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CONSPECTUS: A wide range of groundbreaking advancements in
electronics, photonics, nanocomposites, etc., have been achieved in the past
decades due to the favorable attributes of single-layer graphene, including
its record-breaking thermal conductivity, charge carrier mobility, fracture

strength, and Young’s modulus. However, the realization of the potentials -
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of macroscale graphene assemblies has remained challenging. The
difficulties mainly lie within manipulating graphene sheets into an orderly
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intermolecular orientation and controlling the macroscopic ordering of the
graphitic domains. Controlling the formation of graphene macroscopic
structures and eliminating defects on both the nano- and microscales
meanwhile optimizing performance is no easy feat. To address these ‘
microstructural issues in macroscopic graphene assemblies, multiple High Performance Assemblies
chemical, thermal, and mechanical approaches have been developed with
a goal of overall performance enhancement. Therefore, in this Account we
provide a brief review of our contributions in the microstructure engineering of macroscale graphene assemblies with the focus on
graphene fibers (GFs), graphene papers (GPs), and other graphene-based assemblies with graphene oxide (GO) colloids as
precursors.

Building upon the developments in wet chemistry on assembling individual GO sheets into macroscopic structures, we successfully
intercalated large GO sheets with small GO sheets, which increased compactness for wet-spun GFs without disturbing the sheet
orientation and alignment of the large GO sheets. Increasing GO compactness during wet assembly allows for the increase of thermal
and electrical conductivities as well as the mechanical strength of GFs at a single stroke. A high degree of alignment of graphene
sheets with abundant sp® carbon atoms is also necessary for achieving high thermal and electrical conductivities in graphene
assemblies. Fine control of GO sheet alignment and orientation during the wet-spinning assembly is demonstrated through the shape
and size confinement of fluidic flow channels. Utilizing this shear-stress-induced self-alignment strategy, the core—shell
nonuniformity problem of GFs is addressed. Also, a correlation between the rheological properties and flow patterns of GO during
wet-spinning and the microstructure of the GF assemblies is established.

In addition to the orientation of graphene sheets, the crystallite size and macroscopic ordering within graphene assemblies also play
important roles in determining their performances. Larger and highly oriented graphitic crystalline domains allow for higher thermal
and electrical conductivities. By manipulating crystallite domain size and arrangement through high temperature graphitization, the
electrical and thermal conductivities and Young’s modulus of GFs can be significantly enhanced. Fine temperature control can also
help retain residual covalent cross-links between neighboring graphene sheets, meeting the need for balancing tensile strength, and
thermal and electrical conductivities.

The enhancement of GF mechanical, thermal, and electrical properties through optimizing the compactness and alignment of
graphene sheets and the orientation of graphene crystallite domains have significantly improved the engineering capability of GFs.
Such an improvement has been largely beneficial to flexible electronics research and has shown great potential in multifunctional
composite materials. Similar strategies have also been emulated on related graphene-based materials such as graphene papers (GPs)
and graphene fiber meshes (GFMs), yielding unique and favorable properties and performances.
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1. INTRODUCTION

The bottom-up assembly of nanoscale materials into micro-
scale structures and macroscale devices has long been an
appealing goal in the field of nanotechnology. Of the wide
range of nanomaterials developed in the past four decades,
graphene has become one of the most promising and favorable
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Figure 1. Molecular orientation (graphene sheet alignment) and macroscopic ordering of crystalline graphitic domains within the macroscopic
graphene structures. Top-down from (a) to (d): (a) macroscopic GFs (reproduced with permission from ref 6; copyright 2019 Springer Nature);
(b) macroscopic ordering and arrangement of graphitic amorphous carbon domains (reproduced with permission from ref 6; copyright 2019
Springer Nature); (c) molecular alignment and ordering of graphene sheets within a graphitic crystallite; (d) interlayer distance between individual

graphene layers. Scale bars, Sum (a) and 1um (b).

materials due to its extraordinary physical features and rich
chemistry. Among its different assembly approaches, significant
breakthroughs have been achieved using the fluid assembly of
GO sheets into macroscopic materials, including fibers (1D),
papers (2D), and aerogels (3D).'~*

Before the advent of macroscopic graphene materials, low
density, high strength, and high stiffness carbon fibers (CFs)
were indisputably the most prominent members in the family
of macroscale carbon materials. In 2011, with the development
of a facile wet-spinning approach for assembling GO fibers
(GOFs) from GO dispersions and various methods for
subsequently reducing GOFs, GFs emerged as an alternative
carbonaceous macroscale fiber material to conventional
mesophase pitch-based (MPP-based) and polyacrylonitrile-
based (PAN-based) CFs in the CF family." Compared to
conventional CFs, the rich chemistry and intriguing fluid
properties of the fluid GO precursors have allowed for the
versatile assembly of GFs with tunable mechanical properties.”
Meanwhile, graphene’s outstanding electron and phonon
transport properties have also made a mark on the superior
performance of GFs.” In recent years, significant research
efforts on the assembly process have allowed the assembled
macroscopic graphene structures to mostly maintain excellent
physical, thermal, and electrical properties of individual
graphene sheets. High-performance GFs are now outperform-
ing the best conventional CFs in both thermal and electrical
conductivities.”® In terms of mechanical properties, some GFs
can come on par with some commercially available CFs.” In
contrast, others have been engineered to be highly flexible,®
presenting a high degree of tunability.

Despite these recent advancements, the overall goal of
fabricating GFs to realize outstanding mechanical, thermal, and
electrical performances simultaneously remains challenging.
On the microscale, the requirements for mechanical
strengthening and thermal and electrical conductivity enhance-
ment pose an apparent conflict. The abundance of highly
aligned sp” graphene sheets is beneficial for high thermal and
electrical transports in GFs. Yet, the mechanical interaction
between these sp’ graphene sheets is limited due to their
relatively weak van der Waals interactions.” Cross-links can
enhance the mechanical interaction between graphene sheets.
However, the sp® cross-linking bonds also behave as effective
phonon and electron scattering centers, thus decreasing

thermal and electrical conductivities."”'" The skin effect that
typically occurs during the wet-spinning assembly of GOFs
translates to a core—shell structure in GFs after chemical or
thermal reduction.” The random graphene sheet alignment
within the fiber core leads to a turbostratic arrangement of
graphitic domains in the transverse direction.'' These domains
with low crystallinity, small crystallite size, and an abundance
of pinhole defects and structural flaws significantly impede the
phonon and electron transport in GFs.’

GPs have also become transformative macroscale 2D
materials due to their high aspect ratio, ease of assembly,
and the potential to compete with bucky papers and carbon
nanotube papers. For functional applications, mechanical and
electrical property enhancement through microstructural
improvements, including compactness enhancement and
interfacial cross-linking, has been a priority of GP research.
GP compactness has been successfully improved by various
methods, e.g, by introducing soft porous GO sheets as a
binder to improve interlayer packing and load transfer,"”
mixing rGO nanoflakes with GO sheets to assist GO
densification during graphitization, and introducing other
small sized 2D nanosheets between GO sheets to densify
graphene oxide papers (GOPs) prior to their reduction into
GPs."’~"7 All these strategies resulted in densified micro-
structures within GPs and improved their toughness and
mechanical strength. To simultaneously improve the mechan-
ical and electrical performances of GPs, a number of interfacial
cross-links, including covalent bonding, 7—n bonding, and
ionic bonding, have been used in combination with each
other."* "> However, despite the improvements that have been
brought by these efforts, there is much space for further
enhancing the performance of GPs, particularly with respect to
their thermal conductivity.

In this Account, we discuss the strategy of multiscale
graphene-based assembly optimization, particularly molecular
orientation and macroscopic ordering (as shown in Figure 1).
Different methods that simultaneously enhance mechanical,
electrical, and thermal properties on the atomic-, nano-, and
microscales are highlighted. Key aspects of materials control
and processing mainly include the controls and manipulations
of (1) GO sheet size, (2) alignment of the GO sheets during
fluidic flow-assisted assembly, and (3) high temperature
annealing of GFs. Each of these methods focuses on improving
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Figure 2. Highly thermally and electrically conductive and mechanically strong GFs (reproduced with permission from ref S; copyright 2015
American Association for the Advancement of Science): (a) schematics of GOFs and GFs with an “intercalated” structure of large and small-sized
graphene sheets; (b) and (c) greatly enhanced thermal transport and mechanical strength of the optimized GFs; (d) and (e) optimization of
thermal and electrical conductivities with various degrees of SMGO intercalation.

one or more of the four major materialistic aspects that
determine the performance of GFs, including layer interaction
between graphene sheets, GO/graphene sheet alignment, GO/
graphene sheet compactness, and graphitic domain size,
crystallinity and macroscopic ordering. These four materialistic
aspects govern the quality of performance in many other
graphene-based assemblies in general. In our work, we also
touch upon the development of GPs and GFMs with unique
performances based upon the same materialistic improvement
principles. The scientific significance and application potentials
of these efforts of multiscale structural optimization of GFs and
other graphene-based assemblies are also highlighted.

2. GRAPHENE OXIDE SHEET SIZE CONTROL

Liquid-phase chemical exfoliation of graphite involves the
chemical introduction of functional groups onto its graphene
layers. These functional groups weaken the van der Waals force
between functionalized graphene layers, thus forming dis-
persions, most commonly in the form of GO.* Liquid-phase
chemical exfoliation has proven to be an excellent method of
producing GO precursors for graphene-based assemblies
thanks to its scalability, versatility, rich chemistry, and the
easy processability of GO in its liquid phase.* As the lateral size
of single-layer GO sheets directly corresponds to their
molecular weight, through isopycnic differential centrifugation,
GO sheets with a lateral size approaching 100 pm can be
selected.”” Smaller GO sheets, down to the submicrometer
scale, can either be obtained by tuning the centrifugation
process and selecting the upper layers of the centrifuged GO
colloid or through sonicating dispersions of larger GO sheets.’

2.1. GFs with GO Precursors of Large Sheet Sizes
Prior to the development of the GF wet-spinning assembly
method, studies on mechanical properties of carbon nanotube

fibers (CNTFs) have revealed that lateral interactions between
adjacent carbon nanotubes (CNTs) increase as their aspect

ratios increase. This in turn leads to the increase in the
CNTFs’ overall tensile strength.”’ The alignment of CNTs
within CNTFs was also identified as a factor influencing their
mechanical performance. Better alignment of these CNT
building blocks contributed to their higher tensile strength and
Young’s moduli.**

As a similar assembly of high aspect ratio nanocarbons, early
GFs had electrical conductivities comparable to most PAN-
based CFs and orders of magnitude higher than that of
graphene polymer composite fibers." However, their tensile
strength of less than 200 MPa and Young’s moduli of less than
10 GPa were considerably lower than these of the high
performance CNTF and CF counterparts.">**°

Inspired by the mechanical property improvement of
CNTFs through increasing the aspect ratio of individual
CNTs, Xu et al. successfully increased the tensile strength of
GOFs to 364.4 MPa by using giant graphene oxide (GGO)
sheets as the wet-spinning precursor. The average lateral size of
the GGO sheets was 18.5 ym, with the largest sheets reaching
42 um. After chemical reduction by hydroiodic acid, the
oxygen functional groups on the GGO sheets were partially
removed, decreasing interlayer spacing, leading to increased
interlayer van der Waals interaction while preserving the
hydrogen bonding between residual functional groups.
Consequently, the tensile strength of the resulting GFs was
further increased to 501.5 MPa, and the Young’s modulus
reached 112 GPa.* In graphene assemblies, the electrical
resistance between adjacent graphene sheets is larger than that
within an individual graphene sheet.”” This leads to the 40%
increase of electrical conductivity compared to GFs assembled
from small graphene sheets, since using GGO building blocks
reduces the sites of high interlayer resistance in a GF.”
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Figure 3. Shape and size confinements of graphene macroscopic structures by microfluidics-assisted assembly (reproduced with permission from
ref 6; copyright 2019 Springer Nature): (a, ¢, i) GO sheet alignments during fluid flows inside microchannels with different geometries and aspect
ratios and (b, f, j) corresponding microstructures, revealed by SEM images; (c, g k) graphene sheet alignment by WAXS and (d, h, 1) the
mechanical properties of the resulting graphene-based macroscopic structures. Scale bars, 1ym (b), lum (f), 0.5 um (j), and 20 nm™" (c), (g) and

(k), respectively.

2.2. GF Performance Optimization by Blending GO Sheets
of Large and Small Sizes

The employment of GGO sheets as the building blocks for
GFs significantly increases the interaction between individual
sheets, contributing to the improvement in mechanical and
electrical properties. However, careful examination of GGO
GFs under small-angle X-ray scattering (SAXS) reveals strong
equatorial streak patterns. These patterns indicate slit-shaped
microvoids with a high aspect ratio well-aligned to the fiber
axis. During the subsequent chemical and thermal reduction
process, the removal of oxygen-containing functional groups in
the form of gaseous H,0, CO, and CO, causes the formation
of these microvoids, further causing GGO GFs to have lower
than optimal compactness and introducing electron and
phonon scattering points. As a result, further improvement of
the mechanical, thermal, and electrical properties of GGO GFs
is greatly hindered.’

Understanding the importance of eliminating microvoids
within GFs and increasing fiber compactness, we proposed
mixing small-sized GO (SGO) (average lateral size 0.8 um)
with GGO (average lateral size ~23 pm) before wet-spinning
to form new GFs with SGO sheets intercalated between GGO
sheets (Figure 2). The intercalated SGO would occupy the
locations within the GFs where microvoids would have formed
otherwise, leading to an increase in compactness of GF
microstructures.” This is corroborated by the deformation of
the SAXS equatorial streak from patterns showing strong
anisotropy to isotropic ellipse patterns, suggesting the
transformation to a random distribution of the remnant slit-
shaped microvoids.” The addition of SGO with low aspect
ratios increases the overall misalignment of graphene sheets
but poses no impediment to the physical properties of GFs.
Thus, to achieve optimal performance, the addition of 30 wt %
SGO was experimentally determined and recommended. Upon
thermal annealing at 2850 °C, whose effect will be touched

10

upon in section S, the thermal and electrical conductivities and
Young’s modulus achieved 1290 WmtK?, 221 x10°Sm™,
and 135 GPa, respectively. These values show 29%, 23%, and
35% improvement compared to that of pure GGO GFs
thermally annealed at the same conditions. The maximum
tensile strength of 1080 MPa was achieved upon thermal
annealing at 1800 °C, 14% greater than the highest tensile
stre;1§2th achieved by GGO GFs thermally annealed at 1600
OC. i

3. MICROFLUIDIC MANIPULATION OF GRAPHENE
OXIDE SHEETS

Besides improving fiber compactness, another important
materialistic factor for enhancing GF performance is improving
graphene sheet alignment. The balance between alignment and
compactness is taken into consideration when optimizing the
weight percentage of SGO in the wet-spinning precursor
mixture.” Yet in pure GGO GFs and optimized GFs alike, it
can be observed that within the core of these GFs, there is a
lower degree of graphene sheet alignment compared to the
outer layers. Along with high porosity and rough cross-
sectional morphology of the GF core, this difference in
graphene sheet alignment is indicative of a core—sheath
structure commonly seen in GFs.””

3.1. GO Sheet Alignment Control through Microchannel
Size and Shape Confinement

During the wet-spinning process, GO sheets are prompted by a
shear force to align along the flow direction. Within a tubular
spinneret, the shear force that induces alignment is stronger
near the spinneret inner wall and weaker at the center of the
flow. This difference in alignment along the transverse
direction of the flow is preserved through subsequent GF
fabrication processes of coagulation and reduction, translating
into a core—sheath structure in GFs. Heavily wrinkled
graphene sheets randomly aligned within the fiber core,

https://dx.doi.org/10.1021/accountsmr.0c00053
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Figure 4. Process—structure—property correlations of the graphene belt structure by microfluidics-assisted assembly (reproduced with permission
from ref 6; copyright 2019 Springer Nature): (a)—(c) schematic drawings of microchannels with different heights; (d)—(f) in situ SAXS patterns
acquired from GO fluids inside microchannels in (a)—(c); (g)—(i) microstructure of the annealed graphene belts wet-spun from microchannels in
(a)—(c); and (j)—(1) corresponding SAXS patterns; (m) a linear correlation of the orientation parameter of GO fluid flow and the order parameter
of the final resultant graphene belts determined from SAXS; (n) linear correlations of the orientation parameter of GO fluid flow and the tensile

strength and thermal conductivity of the final resultant graphene belts.

forming turbostratic crystallite domains instead of fully
graphitic ones. Microvoids on the fiber cross-section are
overwhelmingly found in the fiber core.”’

Tubular spinnerets have cross sections with a low circum-
ference to area ratio of 4:D, where D is the inner diameter of
the spinneret, usually at around 100 ym. By employing a
smaller tubular spinneret, Xu et al. were able to fabricate
ultrastrong GFs with a cross-sectional diameter of less than 2
pm using a low concentration GO dispersion.” The core to
sheath ratio within the cross sections of these thin GFs is
significantly smaller than that of GFs with larger diameters.

To further reduce core to sheath ratio, our group used flat
microchannels that are geometrically compatible with GO
sheets as spinnerets (Figure 3e,i).” Graphene belts were wet-
spun from these flat microchannel spinnerets. Examination of
the microstructure of anisotropic graphene belts reveals much-
improved sheet alignment (Figure 3f;j) and a complete absence
of turbostatically arranged crystallite cores as seen in tubular
fibers with a core—sheath structure (Figure 3b). Enhanced
sheet alignment of the graphene belts is further confirmed by
the narrow dispersion of the (002) plane on their wide-angle
X-ray scattering (WAXS) patterns (Figure 3g)k)."’

To understand how different processing parameters
including GO concentration, flow rate, and the dimensions
and shape of the microfluidic channels affect the alignment of
GO sheets in fluids and graphene sheets in final resultant
graphene belts, in situ SAXS was performed to determine the
GO sheet orientation inside the GO flows within the

11

microchannels. It was found that as the heights of the
microchannels decreased (Figure 4a—c), the SAXS patterns for
the GO flows became more anisotropic (Figure 4d—f).% SAXS
patterns with a higher degree of anisotropy indicate a higher
degree of GO sheet orientation within the microchannel. The
GO sheet orientation can be quantified by converting the
orientation distribution into a Hermans order parameter.® At
the same flow velocity and volumetric flow rates, SAXS
patterns of GO flows from flat microchannels with lower
aspect ratios are more anisotropic than that of GO flows from
tubular microchannels, corresponding to a higher Hermans
order parameter and a higher degree of GO sheet orientation
due to the enhanced shear stress along the channel wall.®
Increasing flow rates also increases the shear stress applied to
GO sheets in the microchannel, improving the sheet
orientation initially until saturated at higher flow rates.’

The orientation order of GO sheets in a microchannel flow
can be preserved and is directly transferred to a higher degree
of alignment of the graphene sheets in the final resultant
graphene belts. High Hermans order parameters of the
obtained graphene belts indicate a strong impact that GO
sheet alignment control during the fluidic-assisted assembly
process has on microstructure optimization (Figure 4g—m)
and performance enhancement (Figure 4n).° A positive linear
correlation can be found between the Hermans order
parameter of the GO flows in flat microchannels, the order
parameter of the graphene sheets, and the resulting tensile
strength and thermal conductivity of the graphene belts. The

https://dx.doi.org/10.1021/accountsmr.0c00053
Acc. Mater. Res. 2021, 2, 7-20


https://pubs.acs.org/doi/10.1021/accountsmr.0c00053?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/accountsmr.0c00053?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/accountsmr.0c00053?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/accountsmr.0c00053?fig=fig4&ref=pdf
pubs.acs.org/amrcda?ref=pdf
https://dx.doi.org/10.1021/accountsmr.0c00053?ref=pdf

Accounts of Materials Research

pubs.acs.org/amrcda

w_/ z
L,

0 0.1 02

\V/‘\\ s

0 50

100

150

ok,

(100)/(101)

04

200 250

Figure S. Control of flow patterns from contraction and step-expansion flows to control molecular orientation and macroscopic ordering of the GO
and graphene sheets in the fluid flow and annealed GFs wet-spun from the corresponding fluidic flows (reproduced with permission from ref 6;
copyright 2019 Springer Nature): (a, e) schematics of GO orientation during fluid flow from contraction and step-expansion patterns; (b, f)
computational fluid dynamic simulations of the calculated elongation rates of GO; (c, g) microstructure and graphene sheet orientation; (d, h)
corresponding WAXS patterns showing structural orientation and arrangement of the graphene sheets in thermally annealed GFs. Scale bars, 0.5um

(c), 200um (g), SO0y (inset of g), and 20nm™" (d) and (h), respectively.

optimized tensile strength and Young’s modulus reach 1.9 GPa
(Figures 3l and 4n) and 309 GPa, respectively, for the
graphene belts with well-aligned graphene sheets and an order
parameter of 0.94.°

The underlying mechanisms of size and shape confinement
in tubular (Figure 3a) and flat microchannels (Figure 3e,i) are
further analyzed by computational fluid dynamics simulations.
According to simulation results, circularly distributed shear
stress between geometrically mismatched 2D GO sheets and
tubular channels tend to roll GO sheets to match the shear
stress profile. Counteracted by the movement of GO sheets in
the nematic phase, this effect leads to heavy wrinkling and
distortion of the GO sheets, which results in GO sheets
misaligning from the channel axis. When flowing within a flat
channel, the degree of deformation and rotation of GO sheets
depends on the difference in the lateral dimensions of the GO
sheet and microchannels. When the lateral size of the GO
sheets is much smaller than the channel size, the dimensional
discrepancy allows for the rotation of GO sheets within the
microchannels. When the lateral size of GO sheets approaches
that of the microchannel, deformation and rotation of GO
sheets are geometrically limited. The strong size and shape
confinement leads to high degrees of orientation of GO sheets
in fluidic flow. The overall shear-thinning phenomenon of GO
within flat microchannels also reduces interactions between
GO sheets, limiting the disturbance on alignment from each
other during the microfluidic-assisted assembly process.

3.2. Assembling Graphene Structure by Contraction and
Step-Expansion Flows

In 2012, contraction and step-expansion flows were success-
fully used by Kiriya et al.”® to manipulate the orientation of
microfibers within a sol—gel fiber assembly. It was found that
contraction flows facilitated the alignment of microfibers along
the flow direction, while step-expansion flows reoriented
microfibers perpendicular to the flow direction. Cylindrical
polymeric micelles also reoriented perpendicularly to the flow
after passing through a step-expansion flow, as observed by
Trebbin et al. in 2013.”” Further confirmation was given that
this reorientation was stable.>’ If not modulated, micelles
would propagate downstream in the perpendicular orientation.

Both the microfibers studied by Kiriya et al.”® and the
polymeric micelles studied by Trebbin et al. were liquid crystal-
forming nanoparticles with high aspect ratios.””*’ Prompted
by the similarities they have with GO sheets, our group looked
into the possibility of further tailoring the graphene sheet
orientation in GFs by introducing contraction and step-
expansion flows into the wet-spinning process.’ Specifically,
contraction flows were created by directing GO through a
microchannel with a contracted cross-section along the flow
direction (Figure Sa), and step-expansion flows were created
by pumping GO from a contracted channel into a suddenly
expanded channel (Figure Se).

For the contraction flow, the gradual reduction of the
channel cross-sectional area increases the elongation rate and
flow rate in the flow direction. This results in increased shear
stress and decreased viscosity of the GO flow (Figure Sb),
which are favorable for improving GO sheet alignment.
Analysis of SAXS patterns also shows that the less anisotropic
pattern of the GO at the inlet drastically narrows into a strip as
it approaches the center of the channel, indicating a significant
improvement in GO sheet alignment. After this alignment is
saturated at the midpoint through the channel, the narrow
SAXS pattern remains unchanged until the outlet of the
channel. WAXS patterns of graphene tubes wet-spun from a
contraction flow show narrowly dispersed arcs of the (002)
plane (Figure 5d), further confirming the effect of contraction
flow on ensuring high sheet orientation in the resulting
macroscale graphene assembly.”'’

For the step-expansion flow, the sudden inflation of the
microchannel induces high extensional rates at the inlet of the
expanded section (Figure 5f), leading to the rearrangement of
GO sheets perpendicular to the flow direction. This is
supported by the 90° rotation of the major axis of the SAXS
pattern of the GO solution before and after the inlet of the
expanded section. SEM observation shows the vertical
alignment of the graphene sheet perpendicular to the axial
direction of the final graphene rods (Figure Sg). WAXS
patterns of graphene rods wet-spun from step-expansion flow
channels show clear equatorial arcs of the (100)/(101) and
(102) planes, while (002) and (004) scattering planes in GFs
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are not evident (Figure 5h).' The effectiveness of
manipulating graphene sheet alignment through a step-
expansion flow is thus further confirmed. In comparison, a
gradual-expansion GO flow formed by reversing the flow
direction in the contracted microchannel does not yield highly
aligned GO sheets. The extension rate of the gradual-
expansion flow, which is 3 orders of magnitude lower than
the highest extension rate in the step-expansion flow, results in
randomly oriented GO sheets at the microchannel outlet.’

4. HIGH TEMPERATURE THERMAL ANNEALING

High temperature heat treatment above 2000 °C under an
inert atmosphere is practiced during the production of
conventional PAN- and MPP-based CFs.'”*>*"** On the
microscale, the crystallite dimension in the direction parallel to
the fiber axis of both types of CFs increases monotonically as
the heat treatment temperature increases from 1300 °C up to
2700 °C."° On the nanoscale, for PAN-based CFs in particular,
high temperature induces new C—C bonding during the
removal of nitrogen atoms.”> While both types of CFs exhibit
outstanding Young’s modulus and tensile strength, PAN-based
CFs display higher tensile strength due to abundant C—C
cross-links, and MPP-based CFs have higher Young’s moduli
but lower tensile strength due to their larger crystalline
dimensions."

In addition to increasing Young’s modulus, the growth of
crystallite domains in CFs also contributes to the increase of
thermal and electrical conductivities. Since the size of
crystallites in MPP-based CFs are generally larger, their
conductivities are usually higher. However, both PAN- and
MPP-based CFs suffer from relatively low electrical and
thermal conductivities for a number of factors. In PAN-based
CFs, sp® hybridized cross-linking atoms behave as phonon
scattering centers and disrupt delocalized #-bonds, limiting
both thermal and electrical conductivities.”'”'" While for
MPP-based CFs, despite having larger crystallite sizes than
PAN-based CFs, the growth of crystallites is still somewhat
hindered by the formation of hydrogen bonding between
adjacent carbonyl and carboxyl groups during the necessary
oxidation process prior to carbonization.

In 2013, GO heat treatment experiments by Song et al.
revealed that, at a high temperature of 2000 °C, GO sheets
were reorganized into a highly ordered hexagonal carbon
lattice structure.”® The morphology of this annealed graphene
material, with its isolated carbon sheets, resembled that of high
temperature treated carbon materials, such as CFs. Moreover,
X-ray photoelectron spectroscopy (XPS) showed that all
oxygen-containing functional groups were removed from the
carbon lattice structure. These striking similarities of the effect
of high temperature thermal treatment between GO and
conventional CFs, with highly conductive MPP-based CFs in
particular, raise the question of what effects high temperature
thermal treatment would have on GFs and other graphene-
based assemblies with GO sheets as precursors.

4.1. Limitations of Chemical Reduction and Mild
Temperature Thermal Annealing

In the earlier research of GFs, up to 2015, chemical reduction
and thermal annealing at mild temperatures (800—1500 °C)
were the common approaches taken to enhance the
mechanical properties and electrical conductivities of
GFs.”»**%7 Both approaches result in the removal of the
majority of oxygen-containing functional groups, leading to a
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decrease in interlayer distance and an increase in sp> carbon
atoms. The decrease in interlayer distance allows for stronger
van der Waals interactions between graphene sheets and
strengthens the hydrogen bonding between residual oxygen-
containing functional groups.” The combined effect leads to an
increase in tensile strength and Young’s modulus. The increase
in sp” carbon atoms allows for the formation of a delocalized 7
cloud, enhancing the electrical conductivity of GFs.'
However, despite the attributes of these two approaches, the
tensile strength (100—900 MPa) and Young’s modulus (5—20
GPa) of these GFs are still one magnitude lower than that of
CFs.””**"" The electrical conductivities of these GFs are also
consistently limited to <10° S m™’, lower than that of CNT
fibers.”®

The limitations of chemical reduction that prevents further
improvements in GF performance include the inability to fully
remove oxygen-containing functional groups, the introduction
of microvoids during the removal of oxygen-containing
functional groups as gaseous H,O, and the inability to increase
crystallite size and improve crystallite orientation through the
rearrangement of the turbostratic graphite microstructure.’
Compared to chemical reduction, mild temperature thermal
annealing will lead to an increase in GF crystallinity.” However,
the thermal annealing process releases CO, and CO in
addition to H,0.” This results in the formation of more
microvoids at mild annealing temperatures and a reduced GF
compactness due to carbon loss, balancing out the benefits of a
higher crystallinity to GF performance.’

4.2. Superior Performances of High Temperature
Annealed GFs

Driven by the aforementioned successful conversion of random
GO sheets into a graphitic structure through high temperature
thermal annealing, and in order to improve GF performance
beyond the limitations of chemical and mild temperature
thermal reduction, our group applied high temperature thermal
annealing (up to 2850 °C) to GF fabrication in 2015.° In
combination with the strategy of optimizing the ratio of GGO
and SGO, the high temperature thermally annealed GFs
achieved significant and simultaneous improvements in tensile
strength, Young’s modulus, and electrical conductivity.
Notably, the reported thermal conductivity was higher than
the highest thermal conductivity reported in CFs.*®

More recently, in combination with employing high aspect
ratio flat microchannels for wet-spinning, graphene belts
thermally annealed at 2500 °C further achieved excellence in
their mechanical, electrical, and thermal performances.
Measured using an electromechanical test system with a 20
mm gauge length and 0.5 mm min~! extension rate, the tensile
strength of these graphene belts reached 1.9 GPa, and their
Young’s moduli reached 309 GPa. The electrical conductivity
of these graphene belts measured by a four-probe method
exceeds that of all conventional CFs at 1.0 X 10° S m™!, while
their thermal conductivity of 1575 W m™" K™! measured by a
well-established electrical self-heating method surpasses that of
all macroscale graphene-based assemblies.’

Aside from our group’s efforts, Xu et al. further pushed the
limit of the thermal annealing temperature to 3000 °C.” The
average tensile strength and Young’s modulus measured at S
mm gauge, and electrical conductivity of the GGO GFs are
1.78 GPa, 385 GPa, and 8 X 10° S m™, respectively. More
recently, Li et al. developed a continuous plasticization
stretching method that regulates the intrinsic wrinkling of
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GO sheets in GOFs.”” By intercalation of GO with small
molecule plasticizers, the interlayer distance increases from 1.0
to 1.2—1.8 nm, resulting in a decrease in the van der Waals
attraction between adjacent graphene sheets. Under tension,
the lower van der Waals attraction leads to plastic interlayer
sliding instead of elastic deformation. Within the interlayer
distance range 1.2—1.8 nm, the interlayer attraction and sliding
are in balance. Large plastic deformations of GO sheets occur
and result in the flattening of wrinkles. With the elimination of
their wrinkles, GO sheets become more compact and aligned.
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The extended conformation of straightened GO sheets also
facilitates substantial growth of the graphitic crystallites along
the stretching direction during high temperature thermal
annealing. Both these effects lead to a new record mechanical
strength of 3.4 GPa in their GFs. Meanwhile, focusing on a
substantial reduction in annealing time, Noh et al. successfully
developed a Joule heating method using a high electrical
current to anneal GOFs at temperatures up to 2000 °C.*
Within only S min, the sp” lattice structure was largely restored
within the fibers. Despite lower than that of GFs annealed
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conventionally in furnaces over an extended time, the electrical
conductivity of these fibers reached ~1.0 X 10° S m™. This
result of electric current annealing demonstrates the promise
and inspires the adoption of more environmentally benign and
energy-efficient ways to improve GF performance.

Overall, high temperature annealing has allowed GFs and
their fiber-like derivatives, such as graphene belts, to far
outperform GFs annealed at milder temperatures and other
forms of graphene-based fibers in mechanical performance.
Only cross-linked GFs can reach the same magnitude of tensile
strength and Young’s modulus, usually at the expense of their
electrical and thermal conductivities (Figure 6a).”~*>*'~*" In
comparison to conventional CFs, high temperature annealed
GFs are capable of achieving higher thermal and electrical
properties even with significantly lower Young’s moduli. This
deviates from the traditional wisdom that high conductivities
always correlate with an ultrahigh stiffness (Figure
6b).>0253132383948 The increased flexibility of high temper-
ature annealed GFs is favorable for applications where the
stiffness of conventional MPP CFs is not desired, for example,
in wearable electronics.

4.3. Crystallographic and Chemical Effects of High
Temperature Annealing on GFs

The chemical and crystallographic evolution of GF micro-
structure during high temperature annealing ultimately dictates
the performance of GFs. Microstructure evolution during high
temperature annealing has multiple impacts on the mechanical,
electrical, and thermal performances of GFs. The most
profound impact is arguably causing the trends where Young’s
modulus and the electrical and thermal conductivities increase
monotonically with the increase of annealing temperatures. On
the one hand, these trends can be attributed to the monotonic
growth of crystallite size in GFs with the rise of annealing
temperatures. This is consistent with the effect of thermal
annealing on CFs and supported by the increase of Ig/Ip
shown by the Raman spectra of GFs when the annealing

15

temperatures increase from 1400 to 2850 °C.”** On the other
hand, the monotonic increase of electrical and thermal
conductivities can be explained by the lowering of the
impedance of electron transport and the decrease in phonon
scattering points by reducing the number of sp* carbon atoms
and grain boundaries.”"""** As thermal annealing temperatures
increase, the removal of oxygen-containing functional groups
prompts the transformation of sp* carbon into sp* carbon. This
transformation, also supported by the increase of I;/Ip, allows
for more phonon transport through sp’ bonding networks,
enhancing thermal conduction.” In the meantime, more sp”
bonding translates to a more favorable condition for
delocalized n-bonding formation, which also facilitates
electrical conduction.'" As for decreasing electron impedance
and phonon scattering at grain boundaries, high temperature
thermal annealing is also beneficial due to the growth of
crystallite size and the corresponding decrease of the number
of grain boundaries. Compared to the crystallite size of
conventional CFs, the crystallite size of high temperature
thermal annealed GFs is much larger, contributing greatly to its
superior conductivities (Figure 7).”~ %%

In contrast to the hindering effect of sp® carbon atoms on
thermal and electrical conductivities, C—C cross-links between
graphene sheets are crucial to the tensile strength of GFs.
Together with graphene sheet alignment and compactness,
these cross-links determine the tensile strength of GFs. As
annealing temperatures increase but remain below 1800 °C,
the increase in tensile strength can be mainly attributed to
densification and the enhancement of alignment of graphene
sheets. At these lower temperatures, substantial oxygen-
containing functional groups still remain even though some
decomposition occurs during annealing. Hydrogen bonds
between these remaining oxygen-containing functional groups
are thus maintained. New cross-links between adjacent
graphene sheets may also be formed during the decomposition
of oxygen-containing functional groups.” These cross-links and
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the hydrogen bonds between functional groups have a similar
effect of opposing graphene sheets from gliding.'” The
concerted effect of improved graphene sheet alignment and
compactness, and the abundance of cross-links allows the
tensile strength of GFs to peak when treated at 1800 °C.
Increasing thermal annealing temperatures from 1800 to 2000
°C leads to the slowing down of the improvement of graphene
sheet alignment and compactness while accelerating the
removal of cross-links. As a result, a substantial drop occurs
in GF tensile strength. At 2000 °C, all cross-links are fully
removed. The GF tensile strength remains constant as
annealing temperatures further increase.’

5. UNIQUE MICROSTRUCTURE CONTROL METHODS
FOR GRAPHENE PAPERS AND GRAPHENE FIBER
MESHES

Discussed in the previous section, the effect of the crystallo-
graphic and chemical evolution on GF performance also holds
true for the performance of other graphene-based assemblies,
including GPs and GFMs (Figure 8).7* As one of the earliest
macroscale graphene assemblies, GPs were first developed as a
cost-effective alternative to graphite films fabricated through
the pyrolysis of aromatic polyimide films and bucky papers
fabricated from carbon nanotubes. Similar to their competitors,
GPs have been widely applied to research projects in thermal
management, electromagnetic interference (EMI) shielding,
and supercapacitor development.”*>*" Due to the require-
ments of these applications, it has been essential for GPs to
simultaneously possess high mechanical strength and electrical
and thermal conductivities to stand out among their
competitors.

Compared to GPs, GFMs are newcomers to the family of
macroscale graphene-based assemblies. As a 2D derivative of
GFs, GFMs have shown great applicational potentials in
thermal managgement, EMI shielding, and energy storage
applications.””>” However, in contrast to GPs, mechanical
strengthening is not of high importance for GFMs. Conversely,
one of their most important attributes is achieving flexibility
while retaining excellent electrical and thermal conductiv-
ities."

5.1. Unique Methods for Improving Graphene Sheet
Alignment and Densification in GPs

Similar to the poststretching strategy employed by Xu et al. on
GFs for the mechanical realignment of graphene sheets,” the
graphene sheet alignment in graphene papers can also be
improved by mechanical pressing. In 2014, our group
demonstrated that by applying mechanical pressing to
electrospray deposited GPs before thermal annealing, graphene
sheets in the GPs can be well-aligned and stacked, showing a
highly ordered microstructure.” After mechanical pressing, the
density of these GPs without thermal annealing increased from
0.35 to ~2.0 g cm™>. The electrical and thermal conductivities
are improved greatly from 2175 S m™" and 20.7 Wm™ K™ to
17214 S m™ and 173 W m™! K. Other identified factors that
impact the graphene sheet alignment in GPs fabricated by
direct electrospray deposition include solution concentration,
flow rate, and electric potential between the deposition nozzle
and substrate. Combined with high temperature thermal
annealing at 2850 °C, electrical and thermal conductivities of
GPs reach 1.83 X 10° S m™! and 1434 W m™' K~'. In 2017,
our group further identified that slow flow rates and low
solution concentrations were beneficial for obtaining an
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ordered and aligned graphene assembly in GPs fabricated by
electrospray cleposition.53 At low concentrations, graphene
sheets can fully disperse within each droplet; while at a low
flow rate, fine droplets can be formed, allowing for an even
deposition over a substrate. Well-dispersed graphene sheets
deposited in fine droplets stack up more easily in an ordered
layer-by-layer structure via van der Waals force, resulting in
enhanced compactness, electrical conductivity, and thermal
conductivity of GPs.’

Besides enhancing the electrical and thermal properties, GPs
can also be mechanically strengthened by improving graphene
sheet alignment. Using the same continuous plasticization
stretching method as for their outstanding GFs, Li et al
regulated the intrinsic wrinkling of GO sheets in GO papers
(GOPs) (Figure 8a—c).”* Stacking disorders caused by this
wrinkling, including crumbles, folds, and dislocations, were
significantly relieved. These improvements in the micro-
structure of GPs resulted in a high tensile strength of 1.1
GPa being reported.

5.2. Wet-Fusing Technique for Forming Flexible yet
Conductive GFMs

Many advanced CF applications involve making CFs into
carbon fiber fabrics. However, electrical and thermal
conductivities are not strong suits of the CF fabrics,>® limiting
their functional applications. Also, due to their high stiffness,
weaving CFs is difficult and forming strong interactions
between fibers is even more challenging.’**” Compared to
bonding in CFs, direct interfiber bonding between GFs can be
established by the wet-fusing assembly, forming the basis for
fabricating electrically and thermally conductive nonwoven GF
fabrics.”®

When redispersed into an aqueous solvent, dried GOFs are
immediately wetted. These wetted fibers gradually swell into
GO gel fibers. Crossing one GO gel fiber with another and
evaporating the solvent through natural drying fuses two GO
gel fibers to each other due to hydrogen bonding forming
between the GO sheets at the fiber interfaces. By fusing a large
amount of short GO gel fibers together and annealing the
macroscale fused fiber structure at high temperatures (>1000
°C), Li et al. obtained the first nonwoven GF fabric.>®

On the basis of the principle of wet-fusing assembly, our
group reported that GO gel fibers directly coagulated in a
dimethylformamide-based solution could directly fuse together
when taking two fibers out of the coagulation bath and crossing
one over the other.*” This wet-fusing of GOFs outside of a
liquid solution allows for neat orthogonal GFMs (Figure 8d—
g) to be fabricated with longer individual GO gel fibers. Due to
hydrogen bonding-induced random reorganization of GO
sheets, the fused junctions serve as electron impeding and
phonon scattering locations. With longer GO gel fibers and a
grid layout, the number of fused junctions decreases while
GFMs observe higher electrical and thermal conductivities,
despite only being thermally reduced at a modest temperature
of 1000 °C. Their relatively high electrical conductivity allows
a thin layer of copper to be electroplated onto GFMs (Figure
8d), further enhancing the electrical conductivity. However,
despite their partial obstruction of electron and phonon
transports, the random alignment of graphene sheets within
fused junctions gives a more flexible character to GFMs
(Figure 8e). We speculate adding tension to the GO gel fibers
during interfusing or thermal annealing might increase the
degree of alignment of GO sheets in the fused junctions.
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However, more investigation is needed on whether this or
other microstructure enhancing techniques used for GFs or
GPs would be useful to improve the graphene sheet alignment
or crystallinity at fused intersections. It would also be
intriguing to see how these improvements would benefit the
performance of GFMs. As for now, their unique mechanical
properties and excellent electrical and thermal conductivities of
GFMs and other wet-fusing derived GF fabrics have fostered a
variety of promising applications, including thermal manage-
ment, EMI shielding, and energy storalge.49’52’58

6. CONCLUSION AND OUTLOOK

A little more than a decade since the discovery of the first
macroscale graphene-based assemblies, a vibrant field of
research yielding a wide variety of assemblies with several
generations of iterations has been opened up with the
dedication of numerous research groups. Multiple methods
have been developed to optimize the microstructures of
graphene-based assemblies and explore their potential
applications in a wider range of technological arenas (Figure
8). With the advancements of assembly approaches and
optimized microstructures, we have witnessed a significant
improvement in the mechanical, electrical, and thermal
performances of these assemblies.

Microstructures of graphene-based assemblies have an
intertwining multiscale effect on their performance. Nanoscale
cross-links between adjacent graphene sheets enhance tensile
strength yet introduce electron impeding and phonon
scattering points, hindering electrical and thermal conductance.
Improved sheet alignment leads to improved Young’s modulus.
Crystallite growth contributes to enhance both Young’s
modulus and conductivities. Densification, interestingly, is a
way to enhance all the three main aspects of mesoscale
graphene-based assembly performance. Since 2014, our group
has been at the forefront in developing graphene-based
macroscopic structures and optimizing their properties and
performance.” Strategies, including using a mixture of large and
small GO sheets as the precursor, constraining GO flow during
wet-spinning to a flat microchannel, and thermally annealing
GFs to temperatures above 1500 °C, are developed to
comprehensively manipulate the microstructures of GFs and
improve their overall performance. A better understanding is
achieved on the close correlation among the assembly process,
assembly microstructure, and the performance of the assembly.
With this understanding, new methods have also been adapted
for the fabrication of GPs and GFMs with their unique
microstructures and performance characteristics.

With the research efforts of our group and many others, the
direct fabrication of functional carbon materials from 2D
graphene sheets with well-maintained properties has become
much more realistic. Currently, the highest reported electrical
and thermal conductivities of both GPs and GFs have far
exceeded those of PAN- and MPP-based CFs (Figure 9).%°%*
Substantial improvement in the mechanical properties of GFs
has also taken place since their inception. The highest reported
tensile strength of GFs is on par with that of high-performance
MPP-based CFs while being significantly more flexible (Figure
9).*” However, given that there is still a large performance gap
between graphene-based assemblies and their theoretical
potentials, new enhancement efforts are still in demand,
especially for further increasing mechanical strength. Some
potentially promising mechanical strengthening methods
include further enhancing compactness,'> magnetically en-
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hancing GO alignment,59 simultaneous stretching and high
temperature annealing,”’ and GO plasticization.*””"
Recognizing the intrinsic limits in further improving the
mechanical properties of monolithic graphene macroscopic
assemblies, multiple interfacial cross-linking strategies, e.g.,
m—n bonding, ionic bonding, and hydrogen bonding, have
been applied for the synergetic enhancement of the mechanical
and even electrical properties of GFs and GPs. Long-chain
7—n bonding, in particular, provides large movement space for
graphene sheets allowing for excellent stress dissipation and
even better resilience to cyclic stretching.”® Similarly, ionic
bonding can be used to increase interaction between
neighboring graphene sheets, e.g, Cr** or Ca®" is used to
form ionic bonds on both sides with oxygen—containin%
functional groups on the edge of neighboring rGO sheets.'®”
Graphene sheets in GPs cross-linked by 7—7 bonding show a
higher degree of alignment and resistance to shear deformation
under cyclic stretching than those cross-linked by ionic
bonding.'® Compared to van der Waals bonding, hydrogen
bonding can withstand larger strain rates. By interconnecting
the partially oxidized edges of different graphene sheets
through hydrogen bonding, e.g., using the hydroxyl-containing
nanofibers,’’ the interaction between neighboring graphene
sheets becomes stronger, significantly increasing the load
resistance of the composite. Compared to 7—z bonding,
covalent bonding is generally stronger but shorter in range. It
has been successfully introduced to cross-link graphene sheets
to black phosphorus nanosheets.'® Black phosphorus nano-
sheets can slide more easily against each other compared to
graphene sheets, causing plastic deformation in the macro-
structure and an increase in the toughness of the macro-
structure. While interfacial bonding is an important approach
to further improve the mechanical properties of the macro-
scopic graphene structures to be commensurate with that of
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their carbon fiber counterparts, the addition of ionic or
hydrogen bonding will inevitably reduce electron and thermal
transport. Within the context of simultaneous enhancement of
electrical, thermal and mechanical properties, 7—7 bonding is
much more desirable as 7—z bonding interacts with the basal
plane of the graphene sheets without disturbing their sp>
conjugated structures.'®

Besides further enhancing the performance of 1D GFs and
2D GPs and GFMs, the development of high-performance 3D
graphene-based assemblies using established microstructure
enhancement strategies also deserves further attention.
Currently, 3D graphene-based assemblies consist of a large
variety of hydrogels, foams, and aerogels. Due to their high
surface to volume ratios and lower than air density, graphene
aerogels (GAs) have been a focus of intense research on energy
storage, biomedicine, and catalyst engineering.3 GAs are
prepared by the freeze or supercritical drying of GO sol—
gels, followed by a chemical or thermal reduction process.
During the freeze-drying process, it has been found that the
majority of GO sheets preferentially align along the direction
of ice crystal growth. This finding has lead to the improve-
ments of compressive strength and electrical conductivity in
GAs by unidirectional and bidirectional freezing.62’63 However,
despite these signs of progress, 3D graphene-based assemblies,
with the example of GAs, still lag far behind 1D and 2D
assemblies in electrical and thermal conductivities and exhibit
insufficient tensile strength.63 In the short term, an intriguing
topic would be to investigate how to further improve the
alignment of graphene sheets and the orientation of graphitic
crystallites in 3D graphene-based assemblies, such as GAs.
Understanding how these microstructural alterations will
impact the mechanical, electrical, and thermal properties in
3D assemblies is also of high importance. Such further efforts
will help broaden the application of graphene-based assemblies
and their composites as flexible sensors and antennae, flexible
and lightweight power cables, EMI shielding textiles, and
strong and highly conductive polymer composites for advanced
multifunctional applications (Figure 9).
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