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Upgrading carbonaceous materials:
Coal, tar, pitch, and beyond

Xining Zang,1,2,3,* Yuan Dong,4,5 Cuiying Jian,6 Nicola Ferralis,7 and Jeffrey C. Grossman7
Progress and potential

The global net-zero carbon

mission is demanding the reform

and revolution of traditional

carbon-intensive industries. The

policy-driven and strategic

reduction in the use of fossil fuels

for electric power generation is

renewing the interest in the

potential for coal and other heavy

hydrocarbons to be used as

feedstocks for carbon-based

products. This perspective

highlights the role that complexity

and tunability of HCMs (coal, tar,

pitch, etc.) play in their thermal

upgrading processes. In addition

to processing temperatures and

ramping/cooling rates, the native

chemistries of HCMs play a crucial

role in the carbon product

crystallinities, morphologies, and

conductivities, among other

properties. Laser annealing and

molecular dynamics simulations

can be used to provide general

guidelines to select the candidate

of HCMs for target properties,

and in the future, we expect ML

methods to be a valuable

direction, together with

continuous manufacturing for

high-throughput HCM screening,

toward a consistent and flexible

manufacturing process.
SUMMARY

Heavy carbonaceous materials (HCMs) such as coal are mostly used
for nonrenewable power generation, while derivatives such as tar
and pitch are often discarded by-products. Upgrading HCMs for a
broad array of potential applications including their use in batteries,
membranes, and catalysts could play an important role in the global
demand for carbon neutralization. The diversity of HCMs is a techno-
logical asset that allows for the direct synthesis of highly customiz-
able materials suited for specific applications. Herein, we will
discuss state-of-the-art engineering techniques that can be em-
ployed to upscale HCMs and how the nature of the carbon source af-
fects the final product. Further, we illustrate how machine learning
(ML) methods can empower the screening of carbonaceous sources
from this large family of materials with extremely diverse chemistry.
We will also discuss data-driven methods to identify and prioritize
the effects of individual processing parameters that could lead to
a consistent as well as flexible manufacturing process.

INTRODUCTION

The policy-driven and strategic reduction in the use of fossil fuels for electric power

generation has renewed interest in the potential for coal and other heavy hydrocar-

bons to be used as feedstocks for carbon-based products.1–3 Such use is not new

and in fact dates back nearly a century,4 but recent advances in developing and

scaling up novel nanoscale chemistries with tailored properties and functionalities

have opened up new avenues toward the use of coal for noncombustive applica-

tions.5–7 The abundance and ultra-low cost (�$50 USD/metric ton on average)8 of

coal make it an economically appealing, carbon-rich feedstock,8 with broad industry

opportunities. Figure 1 illustrates examples of coal-derived materials including

active carbon for water and air treatment9 and carbon black for tires.10 Rare earth

metal materials refined from coal and carbon fibers made from coal tar pitch have

high additive values that may ultimately make them attractive for commercializa-

tion.11,12 Another strategy to upgrade coals is to leverage their widely tunable

chemistry in electronics or other functional structures.6,13,14 Coal-derived sensors

and energy harvesters could be produced at large scale and ultra-low cost, making

them appealing for integration with large-volume applications such as construction

and infrastructure.

Through millions of years of evolution in varied geological environments, heavy

hydrocarbons such as coal provide complex built-in chemical and morphological

diversity.17 Roughly, coal can be divided into four groups: anthracite, bituminous,

sub-bituminous, and lignite, listed in order of decreasing rank or maturity levels, ar-

omatic carbon content, and increasing amount of water and aliphatics.18,19 Aliphatic

and aromatic fragments in coal act as functional organic bases, whose different
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concentration, distribution, and bonding within a stochastic network structure gives

form to the different ranks of coal. Besides coal, we also highlight tar and pitch in the

discussion, which alongside coal covers a wide range of H:C ratios and aromatic con-

tents in heavy carbonaceous materials (HCMs). Pitch and tar, either extracted from

coals or processed from petroleum, provide additional flexibility in their processing

compared to raw coals.

The trade-offs and correlations between material complexity and manufacturing

complexity have been discussed in the context of solar photovoltaics (i.e., ref19),20

where themain idea is thatmaterial simplicity (number of heteroatoms, binding config-

uration, etc.) generally requires complex fabrication processes to achieve the flexible

tunability needed in the final application (e.g., controlling doping levels in semicon-

ductors), while complex materials require potentially simpler fabrication steps to

achieve the same scope of functionality and tunability.20 Within this framework,

HCMs, as inherently complex materials with a broad distribution of aromatic and

alkane fragment sizes and types, hold remarkable potential for achieving different elec-

trical, thermal, and structural properties using simple and versatile processing

techniques.

The recent works on upgrading HCMs through thermal engineering (slow or fast py-

rolysis, arch discharge, or laser-induced annealing) do not fully leverage and may

even downplay (viewing heterogeneity as a negative factor) the role played by the

actual carbon source itself in the properties of the final product.21 In this perspective,

we will highlight opportunities for the heterogeneity of HCMs to be considered as an

advantage, allowing the direct synthesis of feedstocks to produce highly customiz-

able, advanced materials suited for specific applications. We will also discuss

potential precursor screening principles from carbonaceous database for targeted

properties and applications and the scaling up to large-scale manufacturing.
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ACHIEVING EXTREME TUNABILITY IN HCMs

HCM-based opto-electronic and electronic materials

In recent years (Figure 1B), coal has been used as a high-quality carbon-rich precur-

sor to derive nanomaterials including graphene quantum dots (GQDs),16,22,23 gra-

phene oxide,6,24,25 nanodiamond,26 carbon nanotubes (CNTs),27,28 and more.

Products derived from coals are qualitatively related to the built-in chemistry of

the coals29 and the Tour Group has pioneered this area of research for over a

decade;5,16,22 an example of their work is shown in Figure 1B by the work of Ye

et al., which demonstrates that various size GQDs can be oxidized from anthracite

and separated by crossflow filtration.16 The emission wavelength of such GQDs de-

pends on their sizes, which can also be controlled by the synthesis temperature.16

Nilewski et al. used poly(ethylene glycol) (PEG) to functionalize the stabilized

GQDs as an efficient antioxidant.15 On the other hand, the complex aromatic

network of coal can be a versatile resource to extract GQDs with controllable aspect

ratios in different supercritical fluids.23 The derived nanocarbon materials have been

used as a new platform for opto-electronics30 and biomedical imaging.23

The above examples of coal-derived nanomaterials have been processed primarily

by thermal annealing and chemical reduction, and their differences mainly arise

from aromatic content and the smallest aromatic sizes of the functional unit that

can represent the properties of the coal when tailored.31 Anthracite coals and bitu-

minous coals can serve as a precursor for high-yield graphitic carbon material syn-

thesis including CNTs,32 fullerenes,33 and large-size (>100 nm) graphene sheets,34
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Figure 1. Noncombustive uses of coal

(A) Nonconventional coal-to-product routes.

(B) Coal-derived nanomaterials, including GQDs,15,16 graphene nanoribbons, and nano diamonds. Copyright ª 2015 and ª 2019, American Chemical

Society.

(C) Coal-based thin-film electronics including photovoltaics and potential application in smart building and constructions with sensing electronics.

Copyright ª 2016, American Chemical Society.

ll
Review
due to the large aromatics. Lignite coals, which contain comparably much smaller ar-

omatic constituents, have mainly been used to derive carbon quantum dot diame-

ters in the few-nanometer size range.35

Coal-based thin-film electronics represent another potential direction for scalable up-

grading of coals.13 Keller et al. first presented a coal-based conductive thin-film pro-

cessing route (Figure 1C), which includes a nanoscale powder supernatant floatation

to select dispersive coal powders, a thin-film spinning process to make a uniform

coating, and a thermal annealing step to increase the film conductivity at different

temperatures.13 The temperature-driven dehydrogenation reactions determine the

H:C ratio, sp2 content, localization length, and disorder of the annealed coal thin films,

which behave differently for different coal feedstocks. Both the electrical conductivity

and optical bandwere shown to be highly tunable for different types of coal with simple

annealing. The resulting electron-hole conductivities follow a variable range hopping

process in a three-dimensional disordered structure as:

sf e�ðT0=TÞ1=4
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where kBT0 is the characteristic hopping energy or the average energy spacing near

the Fermi level.36 The difference in fitted T0
1=4 for anthracite and bituminous coals

reflect the diversity of structures and properties between coals. As an example appli-

cation, an anthracite coal thin film annealed at 950�C, with the largest sp2 clusters

and high conductivity of103 S/cm, was shown to be a robust joule heater that can op-

erate stably in air at 285�C, which could be of interest in applications ranging from

biomedical thermal therapy37 to defogging and defrosting.38,39 Besides joule

heaters, coal-based thin films may hold promise in passive electronic components

including resistors, capacitors, sensors, and inductors.40,41 Since the precise control

of mean free path and carrier mobility is still difficult, we do not imagine that coal-

based electronics will replace silicon-based electronics, although the mobility and

conductivity can be controlled by tuning the conjugated aromatic structures, which

may provide opportunities for using coal-based materials with semiconducting

behavior in active electronic components, including metal-oxide-semiconductor

field-effect transistors (MOSFET), amplifiers, and logic gates42,43

Laser engineering of HCMs and direct print devices

In contrast to grainy coal powders, tar and pitch are two materials from the HCM

family that behave like a sticky liquid and semi-solid, which can be processed in so-

lution more easily. Using tar as an example, tar thin films processed with an organic

solvent such as dichloromethane (DCM) and N-methyl pyrrolidone (NMP) can pro-

vide amore homogeneous control of the chemistry andmorphology as shown in Fig-

ure 2A. Petroleum tar, a by-product of ethylene cracking, has few useful applications

other than burning into black carbon. Morris et al. annealed spin-coated tar thin films

at up to 950�C to tune their transparency and conductivity to make transparent

heaters (Figures 2A and 2B).38

By controlling the annealing temperature (Figure 2B), tar thin films can achieve a

wide range of transparencies (23%–93%) and corresponding sheet resistances

(2.5 ohm/sq to 1.2 kohm/sq). The tar films annealed over 950�C are metallic, with

transparency-conductivity relationships similar to that of reduced graphene oxide

(rGO) transparent thin films and graphene thin films.38 As such, the carbon-based

thin films with similar transparencies present similar heating temperature plateaus,

although tar-based transparent heaters can reach 285�C, while rGO and gra-

phene-based thin films generally work below 200�C.38

The temperature limitations of furnace annealing and the relatively slow heating pro-

cess leads to a large loss in total mass. In the case of tar, uniform spin-coated thin

films with initial thicknesses of several microns drastically shrink to a few tens of nano-

meters, with over 80%mass loss. Compared with furnace annealing, laser ablation or

laser annealing can reach much higher local temperatures (thousands of degrees

Kelvin),47 with faster temperature ramping48 and also enhanced spatial control

and resolution.49,50

Laser annealing has been applied on polymeric substrates to produce carbon mate-

rials with controllable properties such as porosity, crystallinity, and conductivity (Fig-

ures 2C–2E). Lin et al. demonstrated laser-induced graphene (LIG) on commercial

polyimide in 2014 (Figure 2C); thereafter, many works have employed laser anneal-

ing as a simple and facile method to pattern graphene on polymeric materials

including polymer films, cloth, wood, and even bread.44,51 As shown in Figure 2D,

laser-annealed self-assembled copolymer thin films can have tunable hierarchical

three-dimensional porosity by tuning the block co-polymer mixtures and lasing
Matter 5, 430–447, February 2, 2022 433
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Figure 2. Laser engineering of polymer materials and HCMs

(A) Schematic to process tar thin films and the optical images of as-deposited and furnace-annealed tar thin films.

(B) Optical transparency plots of tar thin films annealed at different temperatures, reflecting a decrease in optical bandgap upon heating

temperatures.39 Copyright 2019, Wiley.

(C–E) Laser-induced functional carbon materials.

(C) Laser-induced porous graphene on polyimide.44 Copyright ª 2018, American Chemical Society.

(D) Laser scribed hierarchical porous carbon on co-polymer.45 Copyright ª 2019, under the use term of ACS Editors’ Choice.

(E) Laser-printed molybdenum carbide-graphene on paper.46 Copyright ª 2018, Wiley.

(F) Schematic of tar thin-film processing and patterning conductive feature via laser annealing.

(G) An infrared camera image of laser-printed conductive feature heated up.

(H) Heating responses under 60 V bias of tar heaters.14 Copyright ª 2020, AAAS.
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parameters.45,52 Molybdenum carbide-graphene composite electrodes can be

laser-printed on a range of paper substrates (A4 paper, tissue, wiping paper, etc.)

in ambient environments, giving foldable paper multiple functions including sensing

and energy storage.46 Zang et al. showed a laser annealing process to carbonize tar

thin films and printed a joule heater (Figures 2F–2H).14,39 The H:C ratio and sp2 ar-

omatic content of films at various levels of annealing can be obtained from Urbach

tail energies derived from the films’ visible absorption spectra.53 From this analysis,

it was shown that the H:C ratio in tar thin films decreases from �1.20 to �0.95 upon
434 Matter 5, 430–447, February 2, 2022
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laser annealing, compared with the same films processed by furnace annealing,

which decrease in H:C ratio to �1.05. Correspondingly, the aromatic content in

tar thin films increases from �0.35 to �0.55 after laser annealing, and to �0.47 by

furnace annealing. With laser annealing, the rapid heating rate to graphitization

temperatures leads to almost immediate transformation with lower material loss

(�50%) compared with furnace annealing (>80%). The laser printing process can

also be customized to fabricate thin-film electronics, in which the nonablated tar is

removed by solvent stripping, as shown in Figures 2F and 2G. The transparency of

the annealed film can be tuned by the lasing line spacing to maximize the visibility

while maintaining conductivity above the threshold needed for a transparent heater.

From raw material to devices, tar-based transparent heaters require two steps (a

coating and an annealing process), which is favorable in terms of process complexity

compared with the use of rGO and graphene to make transparent thin films.54

Furthermore, the unique chemical diversity of HCMs can be considered a technolog-

ical asset that allows for producing highly customizable, advanced materials suited

for specific applications by laser-induced reactions. The customizability of HCMs

originates from their molecular constituents as well as processing parameters.

Instead of lasing individual HCMs, they can be investigated as a collection of organic

fragments, as shown in Figure 3A. Tar is usually rich in hydrogen and has low aro-

matic content. Pitch, on the other hand, typically has high aromatic content with

low H:C ratios. For coal, the H:C ratio is intermediate, as is its aromatic content.

Coals have higher density and molecular weight, and their unit structure has a

more complex and diverse hydrocarbon structure compared with tar and pitch (Fig-

ure 3A). The laser-ablated products show a strong dependence on the precursor

properties, i.e., the original sp2 and sp3 ratio and aromatic content. For example, ab-

lated tar shows para-crystalline nanoscale (�5 nm) graphitic sheets mediated with

amorphous organics in between the layers, while laser-ablated coal shows few layers

of graphitic stacks from high-resolution transmission electron microscopy images

(HRTEM) as shown in Figure 3B. Furthermore, the original highly aromatic

(sp2�1.0) mesophase shows a disturbed amorphous structure after annealing. The

experimental results indicate that aliphatic chains and the initial aromatic cores

both play an essential role in the resulting stacked graphitic structures.

Raman signatures are commonly used to characterize the structures of carbon mate-

rials by measuring the D peak near 1,350 cm�1, G peak near 1,600 cm�1, and 2D

peak near 2,750 cm�1. The 2D peak reflects graphitic stacking, while the D/G peak ra-

tio (ID/IG), G peak position, and full width at half maximum (FWHM) need to be cross-

compared to evaluate the localization length (i.e., La) and sp2 content of the carbon

product.55–57 More details of the Raman analysis of carbon with different structures

can be found in papers by Ferrari et al.,55,56 Matthews et al.,58 and Pimenta et al.59

Small aromatic additives can promote the crystallinity of laser-ablated HCM mixtures,

resulting in a high I2D peak and large fitted in-plane crystallite size La.
59,60 By tuning the

crystalline structures of their internal hydrocarbon network structures, broadly distrib-

uted conductivities of ablated HCM thin films were obtained.14 The higher graphitiza-

tion of ablated low-volatile bituminous (LvB) coal leads to an order ofmagnitude higher

conductivity (�800 S/m) compared with ablated tar (�80 S/m), while the poorly graph-

itized ablated mesophase pitch (MP) still shows a large conductivity (�500 S/m) due to

its interconnected structure (Figure 3C).

For comparison, the longitude electrical conductivity of pure metallic CNT can be as

high as 106 to 107 S/m and defect-free graphene 108 S/m.61 Monolayer graphene

produced by chemical vapor deposition and mechanical exfoliation exhibit high
Matter 5, 430–447, February 2, 2022 435
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Figure 3. Laser-induced chemical evolutions of HCMs

(A) Compositions of three typical heavy carbonaceous materials (tar, pitch, and coal) that are mixtures of aliphatics and aromatics with different sizes

and ratios.

(B) Laser-ablated stochastic graphitic system from HCMs and their crystalline structures resolved by transmission electron microscopy (TEM).

(C) The conductivities of laser-ablated HCMs thin films and their hybrid thin films compared with the conductivities of synthetic carbon materials.

Copyright ª2020, AAAS. LIM: laser-induced materials.
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in-plane conductivities up to 104–105 S/cm, while thin film multiwall CNTs’

(MWCNTs) forests have a conductivity range of 103–104 S/cm (Figure 3C; Table

1).61,62 Thin films made of porous graphene, CNT forests, and CNT yarns possess

much lower conductivity in highly defected percolated networks (Table 1). LIG

from polyimide shows 101–103 S/cm conductivity,48 which is two orders of magni-

tude less conductive compared with porous microcrystalline graphite. The percola-

tion structure and connectivity are crucial for film conductivity, where the presence of

molecular bridges can greatly increase the charge transfer and electron

coupling.63,64 In turn, they can enable conductivities similar in magnitude to

graphite-like networks. Such phenomena have been discussed in refs.,30,31 where

it was shown that when controlling the initial HCM selection and additive agents

such as hexamethylbenzene (hMB) and octane, the conductivities of HCM thin films

can be increased from below 100 to �1,000 S/m (Figure 3C). The co-existence of
436 Matter 5, 430–447, February 2, 2022



Table 1. Conductivities of laser-induced carbon materials

Material type Raw material Method Conductivity (S/cm) Ref.

CNT forest N/A Chemical vapor
deposition

102–104 Jiang et al.66

LIG Polyimide Laser annealing 25–103 Lin et al.48 and
Chyan et al.51

Furnace-annealed coal Coal Furnace annealing 103 Keller et al.13

Furnace-annealed tar Petroleum tar Furnace annealing 102–103 Morris et al.39

Laser-ablated HCMs HCMs Laser annealing 102�3 3 103 Zang et al.14

LIG: laser-induced graphene.

ll
Review
small aromatics (such as hMB) and aliphatics (such as octane) bridges the original ar-

omatic networks, which can in turn promote the graphitization of HCM thin films dur-

ing annealing. Furthermore, it was shown that low-temperature oxidation of MP thin

films and tar thin films (300�C, in air, 4 h) provides over 2.4 times and over 36 times

higher electrical conductivity after laser annealing compared with nonoxidized films.

Laser-ablated oxidized tar with large graphitic domains shows a higher conductivity

(�2,990 S/m) than laser-ablated oxidized MP (�1,133 S/cm). This difference can be

attributed to the oxygen-induced crosslinking of aromatic clusters obtained through

low-temperature annealing, which turns into structures with a substantially higher

degree of conjugation and stacking between aromatic sheets.65 The understanding

of the functionality of each component of HCMs provides guidelines to tune the

morphology and conductivity of as-annealed products by optimizing the composi-

tion of the heterogeneous mixtures of HCM feedstocks and laser processing

parameters.

UNDERSTANDING THE TUNABILITY OF HCMs WITH COMPUTATION

Molecular dynamics simulations of the high-temperature reactions of HCMs

To achieve full control over the tunability of HCMs, it is crucial to capture reaction

pathways induced by high-temperature laser annealing. The reaction pathways

can not only guide the choices of annealing parameters to ensure the consistency

of batch production, but also form the foundation to develop reaction networks

that bridge the initial molecular constituents with the properties of ablated samples.

In this context, atomistic-scale modeling provides a powerful tool to reveal such re-

action details. Density functional theory (DFT), kinetic Monte Carlo, and classical mo-

lecular dynamics based on reactive forcefields (ReaxFF), to name a few, have all been

used to investigate reaction pathways of organic materials.67–70 While the focus of

such works was outside the scope of upgrading HCMs, they shed light on how

HCM reactions could be handled (especially the applicability of ReaxFF as reviewed

later in this section). Compared with chemicals with well-defined molecular repre-

sentations, the intrinsic complexity of HCMs imposes additional, significant chal-

lenges on atomistic modeling of their reactivities during thermal processing, due

to the lack of microscopic structural models.71,72

To take the broad spectrum of compositions, crystallinity, and molecular geometries

into account, several strategies have been proposed in the literature to build proxies

for HCM samples. For instance, Mathews and co-workers developed a variety of im-

age-analysis packages and construction tools to create atomistic models that cap-

ture the structural diversity and partial ordering of coal and char samples.73–75 The

so-constructed models have been used to investigate combustion and pyrolysis of

coal and char.71,75 Li et al.31 employed an in-house-developed protocol to generate

atomistic representations to match target H/C, O/C ratios of sub-bituminous coal

samples. This protocol employs a series of short molecular dynamics runs to relax
Matter 5, 430–447, February 2, 2022 437
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representations consisting of pseudo molecular fragments and bridges. Such an

approach demonstrates promising potential for the prediction of electronic proper-

ties of untapped, i.e., unprocessed, HCMs. To correlate aromatization of kerogens

and their visible electronic absorption edge, Ferralis et al.53 built their molecular rep-

resentations by mixing H/C/O atoms or hydrocarbon molecules to match specific H/

C and C/O ratios. For all these approaches, the computational molecular systems

contain a mixture of proxy molecular compounds that can reproduce structural

and spectroscopic characteristics with experimental measurements. In addition,

although the majority of the aforementioned strategies were intended for applica-

tions other than probing reaction pathways, they clearly demonstrated the

complexity of HCMmodels that should be considered to fully leverage the potential

insights from computational studies. Jian et al.14,76,77 showed two approaches

based on characteristics of a specific HCM type to explore and compare reaction

pathways. Molecular representations for tar were built by mixing commercially avail-

able compounds to specifically match densities, H:C ratios, and aromatic contents

with experimental counterparts.14,77 On the other hand, for coal and pitch, a single

type of polyaromatic compound was adopted as a representative of ‘‘averaged’’

structures, by the molecular representations of MP used for carbon fiber synthe-

sis.14,76,78 The rationale behind these two approaches is to probe the effect of key

differences (aromatic contents and H:C ratios) on reaction pathways by removing

possibly insignificant details. Figures 4A–4C summarize the models used in

refs.14,76,78

The second challenge in applying atomistic modeling to gain insight into reaction path-

ways in these materials arises from the size and timescale differences between what can

be measured experimentally and what can be modeled computationally. Such a chal-

lenge is of course well known and encountered in simulating the kinetics of heavy oil

molecules, biomolecules, and inorganic substances,79–81 among many other materials.

To observe desired conversions (e.g., carbonization, graphitization, etc.), energy inputs

into the system have to exceed certain thresholds,82–84 thus requiring sufficient thermal

energy to enable the corresponding reactions and re-orderings within the timescale

attainable in the simulation. A standard practice in the literature is to adopt the Arrhe-

nius equation to scale up reaction temperatures in simulations: k = Ae�Ea=RT ,85,86 where

k is the rate constant (units depending on specific reactions), T is the absolute temper-

ature (K), Ea is the activation energy (in the same units as RT), and A is the pre-exponen-

tial factor (in the same units as k). The elevated temperatures allow for fast conversions

and thus achieve materials conversions within �ns, which can be captured during the

simulations, compared with �ms in the laser annealing experiments or � s during

furnace annealing. This scaling intrinsically represents an approximation, and the het-

erogeneity of HCMs brings additional uncertainties to a one-on-one mapping of pro-

cessing conditions (for instance, the determination of Ea is mostly based on trial and er-

ror). It is important to note that estimations factored into the temperature scaling may

not be of significant concern for the purpose of capturing fast dynamics other than

tracking long-time growth.87,88

With the help of kinetics scaling, the complexity of HCMs still restricts the methods

that can be adopted. For example, ab initio molecular dynamics has been rarely

used for probing reaction pathways of HCMs and further developing reaction net-

works, given its high computation demands compared with the use of classical force

fields.89 In this context, the development of ReaxFF offers an appealing compromise

with the possibility of higher accuracy, although with the trade-off of greater compu-

tational costs compared with most other classical force fields.70 Extensive works in

the literature have employed ReaxFF to investigate initial reaction mechanisms
438 Matter 5, 430–447, February 2, 2022
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Figure 4. Thermal treatment and laser-ablation-induced chemical reaction of HCM

(A–C) Proxy models adopted for tar, coal, and pitch.

(D) ReaxFF results of H:C ratios and sp2 contents.

(E) Active sites of representative HCMs.

(F) Radicals formed at relatively low (left) and high (right) temperatures.

(G) Ring condensations observed in coal.

(H) ReaxFF snapshots of amorphous (left) and (graphite) materials.77 Copyright ª 2019, Elsevier Ltd.
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and kinetics associated with combustion and pyrolysis of lignite, coal, and alkane

fuels86,90,91 as well as the formation of soot.92 The reaction pathways of HCMs under

high temperatures have been explored recently using ReaxFF14,76,77 to study the ef-

fects of structural characteristics and processing conditions, the growth of solids

from HCMs, and the development of general guidelines to exploit the tunability

of HCMs for different applications.

An example of the use of ReaxFF-based molecular dynamics to explore how H:C ra-

tios, aromatic contents, and processing conditions in HCMs modulate the reactiv-

ities and final products is shown in Figure 4D, where it was found that sp2 content

of tar after laser ablation, while increased, is still lower than that of coal. Excessive

presence of hydrogen can inhibit ring condensation from small aromatic mole-

cules,77 which has the implication that decreasing the H:C ratio can help with the for-

mation of aromatic sheets (Figures 4D and 4G). Laser-induced graphitization reac-

tions often require an increase in the sp2 content, which has been performed by

multiple lasing strategies and defocusing strategies. In the work by Chyan et al.51

and Beckham et al.,84 polymer substrates including complicated natural carbona-

ceous coconut shells and photoresists are converted to amorphous carbon with

reduced H:C ratios and promoted sp2 contents, which are then converted into

graphene.

However, if aliphatic contents are too low, a high temperature will result in ring-

opening and thus is deleterious for ring condensation, as was observed for pitch
Matter 5, 430–447, February 2, 2022 439
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models with 100% aromatic contents (Figures 4C and 4D).14,76 These simulations

point to the range of potential for customized materials, amorphous networks, or

crystalline graphite to be produced by careful selection of feedstocks. Further

tunability can be introduced by the inclusion of sp3 carbons, where the sites of these

sp3 carbons play important roles in determining reaction pathways as well as charac-

teristics of the final materials.76 Pitch molecules with sp3 carbons on the side chains

(petroleum pitch, Figure 4C) can have multiple reaction pathways, which diversify

the compositions of heavy radicals and interfere with ring condensations (left, Fig-

ure 4H). In contrast, the presence of sp3 carbon in the core area (coal pitch, Figure 4C)

can promote the formation of heavy radicals mainly through cyclic cleavages (Fig-

ure 4E). These aryl radicals facilitate ring condensation while preserving the initial

molecular arrangement (right, Figure 4H). Regarding processing conditions, for all

types of HCMs, at relatively low temperatures (e.g., 2,000 K), aryl radicals are pre-

sent, while at relatively high temperatures (e.g., 4,000 K), they can significantly

disrupt aromatic rings, leading to the formation of acetylic chains (Figure 4F).76,77

The above results and analysis from simulations of HCMs illustrate how the

complexity of molecular moieties offers a wide range of reactivities and reaction

pathways. Several general guidelines can be proposed for selecting raw samples

and determining processing conditions. To obtain graphitic structures, raw

samples that can provide both carbon sources and backbones are preferred.

The presence of sp3 in the ring areas, while promoting reactivities, might help

to limit reaction pathways and thus preserve the initial molecular ordering. Mean-

while, temperatures should be high enough to allow for the swift cleavage of light

components and reasonably low to limit the disruption of aromatic rings. The di-

versity in growth/condensation of aromatic rings induced by feedstock and

manufacturing ultimately lead to different properties of processed materials

(e.g., porosity, conductivity, transparency, and structural stability). It is also note-

worthy that atomistic modeling of amorphous materials has broad application

beyond HCMs. For organic matter, the design of fuels is a close example, where

molecular mixtures are investigated to determine the contributions of individual

components to the combustion phasing and production of emissions.93,94 For inor-

ganic substances, amorphous silicon and its hydrogenated counterparts have been

extensively studied, given their important roles in thin-film transistors, multi-junc-

tion solar cells, image-sensor arrays, etc.95,96

In addition, probing reaction pathways by atomistic modeling can also help to cali-

brate reaction rules that are the foundation of molecular-level kinetic models for pe-

troleum refining.97,98 In these kinetic models, pre-defined pathways are used to

generate reaction networks to predict product yields frommixed reactants. Previous

works in these broad applications can help address challenges faced by processing

HCMs; for instance, the atomistic construction of amorphous silicon and amorphous

carbon typically starts with refining pair correlation functions through fitting exper-

imental measurements, suggesting that to model HCMs, such key structural factors

are worth searching for.88 In addition, ML-based potentials/force fields are

emerging for simulating amorphous carbon to balance accuracies (comparable

with ab initio molecular dynamics) and computational costs (similar to force-field-

based approaches).99,100 Nevertheless, as reviewed above, computational studies

have been focusing on explaining experimental observations and proposing general

guidelines that may not be readily applicable to manufacturing processes. In other

words, a full map of HCM conversions is still far from complete, although the current

limiting factors also provide future opportunities for further research as discussed

below.
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First, the importance of compositions on reactivity under high temperatures needs

to be assessed systematically. While specific compositions of HCMs vary across a

broad spectrum, major elements of all HCMs are H and C, and classifying composi-

tions into different categories would help to pinpoint key structural descriptors

determining reaction networks. Second, it is crucial to distinguish between statisti-

cally averaged descriptors (e.g., H:C ratio and aromatic content) and individual mo-

lecular characteristics (e.g., chemical structures), especially for highly heteroge-

neous HCMs. The strength of atomistic modeling lies in revealing details at the

cost of decreasing time and length scales. The removal of insignificant details can

help to scale up and further predict system reactivities. Along with these directions,

data analysis tools, such as principal component analysis and diffusion maps, can be

employed to rank the relative importance of structural factors.101

From a processing point of view, kinetics scaling based on the Arrhenius equation

typically speculates experimental temperatures. To address this, one-to-one mapping

between simulation conditions and operational parameters of the laser can be estab-

lished through building temperature profiles using a finite-difference time-domain

method in real-time laser manufacturing.102 Furthermore, with a one-on-onemapping,

elevated temperatures may still downplay the role of hierarchical reactions that occur

on time scales of �s. In this regard, it is also clear that advancements in parallel algo-

rithms, software, and hardwarewill greatly help to increase the computation speed and

enable reactive simulations on the order of ms.87,88 In addition, the Deep Potential

scheme, which has been used to develop force fields for toluene, water, copper,

etc., from ab initio calculations, can also help to further upscale the efficiency of the

existing ReaxFF.103,104 Lastly, with sufficient fundamentals revealed, similar to molec-

ular-level kinetic modeling employed in petroleum refining,105 frameworks based on

pre-defined reaction roles (pathways) can be established to generate large-scale reac-

tion networks. These networks can then link reactants to final products, for which crys-

tallinities, electronic structures, and carrier mobilities can be evaluated using a variety

of computational methods ranging from molecular dynamics to coarse-grained

modeling, to DFTs, and toMonte Carlo.31,76 That is, predictive results can be obtained

to quantitatively guide the design of the upgrading/manufacturing process.

Decoding and screening HCMs

As described above, a major challenge with computational approaches applied to

HCMs is to employ models with both high fidelity and efficiency at different scales

(nano-micro-macro) and for different physical or chemical reactions during the

manufacturing processes.106,107 Toward this end, ML techniques and genetic

algorithms can potentially provide reliable predictive screening of the chemical

near-infinite parameter space of HCMs due to both their chemical complexity and

range of processing kinetics in different manufacturing methods.108–110

One important direction lies in the rational decoding of HCMs into functional struc-

ture units, as for example explored by Liu et al.111 in a combined DFT and genetic

algorithm approach, to build a chemical structure relationship with Raman spectra

of HCMs. The genetic algorithm was used to search for ratios of candidate molecular

components with composite Raman spectra that fit best to the experimental spectra,

allowing for characterization of molar H/C ratio, aromatic cluster size, and mole frac-

tion of bridgehead aromatic carbon. This result highlights the potential correlation

between constituents of carbonaceous materials with structural, chemical, and phys-

ical features (Figures 5A and 5B). A similar idea was recently adopted by Salley

et al.,112 where the spectral signatures of Au nanoparticles were used as an objective

function and the ML models trained to find new morphologies to obtain the desired
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Figure 5. Decoding HCMs and screening the pool of HCM for target properties

(A) Schematic of organic units that assemble the nano-micro-macro scale structures of carbonaceous materials.

(B) An example of a genetic-algorithm-based fingerprinting approach to resolve molecular-level information from Raman spectra.111 Copyrightª 2016,

Elsevier Ltd. Copyright ª 2020, Elsevier Ltd.
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spectrum, indicating the potential for spectral as inputs for ML to accelerate mate-

rials discovery. Combining laser and in situ Raman analysis, laser parameters can

also be automatically tuned using ML methods, for example, Bayesian optimization,

to identify and prioritize the effects of individual processing parameters, leading to a

more consistent and flexible manufacturing process.113

ML methods can also accelerate the computation of reactions involving HCMs, for

example using deep learning with a parameterized ReaxFF framework.114,115 The ef-

fects of precursor (atom positions) and reaction conditions (nonequilibrium pro-

cesses) on carbonaceous material properties can be used to train ML models. The

current versions of ReaxFF require charge equilibrations to handle the electrostatic

interactions, which significantly consumes additional resources during a typical

simulation run. Deep learningmay help to remove charge equilibrations by factoring

the charge into the local environment of each atom.116 In other words, instead of ad-

justing charges of all atoms, if needed, a ‘‘correction’’ term can be added to the po-

tential energy by examining the neighborhood of each atom that is already being

stored and calculated for other types of pairwise interactions.117 We expect that

the use of multiple ML approaches combined with the expanding dataset of coal up-

grading experiments could continuously refine these models to accelerate the opti-

mization of upgrading carbonaceous materials.
CONTINUOUS MANUFACTURING

In this last section, we discuss the prospects of upscaling the manufacturing of HCM

films with desired properties targeting a range of potential applications. Scalability
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is quite a common issue in the recent development of advancedmanufacturing tech-

nologies,118 such as two-photon polymerization, as the nanoscale/microscale prop-

erties can change if just simply scaled up in size.119 Development of continuous

manufacturing strategies will require customization of raw materials, dispersion

agents, chemical additives for the deposition, thinning, laser ablation, laser printing,

and packaging facilities that can be integrated to an automated production line.

Laser-printed conductive features can also be transferred to other stretchable sub-

strates such as Ecoflex as shown in Figure 6A, which can further broaden

applicability.

For any form of tar and pitch, a lot of work needs to be done to customize their

rheology, dispersion, and feasibility with the manufacturing stream. Solid HCMs

such as coal need further study to make suspensions that are compatible in a

coating process. As shown in Figure 6B, a fully vertically integrated continuous

manufacturing process can transform coal-based feedstocks into solid continuous

films for electronics in a roll-to-roll (R2R) manufacturing process. Such films will be

tuned through chemical functionalization and laser heating. Doping, in general, is

a sensitive and crucial process for determining the band structure and conductivity

of materials and can be deployed by lasing with additives that decompose to sup-

ply targeted dopants.121 A next step would be to employ continuous

manufacturing of HCM-based films with properties tailored for a given target

application. Laser integrated roll-to-roll manufacturing is highly customizable for

thin-film electronics, while a few recent works by Luong et al.5,120 show that flash

heating can produce graphene solid products at gram scale. As shown in Fig-

ure 6C, a flash joule heating (FJH) reactor can be employed to induce up to

3,000 K between the two electrodes filled with a carbon source. The FJH reactor

could be automated onto a continuous manufacturing product line, by integrating

the electrodes with a piston or onto a belt to continuously feed coal powders and

collect graphitized products.5
CONCLUSION AND OUTLOOK

This perspective highlights the role that complexity and tunability of HCMs (coal, tar,

pitch, etc.) play in their thermal upgrading processes for a range of potential appli-

cations, from tar-based transparent heaters to supercapacitors to strain sensors. In

addition to processing temperatures and ramping/cooling rates, the native chemis-

tries of HCMs play a crucial role in the carbon product crystallinities, morphologies,

and conductivities, among other properties. By controlling the initial H:C ratios and

sp2 content of HCMs, products distributed from semiconductive hydrocarbon (opti-

cal bandgap 0–1.8 eV) to highly conductive (101�103 S/cm) carbon can be achieved

by annealing.

Laser annealing and molecular dynamics simulations can be used to provide general

guidelines to select the candidate of HCMs for target properties, and in the future,

we expect ML methods to be a valuable direction together with continuous

manufacturing for high-throughput HCMs screening, toward a consistent and flex-

ible manufacturing process.
ACKNOWLEDGMENTS

X.Z. acknowledges the support by start-up funding of Tsinghua University, Tsinghua

University Initiative Scientific Research Program. C.J. acknowledges helpful discus-

sions with Hasan Imani Parashkooh.
Matter 5, 430–447, February 2, 2022 443



Doped coal for electronics Flexible Devices Energy Storage Catalyst   

N-type domain   

P-type domain   
O2+2H2O 

4OH-

+4e-

4OH-

O2+2H2O -4e-

Carbon source 

A

B

C

Figure 6. A comparison and outlook of different manufacturing methods for large-scale applications of HCMs

(A) Transformative manufacturing method to make tar-based thin-film flexible and stretchable devices.14 Copyright ª2020, AAAS.

(B) A strategy of roll-to-roll manufacturing of coal-based thin film for a variety of applications.

(C) An FJH set up that can synthesis graphene at gram scale, which can be automated for continuous flash graphene (FG) synthesis using coal powder as

carbon feedstock.5 Copyright ª 2020, American Chemical Society.120
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Rojas, D., Celle, C., Carella, A., Simonato, J.P.,
and Bellet, D. (2020). Transparent heaters: a
review. Adv. Funct. Mater. 30, 1–33.

55. Ferrari, A.C., and Robertson, J. (2000).
Interpretation of Raman spectra of disordered
and amorphous carbon. Phys. Rev. B 61,
14095–14107.

56. Ferrari, A.C. (2007). Raman spectroscopy of
graphene and graphite: disorder, electron–
446 Matter 5, 430–447, February 2, 2022
phonon coupling, doping and nonadiabatic
effects. Solid State Commun. 143, 47–57.

57. Ferralis, N. (2010). Probing mechanical
properties of graphene with Raman
spectroscopy. J. Mater. Sci. 45, 5135–5149.

58. Matthews, M.J., Pimenta, M.A., Dresselhaus,
G., Dresselhaus, M.S., and Endo, M. (1999).
Origin of dispersive effects of the Raman D
band in carbon materials. Phys. Rev. B
Condens. Matter Mater. Phys. 59, R6585.

59. Pimenta, M.A., Dresselhaus, G., Dresselhaus,
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