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Most coal-to-product routes require complex thermal
treatment to carbonize the raw materials. However, the lack of
unified comparison of products made from different kinds of coals
downplays the role of initial coal chemistry in high-temperature
reactions. Here, we used a CO, laser to investigate the roles that
aromatic content and maturity play in the structural evolution and
doping of coals during annealing. Results show that a bituminous
coal (DECS 19) with aromatic content and maturity in between
higher rank, more mature anthracite (DECS 21) and lower rank,
lower maturity lignite (DECS 25) leads to more graphite-like
structure observed from the highest 2D peak on the Raman
spectrum and conductivity (sheet resistance ~30 ohm sq~') after
lasing. When nitrogen dopants are incorporated with saturated urea

dopants into coals through laser ablation, nitrogen preferentially incorporates at the edge sites of graphitic grains.
Furthermore, oxide nanoparticles can be incorporated into the graphitic backbone of coal to modify their electronic and
magnetic properties through laser annealing. Leveraging tunable magnetic behavior, we demonstrate a soft actuator using both
conductive and magnetic coal-Fe/Co oxide. Through laser annealing, we propose a paradigm to understand and control coal

chemistry toward flexible and tunable doping and magnetism.

coal, laser annealing, doping, polyaromatic hydrocarbons, thin film electronics

Current state-of-the-art coal-to-products primarily consists of
coal-derived feedstocks (including rare earths),"” carbon fibers
from coal tar pitch,S_6 carbon black for rubber tires,” coal-
derived graphite,8 and active carbon, among other uses. The
synthesis of carbon materials from coal has received renewed
interest due to the extensive, broad, and cheap availability of
coal as a feedstock.”'® Through advanced chemistry and
materials processing, coal-derived functional materials have
been developed including graphene oxide,'' carbon quantum
dots,'” and carbon nanotubes,"” which have been applied in
photovoltaics,'* energy storage devices,'* and sensors (Table
S1).''7 Beyond coal-derived materials, the thin film
electronics that can be manufactured in a continuous (i.e.,
roll-to-roll) method are desired for scalable applications of coal
feedstocks.'® Therefore, a deeper understanding and nanoscale
control of coal graphitization, including manipulation of
electronic, magnetic, and structural properties, will amplify
the potential of these nontraditional routes of coal commerci-
alization by enabling the design and ordering of functional
units at the molecular level.
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In this work, we select coals with three rankings (Table
$2)," to investigate the role of coal chemistry, rank in
determining the quality of graphitization, and dopant and
metallic incorporation using a CO, laser as a local heating
source.”” The three coals selected are anthracite (DECS 21),
low-volatile bituminous (IvB, DECS 19), and lignite (DECS
25), with decreasing rank, aromatic content, and vitrinite
reflectance (VR,),'””" which is a measure of maturity. Detailed
properties of these three typical coals are listed in Table S2.
The coal molecular structures can be illustrated as aromatic—
hydroaromatic clusters connected by aliphatic (alkanes) and
ether bridges. Anthracites have large aromatic clusters and low
content of alkane bridges; lignite coals are primarily composed
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Figure 1. Dependence of maturity on the microstructure of coals upon laser annealing. (a—c) Typical molecular representations of
anthracite, bituminous, and lignite coals.”” (d—f) Scanning electron microscopic (SEM) images of DECS 21 (anthracite coal), DECS 19
(low-volatile bituminous coal), and DECS 25 (lignite coal). (g—i) SEM images of laser-annealed coals in (d)—(f). Scale bars in (d)—(i): 2
pm. (j—1) Raman spectra of different coals before (d—f) and after laser annealing (g—i).

of phenols interconnected by an alkane of different lengths
(from C1 to CS); and bituminous coals lie in between with
both rich aromatic backbones and alkane bridges. A typical
molecular representation of each coal is illustrated in Figure
la—c. The higher VR, refers to the higher condensation of
aromatic structures, i.e., larger aromatic clusters and higher
aromatic content, in the coal matrix.*>%?

Previously, Lin et al.'"»** and Ye et al.”®> have successfully
derived porous graphene materials from coal and wood using a
laser as a heat source. We extend the investigation of laser
annealing of coal to reveal how the initial coal chemistry affects
the electronic properties of laser-processed carbon materials,
with the aim of developing consistent fabrication routes
leading to carbon films with well-defined electronic properties.
Furthermore, we explore how the final properties can be
further improved by the tunability of their electronic and
magnetic behavior through doping. Coal thin films are
deposited using coal suspensions with and without urea as a
dopant. As-deposited films are carbonized and graphitized at
high temperature in air via laser ablation.'®***” The results
show that DECS 19 with intermediate VR, (1.71%) and
aromatic content shows the highest amount of graphitic
structure after laser annealing, while the most mature DECS 21
(VR, 5.19%) and least mature lignite coal DECS 25 (VR,
0.23%) show rare graphitization reflected by the absence of a
2D Raman peak.”® Sheet resistances of the laser-annealed coals
increase following the descending order of coal graphitization,
and the lowest sheet resistance of lased bituminous (DECS 19)
is ~30 ohm sq .

Meanwhile, laser doping using urea as a dopant source
shows a decreasing trend of incorporation efficiencies with the
increase of graphitic content of coals. The N substitution
shows a preference for edge positions. Nitrogen substitutions
in graphitic positions appear in lased, doped DECS 21 and
DECS 19, indicating a necessity of graphitic condensation for

graphitic-N incorporation. Leveraging the role of nanostruc-
ture (defects, edges, sheet size, and distribution) in defining
the incorporation of heteroatoms, using laser annealing we
decorate metallic nanostructures onto coal’s aromatic cores, to
make active electronic devices such as soft actuators from
conductive and magnetic coal-Fe/Co oxide.

RESULTS AND DISCUSSION

Laser Annealing of Coals. Figure 1a, b, and c are
representative molecular fragments of these coals at room
temperature. In coals the molecular structure is not as well
defined as it would be in crystals or polymers, but rather as a
comprehensive distribution of small molecular structures that
can be largely characterized with mass spectrometry, NMR,
elemental analysis, and vibrational spectroscopy. In developing
visual models for such systems, a statistical approach is usually
adopted, where the most representative molecular sets are
often considered for visualization.’*** Filtered coal particles
(<2 um) derived from supernatants from each type of coal are
dispersed in distilled water (S mg mL™') and deposited via
drop-casting onto glass to make coal thin films.'® We used a
CO, laser (10.6 ym) to anneal each coal thin film (deposition
and laser processing details can be found in the Supporting
Information). Laser-annealed thin films show different
morphologies and structures depending on their original
chemistry (Figure 1). As shown in SEM micrographs, the
nonuniform discrete coal thin films of DECS 21 and 19
(Figure 1d,e) are merged into continuous porous structures
upon lasing (Figure 1gh), indicating a reconstruction of the
heavy hydrocarbons. In contrast, ablated lignite exhibits a
disrupted cluster-like structure, with no homogeneous pore
distribution, unlike the others, although larger coal particles
break into smaller percolated coal particles (Figure 1f and i).

The release of volatile organic compounds (VOCs),
dehydrogenation at aromatic edges, and decomposing of
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Figure 2. Effects of laser annealing on nitrogen doping from maturity and microstructure of coals. (a) Schematics of different N dopant
positions. (b—f) X-ray photoelectron spectroscopy (XPS) spectra of N_1s peaks of different coals, graphene pellet (GR), and graphene oxide
(GO). (g) C, O, N component atomic ratios of laser-doped coals, GR, and GO. (h) Pyrrolic, graphitic, and pyridinic nitrogen ratio of (a)—
(f). (i) Sheet resistance of laser-annealed and -doped coals, GR, and GO.

VOCs introduce pore structures, which increase in size with
volatile matter ratio (Figure S1, Figure lgh). The high
concentration of alkanes in lignite and relatively small
aromatics, often phenols,” leads to a significant release of
VOCs through fast pyrolysis during lasing at up to >2000
°C.'?%3* On the contrary, the large aromatic backbone in
anthracite provides greater stability, such that only small VOCs
are released upon lasing and the remaining structure fuses.
Bituminous is in the middle, where more disruption is expected
through VOC release but can enable aromatic sheets to better
align and stack. As shown in Figure S1, laser-annealed high-
volatile bituminous (hvB) coal shows more visible pores than
laser-annealed low-1vB coal due to the higher content of VOCs.
In mild and slow furnace annealing, the carbonaceous
networks reorganize during the annealing, with less dramatic
release of VOCs and thus smaller and fewer pores compared to
laser annealing."®

Laser-annealed bituminous (DECS 19) presents 2D peaks
near 2750 cm™! in their Raman spectra, indicating graphitic
stacking (Figure 1k), while laser-processed anthracite (DECS
21) and lignite (DECS 25) thin films do not show 2D peaks
(Figure 1j and 1). From the Raman spectra shown in Figure
1j—1, we notice that the full width at half-maximum (fwhm)
values of the D peaks (~1350 cm™") on the Raman spectra of

bituminous, anthracite, and lignite decreased by 23.7%, 72.7%,
and 34.2%, respectively, relative to that of unannealed samples.
The narrowing of the D peak indicates a decrease in sp*
disorder during annealing or increase in the size of aromatic
cores (Figure S2a).” The fwhm of the G peak (~1600 cm™)
in the Raman spectrum of laser-annealed bituminous (DECS
19) decreases by 24.2% (Figure S2b), indicating the formation
of larger graphitic clusters.”® Furthermore, the G peak of laser-
annealed anthracite (DECS 21) broadens compared to the
nonablated DECS 21, indicating a potential reduction in the
aromatic size. These results are consistent with previous
investigations of laser annealing of heavy hydrocarbons, where
it was shown that native extended aromatic sheets require
aliphatic functional groups as a carbon source during the
annealing process in order to form larger graphitic clusters
upon lasing.'®*° Previously, we also found that adding small
aromatic molecules, such as hexamethylbenzene (hMB), can
further improve the graphitic structures and their stacking
upon lasing with octane.'® The stabilization of graphitic
structures by hMB additive molecules can explain the most
effective graphitization in laser-annealed IvB coal (DECS 19)
with distributed size of aromatics and aliphatics (alkanes).'® In
Figure S3, the I,p/I; ratio on the Raman spectrum of laser-
annealed high-volatile bituminous coal (LAS-DECS-31) rises
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Figure 3. Integration of functional structure onto coals and application in magnetic devices. (a) Schematic of making coal powder
suspensions. (b) Soaking coal powders in solutions with different metal ions. (c) Functional materials that can be incorporated into coals
using laser processing. (d) SEM images of coal decorated with Co;0, particles from the coal-CoCl, precursor. (e¢) SEM images of coal
decorated with Fe;O, particles from the coal-FeCl; precursor. (f) Transmission electron microscopy (TEM) image of DECS 19 coal
dispersed onto a copper grid. (g) TEM image of coal-Fe;0, dispersed onto a copper grid. (h—k) Transmission electron microscopic (TEM)
image of graphitic carbon layers grown on the iron oxide nanoparticle surfaces. (j) and (k) are zoomed-in TEM images of selected areas in
(i), showing around 5 nm thick graphite layers stacking conformally on the nanoparticles. (1) Schematic of using a laser to pattern a coal-
Fe;0, flexible device. Optical images of an Ecoflex transferred coal-Fe;O, gripper to lift a magnet with >10 times heavier weight.

to 0.56, while that of the raw DECS 31 is near zero. The L/I
ratio of LAS-DECS-31 at 0.56 is close to that of laser-annealed
low-volatile bituminous coal (LAS-DECS-19) at 0.53,
indicating similar graphitization degrees. Such results support
the previous findings that close chemistries (VR,, H:C ratio,
etc.) lead to similar graphitic structures (Table S1), in the
coexistence of aromatics and aliphatics.

Doping of Coals via Laser Annealing. Doping graphitic
carbon materials has long been used as a means to modify their
band structure,’”** improve conductivities,>>** and introduce
a host of other properties, such as in the case of
ferromagnetism in N-doped graphene.”” Physiosorbed urea
on coal is used as a dopant to incorporate nitrogen into the
coal nanostructures, through laser annealing coal thin films.
The C, H, and O atomic ratios of laser-annealed urea-doped
thin films of anthracite, bituminous, and lignite are compared
with laser-treated graphene pellets (Gr)-urea and graphene
oxide (GO)-urea thin films, using X-ray photoelectron
spectroscopy (XPS) measurements (Figure 2). The N_1s

peaks are composed of three subpeaks, where N_1s at 401.1,
400, and 398.3 eV represents the graphitic-N, pyridinic-N and
free C-NH,, and the pyrrolic-N,*' respectively (Figure 2a). As
a naming convention in the present work, N followed by the
sample name refers to urea-doped samples, L refers to laser
processing, and NL is used to denote laser doping using urea
dopants. The deconvolution of the N_1s peaks of laser-doped
coals, Gr, and GO is shown in Figure 2b—f. The efficiencies of
laser incorporation of N into different laser-annealed coals
follow a similar trend to the efficiencies to graphitize the same
coals.

As shown in Figure 2gh, N-incorporation in laser-doped
DECS 19 NL (7.55 at. %) is significantly higher than for DECS
21 NL (1.51 at. %). Laser-ablated urea-doped DECS 25 (noted
as DECS 25 NL) shows the nitrogen (19.8 at. %) content,
since the lignite with rich aliphatic content and poor aromatic
condensation could potentially offer more active sites for N
incorporation. The majority of nitrogen doping groups are
pyridinic (C-NH, type, N_1s) and pyrrolic N_1s on the edges
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of the aromatic sheets, due to the reported lower energy
barriers.">*?

Graphitic-N dopants only occur in laser-doped Gr, GO,
DECS 21, and DECS 19 with higher maturity and aromatic
content (Figure 2b—f,gh). Previous experimental work in the
work by Lin et al. shows that single pyridinic-N and graphitic
(substitutional)-N increase the conductivity of intrinsic
graphene from 7.29 X 10* S cm™ to 9.30 X 10> S cm™ and
1.96 x 10* S em™, respectively, but decrease the carrier
mobility by almost 1 order of magnitude in both cases."!
Clustered graphitic-N (1.4 at. %) can promote the conductivity
to 1.62 X 10° S cm™' while retaining 80% of the carrier
mobility. Graphitic-N is expected for more conductive
aromatic structures.

Regarding electrical conductivity upon doping, we find that
doped DECS 19 shows a sheet resistance of 36.4 ohm sq~
(Figure 2i), which can be attributed to aligned ordering and
broadly interconnected sheets reflected by the smaller fhwm’s
of the D peak and G peak, indicating lower disorder and larger
aromatic cores (Figure S2). As also can been seen in Figure
2h,j, the significant number of graphitic-N dopants (~40 at. %)
helps to decrease the sheet resistance of laser-annealed DECS
21 from 2 M ohm sq " to 1200 ohm sq~" in laser-doped DECS
21 NL. Due to the lack of effective graphitization, the laser-
annealed DECS 25 shows high sheet resistance at 600 kohm
sq~!, while the dopants of nitrogen in highly oxidized DECS
25SNL lower the resistance to 285 kohm sq~', possibly due to
the formation of anchors and bridges that connect the
carbonaceous network and provide additional electron path-
ways. "

We test these hypotheses to develop strategies to maximize
charge transfer (doping) and increase interconnectivity by
using Gr and GO as comparisons and perform laser ablation
with an aliphatic carbon source (octane, noted as O) and
nitrogen source (urea, noted as N) in Figure S4, where L refers
to laser ablation. As shown in Figure 2e and Figures S4 and SS§,
the lased Gr (GrL) thin film results in almost identical XPS
and Raman spectra compared to that of the as-deposited Gr
thin film, which is expected due to the minimal changes in
distribution of already large graphitic sheets. Upon deposition
of physisorbed urea, nitrogen levels in GrN (1.58 at. %)
decrease to 1.19 at. % in GrNL after annealing, and of this, 19
at. % is graphitic-N (Figure 2e/h), indicating N-incorporation
into the graphitic lattice. Laser-processed Gr with both a
nitrogen source and octane (GrONL) shows the highest
incorporation of nitrogen at 2.03 at. %. We note that laser-
processed Gr thin films, with either octane, urea, or both, all
show a significant decrease of the D peak in the Raman
spectrum (Figure S3) and an increase of the Ig/Ij ratio,
indicating the decrease of defects in the graphitic sheets. The
healing of defects can be attributed to the filling of vacancies by
the carbon atoms from octane.

As shown in Figure S4, laser annealing of GO thin films
induces graphitic stacking, as indicated by the increased 2D
peak,” while adding either octane or urea can promote the
reduction of GO, and they consequently display a 2D peak as a
result of reduction. Urea has been reported as an expansion—
reduction agent of graphene oxide, owing to the reducing gas
generated upon heating that can remove surface oxygen
groups.**® Octane functions similarly to urea as a reducing
agent, while its additional carbon source helps to increase the
graphitic structure forming during the laser processing of heavy
hydrocarbons, which has also been reported in previous

work.'® Lased GO thin films doped with urea show a
significant reduction of O_1s content to 14.96 at. % from
the 38.5 at. % in the as-deposited GO thin film, and 34% of the
incorporated N dopants occupy the graphitic positions (Figure
2f-h).

Functionalization of Conductive Coal Thin Films.
Besides tuning the electronic properties of coals by laser
annealing and thermal doping, we investigate the possibility to
integrate functional nanostructures on coals. In particular, we
focus on lased and laser-doped thin films from select LvB coal
(DECS 19) due to its (1) high electrical conductivity; (2)
homogeneity within the thin film structure with relatively low
porosity due to the low content of volatile matter;”* and (3)
feasibility as a platform to introduce dopants due to its
intermediate aromatic structure with connecting aliphatics. As
shown in Figure 3a, DECS 19 coal powders derived from the
supernatant are dispersed in DI water. Different water-soluble
metal salts are dissolved in the coal dispersions to make
solutions with a concentration of ~0.1 mol L™! as shown in
Figure 3b. Photoluminescence in Figure 3a indicates that the
coal particles are dispersed uniformly in water, while the
dissolved ions change the charge balance and cause
coalescence of coal particles. Coal particles absorb the laser
energy, without which laser annealing can hardly convert the
metal ion salts into oxide particles. From the X-ray diffraction
(XRD) results (Figure S6), we observe that coal-Cu, coal-Zn,
coal-Co, and coal-Fe can be converted to conductive carbon
with Cu,O, ZnO, Co;0, and Fe;O, nano/microparticles
(Figure 3c, Figure $6). Cu,0O and ZnO are known semi-
conductors that have been widely applied in photovoltaic
applications,”” and Co;0, and Fe;0, are magnetic materials
that could be applied in electromagnetic devices including
sensors, actuators, or waste treatment membranes, to name
only a few examples."*” This example shows how coal can be
made conductive with controllably tuned electronic and
magnetic properties through simple processing techniques.

We focus on the Co/Fe structures that can be integrated in
coal to achieve a highly controllable magnetic behavior and
without loss of the electrical and mechanical properties of the
coal-based laser-annealed films. Using coal in a magnetic
actuator serves three purposes: (1) acting as a binding agent
for the magnetic particles, allowing fabrication of actuators of
complex morphologies through simple fabrication methods;
the hydrocarbons in coal particles absorb the laser energy,
without which laser annealing can hardly convert the metal ion
salts into oxide particles;'” (2) allowing the integration of the
fabrication of actuators with other coal-based devices within
the same manufacturing stream; (3) tuning the electrical and
magnetic properties at the same time, which may enable the
development of an integrated sensing and actuating platform.
We optimized the laser parameters to minimize the sheet
resistance of coal-Co;0, and coal-Fe;0, thin films down to
52.1 and 78.1 ohm sq ", using parameters of (2.7 W, 6.3 mm
s7!) and (1.5 W, 4.9 mm s7}), respectively (Figure S7). SEM
images of laser-annealed Co;0, and Fe;O, particles on coal
structures are shown in Figure 3d,e, and their magnetic
characterization results are shown in Figure S8. Lased coal-
Fe;O, thin films show a more uniform porous morphology,
compared to the clustered rough morphology of coal-Co;0,
thin films. From the transmission electron microscopy (TEM)
image of DECS 19 coal and the laser-induced coal-Fe;O,, we
observe that Fe;O, particles with sizes of ~10 nm are
distributed uniformly onto the flakes of the original DECS 19
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structure. We also noted that ~5 nm thick graphite layers form
conformally on the nanoparticles, as shown in the zoomed-in
TEM images in Figure 3h—k.

Laser-annealed coal-Fe;O, shows higher saturation magnet-
ization (M) at 49.2 emu g~ ' than that of coal-Co;0, (18.1
emu g') and higher remanence (Br) at 9.8 emu g~' than that
of coal-Co;0, (3.2 emu g™'). The coal-Fe;O, shows similar
ferromagnetic behavior compared to Fe;0,.***° A prototype
coal-Fe;0,-based flexible magnetic actuator is shown in Figure
3], where a coal-Fe;O,-based actuator transferred onto Ecoflex
with 0.9 g weight can lift a magnet (NdFeB) over 10 times
heavier. The laser annealing in this work provides a technique
to tune, simultaneously, yet with independent control the
magnetic behavior of coal from electrical conductivity. The
unified method to control the electromagnetic properties of
coals can broaden their applications in more areas including
soft electromagnetic actuators,”’ radio frequency (RF) micro-
electromechanical systems (MEMS),>” and more. Using coal
as a single feedstock combined with laser annealing, we can
potentially print sensors and actuators, transmitters, and
receivers by the same manufacturing flow.

CONCLUSION

In this paper, we systematically investigate the effects of the
initial chemical makeup of coal in the graphitization of
polycyclic aromatic hydrocarbons, in the presence of nitrogen
dopant or metallic particles under annealing at high temper-
ature using a CO, laser. Leveraging the work done by Nature
in customizing the chemistry and structure of coals, a single
laser process can be used to control the graphitic content,
porous morphology, dopant position, and electronic properties
of processed products.

We find that (1) highly aromatic structures (Gr and DECS
21) do not form significantly larger graphitic structures under
high-temperature annealing than those natively present nor can
dopants be effectively incorporated; (2) aliphatic content
provides carbon that can be mobilized during annealing to
form conjugated interconnections among aromatic sheets into
extended graphitic clusters and to incorporate the dopant into
graphitic sheets; (3) for all coals most of the nitrogen dopants
occupy the edge positions (pyrrolic, C-NH,, and pyridinic N);
and (4) graphitic-N substitution can be triggered by laser-
induced high temperature onto a highly graphitic structure
(Gr, GO, DECS 21, DECS 19), which contributes most to
increase the conductivity of as-lased coal aromatic structures.
As such, bituminous coals have more potential to graphitize
compared to anthracite coals with rich aromatic and lignite
coals with rich aliphatic content,” which also function as a
better backbone to hold graphitic-N dopants upon lasing.

Furthermore, we also developed a versatile method to
integrate other functional groups such as oxides and metal
nanoparticles within the coal structure, using solution coating
and laser annealing, which can potentially be adapted for use in
large-scale manufacturing. We use such methods to fabricate a
soft magnetic gripper based on bituminous coal decorated with
Fe;O,. The understanding of coal hydrocarbon evolution
induced by laser annealing provides the guidance to control
and modify the coal structural and electronic properties for
precise applications that might require strict control over
porosity and electronic and magnetic behavior. The flexibility
of coal as a feedstock holds promise that a similar approach
may be also applicable to other heavy hydrocarbons such as
tar, pitch, and asphaltene.

EXPERIMENTAL SECTION/METHODS

Materials. Coal samples were provided by the Penn State Coal
bank,>* and the as-received coal powder samples were ground below
60 pm in size. Graphene pellets were from XG Sciences, xGnP-C-300.
The graphene oxide suspension (2 mg mL™") was purchased from
Sigma-Aldrich. Urea (>98 wt %) powder was purchased from Sigma-
Aldrich. CoCl, (297 wt %), Cu(NO,), (>97 wt %), ZnCl, (>98 wt
%), and FeCl; (=97 wt %) came from Sigma-Aldrich.

Methods. Materials Characterization. A profilometer (Bruker
DXT Stylus profilometer) was used to map the thickness of spin-
coated and laser-ablated thin films. Scanning electron microscopy
(SEM, Hitachi SU8100) and transmission electron microscopy
(JEOL 2011 high-contrast TEM) were employed to study the
morphology and structure. X-ray photoelectron spectroscopy
(Thermo Scientific K-Alpha XPS) was used to study the surface
element components of samples. An Al k-alpha microfocused
monochromator with variable spot size (30—400 ym in S pm
steps) was used. Micro-Raman spectra were acquired using a
Renishaw inVia confocal Raman microscope using a 473 nm
excitation source. The laser spot on the sample was ~800 nm in
diameter and had a power of ~4 mW at the sample surface. The full
spectral window for each acquisition was from 600 to 3200 cm™".
Sheet resistance was tested by a four-point probe. X-ray powder
diffraction was performed using a Panalytical multipurpose diffrac-
tometer. Semiquantitative analysis of patterns was performed using
HighScore software to identify the phases and estimate the
components.

Magnetization Measurement of Coal Composites. Magnetism
measurements of coal composite samples were performed using the
magnetic property measurement system equipped with a vibrating
sample magnetometer from Quantum Design, USA. Hysteresis loops
were measured under static external magnetic fields ranging from
—2400 to +2400 kOe. Magnetization values were corrected assuming
the response of the sample holder, sample capsule, and respective
Pascal constants.

Coal Suspensions and Thin Film Deposition. As received coal
powders were dispersed in distilled (DI) water to precipitate the large
particles, and the supernatants of different coals were filtered by
polystyrene (PS) membranes (47 mm diameter, 2 ym pore size).
Coals on membranes were dried in air and scratched off. Coal
suspensions were dispersed in DI water again, sonicated for 1 h, and
stirred for 24 h at 80 °C. Redispersed coal suspensions (S mg mL™")
were spin coated onto glass at 500 rpm min~" and dried at 80 °C for 3
h to make a thin film.

Coal-Urea Thin Film Deposition. Coal powders selected by the
supernatant DECS 21, 19, 31, and 25 were redispersed in DI water,
adding 100 mg of urea to the coal suspension (5 mg mL™"). The coal-
urea suspension was stirred and heated for 24 h at 60 °C. The
suspension was vacuum filtrated using PS membranes (47 mm
diameter, 2 ym pore size) and washed with DI water three times. The
washed coal on the PS membranes were dried at room temperature
for 24 h, and the coal-powder with absorbed urea was scratched off
and redispersed in DI water with high concentration (20 mg mL™).
Such suspensions were spin coated onto glass at 500 rpm/min and
dried at 80 °C for 3 h to make a thin film.

Doped/Undoped Graphene Pellet and Graphene Oxide Thin
Films. Thin films of graphene pellets and Gr-urea were deposited
using the same process as for the coals. We directly spin-coated a
graphene oxide suspension onto glass slides at 100 rpm/min and let
the thin film dry in air for 48 h. To make the GO-urea thin film, 10
mg of urea was added into 20 mL of a 4 mg/mL graphene oxide
suspension, which was stirred for 24 h. The GO-urea suspension was
also spin-coated onto glass slides and dried in air. We did not heat to
hasten the drying process since GO could be reduced by urea at
elevated temperature.”

Doped/Undoped Graphene Pellet and Graphene Oxide Thin
Films with Octane. Thin films of Gr and GO with and without
dopant were deposited onto glass slides. A 10 yL amount of octane
was dropped onto the samples with a size of 1 X 1 cm? and the
samples were dried in air for 1 h before laser annealing.
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Laser Annealing and Laser Doping of Coals, Gr, and GO. A
commercial Universal VSL 2.30 laser cutter was utilized to perform
the laser annealing in air, with a CO, laser tube (maximum power of
30 W) and all built-in optics. The laser spot was focused on the top
surface of spin-coated films, and the height of the sample was
controlled by tuning the z-position of the supporting cutting table.
The designed device pattern was imported to a vector graphics
software (Inkscape) and engraved by communicating with the laser
cutter as a printer. On different coal films, different parameters of
power and speed were crossed compared for maximum conductivity
at the focus. We fixed the ablation speed at 10% (127 mm s™') and
changed the power from 10% to 20% (3 W to 6 W). For different coal
thin films, the highest conductivity was processed at various power,
and the material characterizations reported in the paper were all on
the samples with best conductivity and lowest sheet resistance. All the
laser-annealed samples were heated to 300 °C to remove free urea,
octane, and other volatile matter.

Decorating Coal with Other Functional Materials by Laser.
DECS 19 coal powders with a smaller sized derived from the
supernatant were dispersed in DI water. Different water-soluble salts
(CoCl,, Cu(NOs;),, ZnCl,, and FeCl;) were dissolved in the coal
dispersions (10 g L™") to make solutions with a concentration of ~0.1
mol L™, The suspensions were subjected to ultrasound for 2 min
before spin-coating onto slides. Laser annealed coal-metal salts were
scratched off from the slides, washed, and separated by vacuum
filtration for future characterizations.

Prototyping a Magnetic Coal-Based Soft Actuator. Coal-metal
salt (FeCl;) dispersions were spin-coated onto glass slides, and a
computer-aided design software interface was employed to control the
CO, laser to pattern the designed feature with optimized laser
parameters. After laser patterning, the sample was washed with DI
water to remove the nonablated coal and the residual salt, and then
the patterned samples were dried in air for 24 h. Ecoflex (Ecoflex00-
35) was poured onto the coal-Fe;O, pattern at an amount of 1 mL
em™2 and cured for § min, after which we peeled off the sample from
the glass surface.
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