiments in order to justify the scalability of
the reported CTS method for the synthesis of nanoparticles, especially HEA-NPs. The
improvements in terms of substrates (e.g. 3D wood-based carbon) and scalable, rapid
radiative heating methods are not exclusive. A further potential of the CTS method can

be envisioned as long as the merits of the process remain intact.

12.1. Features of the CTS method and its potential scalability:

Our rapid, high-temperature carbo-thermal shock method offers promise in terms of

scalable NP synthesis. A typical synthesis procedure consists of two steps (Fig. 12.1):

(i) Solution-based salt precursors are conformally coated on the carbon surface.
Specifically, we have identified certain solvents (e.g. ethanol) for dispersing
salts that lead to enhanced wettability on carbon and overall, a more uniform
dispersion of precursors. Experiments also show that the same precursor salts
used months later yielded similar nanoparticle sizes, compositions, and
structures. Thus the precursor solutions can be recycled (important for
industrial manufacturing) and exhibit reproducibility in terms of the

synthesized nanoparticles.

(i1) The precursor-loaded carbon film is then Joule heated to ~2000 K rapidly
followed by fast quenching. Uniformly distributed NPs are formed in situ on
the carbon surface. The entire process takes ~ 55 milliseconds with a high

quenching rate of ~10° K/s.
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Fig. 12.1. (a) A typical CTS process has two steps: (1) precursor loading (in minutes)
followed by (2) high temperature shock (55 ms) generates copious amounts of HEA-
NPs on carbon substrates. (b) SEM images of CNFs, precursor loaded CNFs, and CNFs

with uniformly distributed nanoparticles.

From a manufacturing point of view, the CTS method has the following advantages:

e Step 1 (precursor loading) is completely scalable; Step 2 is fast (only 55 ms)

and thus, comparable with roll-to-roll processes.

e The process can be done with 3D substrates with a much higher loading of

precursors; in this case, a high yield of NPs can be produced.

e The maximum temperature (up to 3000K) is much higher than the
decomposition temperature of nearly any metal salt, which can lead to

“mixing” of many types of metals.

e The tunable cooling rates (up to 10 K/s) are capable of producing both phase-
separated structures (slow cooling) and high entropy solid solution structures
(rapid quenching).

e The ratio of different metals can be easily controlled by tuning the amount of

each precursor on the carbon substrate.
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e The fabrication process shows universality, i.e. the same setup can be used to
synthesize NPs with different compositions by altering the precursors

deposited on the carbon substrate.

e The in situ formed NPs on carbon supports have direct applications. As a proof
of concept, we have demonstrated these NPs as excellent catalysts for hydrogen
evolution, oxygen evolution, hydroperoxide oxidation, ammonia oxidation etc
as shown in the previous chapters.

The scalability of our method for synthesizing MMNPs or HEA-NPs is
outstanding. We hope to compare with lithography-based methods (the only reported
method to synthesize MMNPs (up to 5 elements) to date) directly to our unique CTS
method. In the previous report, nanoparticles composed of up to 5 elements
(AuAgCuCoNi) were synthesized by using scanning-probe block copolymer
lithography. Multi-tip patterning can speed up the production of nanoparticles however,

this method is very limited in terms of its capabilities:
(1) Requires advanced equipment: advanced probe lithography;

(i1) Synthesis time: takes several days due to particle patterning followed by

thermal annealing (>48 h) and reduction (>12 h);
(iii)  Particle density/distribution: ~1/um? on a 2D flat surface;

(iv)  Compositions and structures: up to 5 element compositions are possible
however, only equilibrium structures can be achieved due to the slow
annealing process;

The comparison between methods is summarized in Table 12.1. Therefore, our CTS

method shows orders of magnitude improvements in terms of NP production
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efficiency, scalability and structural possibilities (both solid solution & phase-separated
structures can be achieved).

Table 12.1. Scalability comparison between probe copolymer lithography and CTS.

Comparison of Synthesis and Scalability

Lithography-based (Science 2016)

Carbo-thermal shock (CTS, this work)

Equipment | Advanced probe lithography Electrical power supply

Step I. Patterning: min'utes to hours Step I: Precursor loading (in minutes)

Synthesis Step II. 1%t step reduction: 120°C, 48 h Step II: One-step thermal shock:
Step III. 2% step reduction: 500°C, 12 h 1500 K~2000K, 55 milliseconds

. ¢ ~1/um? pattern density o >>10%pm? in 1pum?
Density *  Pattern on extremely flat 2D plate only * Any (1D, 2D, 3D) carbon surfaces
. *  Upto 5 elements * Demonstrated to 8 elements
Nanoparticles | , Only equilibrium structures *  Both equilibrium and metastable structures

¢ ~1/um? particleson Si wafer * Nanoparticles anchored on carbon

Final product » Directly used for applications

No applications were demonstrated

12.2. Extension of our CTS method to 3D bulk substrates

When a 3D carbon support is used, a much higher mass loading of precursors
can be achieved, which leads to a 100-fold increase in HEA-NP production. For this

purpose, we chose carbonized wood (Fig. 12.2) due to the following advantages:

(1) Wood-based carbon has a unique microstructure with open channels through
the thickness direction (above 500 pm), which enables rapid and uniform

precursor loading throughout the wood sample.

(2) The open channels are connected horizontally by the sidewall pits, which leads

to 3D interconnected pathways for gas diffusion.

(3) Wood is low cost and the most abundant biomass.
The low tortuosity and interconnected structure ensure a uniform loading of
precursors throughout the wood, which results in uniform particle deposition. Quinary
HEA-NPs (PtPdRhRuCe) were synthesized within the wood and demonstrated as a

high-performance catalyst for ammonia oxidation. As shown by the SEM images (Fig.

163



12.2), nanoparticles are uniformly distributed throughout the wood sample. This
finding was determined by checking several spots on the carbonized wood samples
along the thickness direction. It is apparent that uniform nanoparticle sizes and
distributions are achieved throughout the 3D substrate by CTS. Thus, the wood carbon

substrate substantially increased the effective particle loading and production.

(@) wood

Carbonized wood

Thickness
direction

(b)§

Fig. 12.2. Carbonized wood as a 3D substrate to increase the NP production of our CTS
method. (a) Digital images of both wood and carbonized wood, and an SEM image of
carbonized wood. The SEM images exhibit the unique microstructure of the wood
sample: open microsized pores on the top surface and vertically-aligned microsized
channels in the thickness direction. (b) SEM images of uniformly distributed

nanoparticles in three different locations as noted in (a).

When the thickness of the wood carbon increases from 500 pm to 5000 pm (5
mm), the precursor loading increases from 60 pmol/cm? to 600 pmol/cm?, respectively
(Fig. 12.3). Consequently, the amount of synthesized nanoparticles on the wood carbon

is ~10 mg/cm? and ~100 mg/cm?, which corresponds to a 10-fold and 100-fold increase
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compared to the CNF films (6 pmol/cm? and ~1 mg/cm?). We also acquired STEM
elemental maps to confirm the high entropy mixing of these HEA-NPs synthesized
within the wood substrate. Note that all 5 elements are uniformly distributed throughout
the synthesized nanoparticles (Fig. 12.3b). This is similar to the HEA-NPs synthesized
on CNFs via the CTS method that shows high entropy mixing (Fig. 12.3c). Thus,
regardless of the conductive substrate, high entropy mixing structures can be readily
achieved. In short, we have effectively increased the production of nanoparticles by
100-fold by replacing the 2D CNF film with a 3D carbonized wood substrate without

sacrificing nanoparticle quality.

(a) 1000
o <
9 §
% 3100
z £
QL o
o (O]
~ 5 104
o (0]
Zz <
= S
= O 1

Fig. 12.3. Increased MMNPs loading on carbonized wood samples. (a) The areal
loading increased from 6 pmol/cm? for the CNF film to 60-600 pmol/cm? for the
carbonized wood substrate. This corresponds to a ~10X (~10 mg/cm?) and ~100X
(~100 mg/cm?) increase in NP production compared to the CNF films. STEM elemental
maps for quinary HEA-NPs (PtPdRhRuCe) prepared on (b) carbonized wood and (c)
carbon nanofibers, respectively. Each HEA-NP is a uniformly mixed high entropy

structure, indicating the nanoparticle quality is not compromised in during scale up.
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12.3. Extension of the CTS method to rapid radiation heating

The essence of the CTS method for NPs synthesis is three-fold: (1) high
temperature, (2) short duration and (3) fast quenching. While electrical Joule heating is
an ideal strategy for precise control over temperature, duration and cooling rate, other
rapid heating strategies (radiative heating, aerosol-spray, microwave heating, etc.) are
also possible as long as the merits of the CTS method are maintained. Specifically, all
methods should minimize the high temperature duration.

The CTS method itself can be extended to rapid radiative heating for
scalable/continuous manufacturing by eliminating electrode and contact fabrication,
which is normally required for the Joule heating process. We envision roll-to-roll
manufacturing of nanoparticles on a carbon support can be achieved through radiation-
based heating (Fig. 12.4a). The precursor loading can be easily achieved through a
“coating-drying” method. As the moving film passes through the heating zone, it
experiences the thermal shock in a similar manner to the Joule heating process. Rapid
heating (or thermal shock duration) can be controlled by the sample transfer process
through the hot zone. Specifically, the duration is a function of heating zone length and
sample transfer speed (t = L/v), which are parameters that can be easily controlled on
an assembly line.

As a proof of concept, Pt nanoparticles can be synthesized through rapid
radiative heating of a CNF film using a radiative heating source (Fig. 12.4b-f). The
CNF film loaded with salt precursors was placed on top of a carbon felt which is heated
to high temperature via Joule heating for 1 second and then quenched. Instead of

directly heating the sample via Joule heating, the CNF film experienced rapid radiative
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heating using a heating source positioned below the substrate. Densely populated
nanoparticles were synthesized in situ on both sides of the film (thickness of ~30 um),
which indicates the effectiveness of radiation-based heating as well as the good thermal

conduction of the CNF networks (Fig. 12.4e-f).

(a) Chamber
Carbon substrate
Zigzag drying T -
i T up t0 2000 K l
Time= width/speed

7 " .;
Solution based Roll
precursor loading

Precursor loaded carbon film

| ———
PRI T =TSy

[

oy

Fig. 12.4. (a) Continous roll-to-roll mnufactug chemaic ofa arbon—metallic NP
composite by rapid radiative heating. (b) A custom-built chamber to simulate a small-
scale, roll-to-roll process located within Dr. Hu’s lab at the University of Maryland,
College Park. (c¢) To mimic the roll-to-roll process by radiation-based heating, the
precursor-loaded carbon substrate was placed above the radiative heating source for
~1s at ~1500K. (d) The NP-loaded carbon film synthesized by radiation-based heating
(i.e. scalable CTS). SEM image of Pt NPs synthesized by radiative heating on a ~30
um thick CNF film: (e) direct contact and (f) backside.
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Chapter 13: Discussion and conclusion

13.1 Summary

In this thesis, we have focused on the study of high temperature engineering on
nanomaterials toward scalable nanomanufacturing. It is found that the electrical
triggered Joule heating acts as a new route for high temperature processing of
nanomaterials owing to the following features: (1) highly and precisely controllable
temperature through programmable electrical input; (2) directly and localized heating
of the materials leading to exceptionally high temperature (up to 3000 K) and extreme
heating/cooling rate (~10° K/s), which enables the study of nanomaterials under these
extreme conditions (ultrahigh temperature and ultrafast heating/cooling); (3) Joule
heating is directly applied onto the object itself and ~90% of input energy is effectively
converted into Joule heat for heating, making the process highly effective and economic
for scalable nanomanufacturing. According to these features of Joule heating, we have
achieved the following for the first time:

We developed highly stable and controllable high temperature heating sources
for microscale/nanoscale heating, and studied the related high temperature lighting and
heating phenomena. The heating sources are based on carbon-based (nano)materials
that can be in 1D fiber, 2D sheets/films, or 3D printed structures. Stable high
temperature (3000 K) and ultrafast heating rate (10° K/s) were achieved in these heating
sources which is critical for later in materials processing. Compared with other heating
sources, such as furnace, laser, and infrared radiation, the heaters based on Joule
heating of carbon-based (nano)materials have the following distinct advantages: (1)

higher temperature up to 3000 K and fast heating/cooling rates; (2) arbitrary shape
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design with small sizes and onto different substrates to enable heating anywhere. The
stable and controllable heaters for the first time provide a facile strategy for controllable
and localized heating and are essential for high temperature engineering of
nanomaterials which requires extreme heating capability.

The extremely high temperature engineering is applied to carbon-based
nanomaterials for ultrahigh temperature annealing (>2500 K in ~20 minutes). In the
carbon nanofibers, the high temperature efficiently graphitizes the carbon materials
with improved crystallinity and fewer defects. Importantly, the rapid heating (~100
K/min) is capable of fast annealing and lead to carbon welding in CNFs at junctions,
namely, these CNFs are fused together for adjacent CNFs. The welded-CNFs shows
greatly improved conductivity and mechanical properties as a result of forming 3D
interconnected CNFs structure, addressing the poor interface problems in many carbon-
based nanomaterials. In the carbon nanotubes, we continue to apply ultrahigh
temperature annealing to weld crystalline CNTSs together by incorporating a thin layer
of the polymer as the welder to form 3D interconnected structures, defined as an
“epitaxial welding” process. The pristine individual CNTs were connected by the thin
polymer shell on CNTSs; after high temperature annealing, these polymer shells were in
situ converted into the graphitic shell using the embedded CNTSs as growth templates.
The final 3D CNTs shows enhanced conductivity and mechanical properties by
addressing the poor interface problems. The high temperature annealing not only helps
remove the defects in carbon-based nanomaterials, but also bring these nanomaterials
together into an interconnected structure, which is critical to transfer their excellent

properties at the nanoscale to macroscopic scale and used in devices and products.
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The extremely high temperature engineering is also applied to metal salt loaded
carbon substrates for ultrafast thermal shock (~2000 K in 55 ms). The rapid thermal
shock method (RTS) can in-situ synthesize ultrasmall, well-dispersed nanoparticles on
carbon matrix from metal precursor salts. Metal salts decompose rapidly at such high
temperatures and nucleate into well-dispersed metallic nanoparticles during the rapid
cooling step (cooling rate of ~10° K/s). These ultrafine, well-dispersed nanoparticles
on conductive substrates can be utilized directly for catalytic reactions. In addition, by
simply varying the salt precursor into different salt mixtures, we synthesized bimetallic,
multimetallic and high entropy alloy nanoparticles containing up to 8 different and
immiscible elements. The high temperature is well above the decomposition
temperatures of salt precursors and even above their melting point, therefore, leading
to the atomic mixing at high temperature (liquid alloy state). Rapid quenching (rate of
~10° K/s) freezes the completely mixed state to form solid solution nanoparticles with
a narrow size distribution. This is for the first time synthesizing of HEA-NPs enabled
by the unique high temperature shock method which combines the merits of high
temperature and rapid quenching. The HEA-NPs exhibit highly improved catalytic
performances for ammonia oxidation compared with phase-separated counterparts.

The high temperature engineering methods proposed in this thesis are highly
facile, efficient, and reliable towards scalable nanomanufacturing. We also developed
methods to further speed up or extend these processes. For example, thermal shock of
3D carbonized wood structure enables synthesis of nanoparticles in a 3D bulk structure
with 100x increase in particle production efficiency. Also, by employing non-contact

radiative heating, large-scale substrates can be easily incorporated (either conductive
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or non-conductive substrate), and a continuous roll-to-roll production process is
possible for the rapid synthesis of various nanoparticles and nanostructures, pushing

the synthesis capability further.

13.2 Future directions

The above results have successfully demonstrated that new structures and
improved properties can be achieved for those nanomaterials with proper selection of
high temperature engineering protocols, either ultrahigh temperature annealing for the
interface engineering of carbon-based nanomaterials, or ultrafast thermal shock for the
synthesis of well-dispersed nanoparticles. The current thesis serves as the preliminary
explorations of using (extreme) high temperature engineering protocols on
nanomaterials and the current results are enormous and profound. It is my strong
believe that high temperature engineering of nanomaterials is just the beginning and

more are waiting to be explored.

In the following research, the following topics are of interests: (1) expand high
temperature engineering methods to more nanomaterials, such as semiconductors,
composites, and so on; (2) understanding of the mechanisms involved in the high
temperature engineering processes; and (3) process optimization and establishing

toward scalable manufacturing.
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