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Abstract

Fabrication of heteroatom-doped graphene electrodes remains a challenging endeavor, especially
on flexible substrates. Precise chemical and morphological control is even more challenging

for patterned microelectrodes. We herein demonstrate a scalable process for directly generating
micropatterns of heteroatom-doped porous graphene on polyimide with different backbones using
a continuous-wave infrared laser. Conventional two-step polycondensation of 4,4”-oxydianiline
with three different tetracarboxylic dianhydrides enabled the fabrication of fully aromatic
polyimides with various internal linkages such as phenylene, trifluoromethyl or sulfone groups.
Accordingly, we leverage this laser-induced polymer-to-doped-graphene conversion for fabricating
electrically conductive microelectrodes with efficient utilization of heteroatoms (N-doped, F-
doped, and S-doped). Tuning laser fluence enabled achieving electrical resistivity lower than

~13 Q sq~1 for F-doped and N-doped graphene. Finally, our microelectrodes exhibit superior
performance for electrochemical sensing of dopamine, one of the important neurotransmitters

in the brain. Compared with carbon fiber microelectrodes, the gold standard in electrochemical
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dopamine sensing, our F-doped high surface area graphene microelectrodes demonstrated 3 order
of magnitude higher sensitivity per unit area, detecting dopamine concentrations as low as 10

nM with excellent reproducibility. Hence, our approach is promising for facile fabrication of
microelectrodes with superior capabilities for various electrochemical and sensing applications
including early diagnosis of neurological disorders.
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Laser-induced graphene; Heteroatom self-doping; Porous nanocarbon; Electrochemical
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1. Introduction

Carbonaceous printed electrodes (CPE) are ubiquitous in many emerging technologies,
including flexible electronics, energy storage/conversion devices, adsorption/separation
membranes, electrocatalytically active materials, high sensitivity biosensors, and substrates
for cell biology studies [1-4]. Although, sp2-hybridized graphitic structures with diverse
morphologies have been shown to exhibit unique physicochemical properties such as
thermal stability, chemical inertness, and biocompatibility [5], their electrochemical
performances are hindered by the absence of a bandgap [6]. The bandgap of CPE largely
depends on additional holes, defect-rich heteroatom-doped sites, and pore structure and
distribution [7,8]. Doping of heteroatoms either electron-withdrawing (p-type dopant) or
electron-donating species (n-type dopant) into carbon domains results in both opening a
bandgap and redistribution of charge, which tunes the electrochemical active sites and
greatly broadens the scope of applications [9-11]. In addition, introduction of pores and
structural defects also opens a bandgap, further enabling tunability of electrochemical
behavior [12,13].

It is important to note here that doping graphene with a variety of different types of
heteroatoms is routinely shown in literature to increase its electrocatalytic effect, whether
the dopant atom/group was electron-withdrawing or electron-donating, and whether the
dopant is a single type of heteroatom or a combination of dopants [14]. Accordingly,

not any approach for doping graphene is equally impactful, because merely showing an
improvement in electrochemical measurements resulting from doping in and of itself does
not constitute an impactful finding in the absence of a clear advantage from a fabrication
perspective. Importantly, in the typically solution-processed CPEs, it is still challenging to
control the irreversible aggregation-driven reduction of available surface area, as well as
the uncontrollable heteroatom-doping at the molecular level [15,16]. Hence, more effective
fabrication methods are sought after for scalable manufacturing of CPEs with tailored
chemistry and morphology, especially on flexible substrates.

An alternative strategy to effectively introduce heteroatoms, while controlling the 3D porous
structure of nanocarbons is the so-called “bottom-up approach”, wherein the chemistry

and morphology of graphitic nanocarbons are simultaneously controlled during bottom-

up synthesis directly on a dry substrate [17,18]. Laser-induced graphene (LIG) grown
directly from polyimide (PI) and its commercially available derivative Kapton®, upon
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laser irradiation has attracted considerable attention in recent years due to its capability

as a process to create large surface area graphenic materials with tunable pore volume

for superior electrode configuration [17,19]. From a fabrication perspective, this approach
uniquely enables direct-writing of functional graphene electrodes on flexible substrates
with facile patterning and high throughput production. Moreover, the capability to create a
variety of morphologies, ranging from porous 3D graphene to aligned nanofibers [20-23],
makes this laser-induced nanocarbon (LINC) fabrication technique promising for various
applications including sensors [24,25], actuators [26,27], energy harvesters [28], smart filters
and coatings [29,30], to functional composites [31]. Although, the porous morphology,
atomic structure and chemical composition of LIG are controllable by tuning the laser
parameters such as laser power, raster speed, laser spot size, and spot overlap [21,23,32,33],
they are still in general chemically limited to C with small O and N content originated from
imide ring in Kapton® [21,34].

Hence, heteroatom-doping strategies for LIG are needed to further tailor their properties for
electrochemical sensing applications. A controlled gas atmosphere with Oy, Ar, Hy or SFg
during laser induction process influences the atomic percentages of C, O, and F in LIG [30].
The ex situ doping approaches have introduced small molecules (e.g., H3BO3) into the Pl
matrix [35] or deposited polyaniline or metal oxides (e.g., FeOOH and MnQ) [28] on LIG
followed by re-lasing. Despite its advantageous doping effect, the current approaches require
the use of a controlled chamber environments, additive chemicals, or multi-step processes,
thus complicating the LIG fabrication technique, and limits the simple, rapid, and scalable
fabrication of LIG-based devices. For implementing practical microsystems, a facile way to
achieve controllable chemical composition and hierarchical porous structure of LIG is still
sought after.

The present study was motivated by the need to develop cost-competitive highly sensitive
graphene-based microelectrodes for flexible/wearable electrochemical biosensors. Previous
efforts towards this end have reported on different fabrication approaches, including
screen-printed graphene [36], graphene aerogels [37], post-deposition annealed graphene
ink [38], and graphene combined with metal particles [39] to increase the selectivity

of neurotransmitter detection down to nanomolar (nM) level. Despite the remarkable
increase in sensing sensitivity in some of these previous studies, the fabrication of
graphene-based biosensors is still limited by requiring the following: (1) the addition of
metal nanoparticle additives that complicates the fabrication process, (2) incorporating
high-temperature annealing steps that are not compatible with flexible substrates; (3)
complex multi-step lithography that greatly limits the scalability and practicality of
fabrication, (4) pattern transfer approaches (from rigid substrates to flexible substrates) that
both compromise properties and hamper productivity; and/or (5) employing conventional
fabrication technologies that limit the resolution to millimeter-scale (of several-hundred-
micron-scale) channels [38,40]. On the other hand, our work here on fabricating LIG
microelectrodes directly on flexible polymer substrates in a one-step manufacturing
process expands the range of applications for biosensing that require flexibility and
bioimplantability while avoiding the need for complex and time-consuming procedures
[41,42]. Nevertheless, despite its demonstrated potential and broad applicability, LIG on

P1 suffers from a major limitation represented by the commercially-available chemical
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formulations of PI, which has been largely limited to commercial Kapton®. Therefore,

if LIG microelectrodes are to become an effective technological solution for biosensing
and other electrochemical applications, fabrication of LIG on tailored Pls is needed. In
particular, creating capable neural probes for neurotransmitter detection requires sensitivity
in the nM range, highlighting the importance of designing the molecular structure of Pl
substrates that can result in tunable microelectrode properties.

Herein, we demonstrate a one-step direct laser writing to simultaneously modulate the
nano-/microscale morphology and heteroatom self-doping of the hierarchical porous
nanocarbon (regularly evolving physicochemical architecture from graphene to fiber-like
structure) from various P1 chemical backbones by using a 10.6 um continuous-wave CO,
infrared laser. Our methodology based on molecular control of PI can be used effectively

to tailor heteroatom compositions of the resulting LIG without the need for external

doping sources such as gas atmosphere and additive molecules. Accordingly, we show

that N-doping is derived from the imide group, while tetracarboxylic dianhydrides with
different internal linkages (e.g., trifluoromethyl and sulfone groups) act as a significant
doping source of F and S heteroatoms. We also find that the nano-/microscale morphology
and electrochemical properties of the doped LIG are strongly correlated to the molecular
building blocks present in Pl backbone structure. Finally, we demonstrate that these new
class of heteroatom self-doped LIG microelectrodes have nanomolar sensitivity for the
detection of dopamine (DA), a neurotransmitter in the brain that plays critical roles in many
brain functions including movement, reward and emotion. Hence, our doped LIG fabrication
approach is a compelling superior alternative to existing carbon-based microelectrode
technologies, as they are promising for scalable manufacturing of flexible neurotransmitter
sensors directly from a single polymeric material without any surface coating or composites.

Experimental section

Materials

Pyromellitic dianhydride (PMDA), 4,4’-(hexafluoroiso propylidene)diphthalic anhydride
(6FDA), 3,3’ 4,4’ -diphenylsulfonetetracarboxylic dianhydride (DSDA), and 4,4’ -
oxydianiline (ODA) were purchased from Tokyo Chemical Industry, Co., Ltd. (Japan).
1-Methyl-2-pyrrolidinone (NMP) was purchased from Sigma-Aldrich (USA). All chemicals
were used without further purification.

2.2. Synthesis of polyimides

From the literature, we identify the baseline type of graphene obtained from lasing Pl

to be N-doped, which is the typical LIG derived from Kapton® [17]. Hence, in order to
systematically investigate the effect of internal linkage groups of fluorinated and sulfonated
tetracarboxylic dianhydrides of Pls on graphene formation, the precursor PMDA-ODA,
broadly known as Kapton®, was prepared as control to be compared to the precursor 6FDA-
ODA containing trifluoromethyl groups and the precursor DSDA-ODA containing sulfone
groups. Using a thermal imidization protocol, different Pls were synthesized from diamine
ODA and three different tetracarboxylic dianhydrides, PMDA, 6FDA, and DSDA, via
conventional two-step procedures, which include ring-opening polyaddition and subsequent
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cyclic dehydration. The polymerization was carried out by reaction equimolar amounts

of diamine with tetracarboxylic dianhydride at a concentration of 11-16 wt% solid in
anhydrous NMP. Polycondensation was performed at 23 °C for 24 h and yielded viscous
poly(amic acid) (PAA) intermediate solution. The PAA solution was poured onto a clean
glass substrate, which was then placed on a level table and coated using a high precision
adjustable film coating applicator with a blade gap of 1000 pm. The PAA was thermally
cured by sequential temperature programming (90 °C/2 h, 150 °C/1 h, 200 °C/1 h, 250
°C/30 min, and 300 °C/30 min). Finally, the PI film was stripped off the glass substrate with
the aid of deionized water and further dried in a convection oven at 70 °C for 6 h.

2.3. Preparation of heteroatom-doped nanocarbon patterns

The PMDA-ODA, 6FDA-ODA, and DSDA-ODA films with an average thickness of 70 um
were used as three different nanocarbon precursors. Direct laser engraving/cutting system
(Full Spectrum Laser Pro-Series 20x12 platform, 1.5 inch focus lens) equipped with a
continuous-wave CO5, laser with wavelength of Ao = 10.6 um was employed to locally
carbonize of PI films. The laser objective lens is mounted on a motorized X-Y control
stage with a maximum speed of 500 mm s~ in one direction (X-axis). The experiments
were performed with multiple combinations of laser power (P) and raster speed (S) at
constant distance of laser beam waist to the surface of PI film (D) by fixing the sample
stage vertically (Z-direction) with respect the objective lens [20]. The Gaussian laser beam
diameter of beam waist by Knife Edge method is estimated to be 251.6 um as described

in our previous work [20]. The laser scribing was carried out in the range from 12.5 to
28.1 W of laser power with X-direction raster speed of 49-491 mm s™1 (See Table S1 in
the supplementary information for a list of processing conditions and the corresponding
laser fluence). RentinaEngrave 3D software was employed to design a single-line lasing

to fabricate our microelectrodes on PI films without the need for any overlapping between
multiple laser traces. All the laser scribing experiments were performed under ambient
conditions.

2.4. Characterization

Attenuated total reflection—Fourier transform-infrared (ATR-FTIR) spectra were obtained
with a Bruker VERTEX-70LS. Optical microscopy (OM) was performed with a Celestron
handheld digital microscope, and the images were analyzed by Micro Capture Pro
software. The mean line width and standard deviation were calculated for over 5 samples.
Scanning electron microscopy (SEM) was performed using a Zeiss SIGMA VP high
resolution field emission instrument at an acceleration voltage of 2 kV. Raman spectra
were recorded on a Renishaw Raman microscope using a 633 nm laser excitation at

room temperature with a laser power of 5 mW. X-ray photoelectron spectroscopy (XPS)
measurements were performed using a Ka.-spectrometer equipped with an Al-Ka micro-
focused monochromator. For the C1s core XPS spectra, binding energies are offsetted in
order to compensate for a slight shift of the sp2 component to lower binding energy (283.5
eV relative to typical carbon materials 284.5 eV) [43], as this negative shift is not caused by
changes in the chemical state, but is instead attributed to electrostatic interactions [43-45].
XRD was conducted on a Bruker D8 Discover SRD X-ray diffractometer with Cu Ka
radiation (A = 1.54 A). The electrical resistance was measured using a Keithley two-point
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probe meter (model: 2100, detection limit: 100 MQ). Thermogravimetric analysis (TGA)
was conducted with a TA Instruments Q500 under N flow at a heating rate of 20 °C min™1.

2.5. Electrode resistivity measurements

The electrical conductivity was measured using a Keithley two-point probe meter (model:
2100, detection limit: 100 MQ). The electrical resistance value (R) of a single line electrode
largely depends on three parameters: resistivity, length, and width. According, in order

to calculate the electrode resistivity of our single line electrodes, the measured resistance
(R) was divided by line length (L) in order to obtain a measure of resistance that is not
dependent on length. This R/L value was calculated from multiple resistance measurements
at different distances along the line. To convert A/ L to the reported electrode resistivity (Rg)
that does not depend on either length or width of the line electrodes (results plotted in Fig.
4), the R/L value was then multiplied by the line width (W), where Rg = R/L x W. For

clarification, the following equation explains the relationship between the different measures
L L

=Py = Rsyo
in Q.m, and Rs is the electrode resistivity in Q.sq™1, which is analogous to sheet resistance
for thin films. Here, t is the thickness of the electrode, which we do not need to measure if
we use Rg. All measurements were performed on a minimum of five different electrodes to
provide standard deviations in the resistivity values, represented as error bars in Fig. 4.

of resistance/resistively: R = p% where p is the resistivity of the material

2.6. Fast scan cyclic voltammetry (FSCV) electrochemical detection

FSCV were performed with an EI 400 potentiostat (Ensman Instruments; Bloomington, IN,
USA), controlled by the CV Tar Heels LabVIEW program (CV Tar Heels v4.3, University
of North Carolina, Chapel Hill, NC, USA). The headstage gain was set to 5 MQ. Data
were analyzed using HDCV software (UNC Chapel Hill). The electrode was scanned

from —0.4 to 1.0 V (vs. Ag/AgCl) and back with a 400 V s-! scan rate and a repetition

rate of 10 Hz. DA detection was identified by inspection of background-subtracted cyclic
voltam-mograms. /n vitro DA (Dopamine hydrochloride, Sigma-Aldrich, St. Louis, USA)
calibration were performed using freshly prepared, nitrogen-purged DA standard solutions
dissolved in 1xphosphate buffered saline (PBS). Electrode sensitivities were determined by
the linear regression slope of the maximum faradaic current vs. DA concentration calibration
plots.

3. Results and discussion

First, we demonstrate the potency of our polymer-to-doped nanocarbon conversion. We
carbonized the PI films with different internal linkages using a 10.6 pm CO,, infrared laser
under ambient conditions to systematically analyze the effect of chemical structure of Pl on
characteristics of resulting LIG patterns. The experimental strategy is schematically shown
in Fig. 1(a)-(b), followed by a detailed description of the individual steps. A variety of

PI1 films were synthesized from ODA and corresponding tetracarboxylic dianhydrides (/.e.,
PMDA, 6FDA, and DSDA) via two-step polycondensation. The exothermic polymerization
was carried out by reacting equimolar amounts of ODA with tetracarboxylic dianhydrides
at a concentration of 11-16 wt% solid in NMP. The precursor PAAs are converted into

the corresponding Pls through a thermal imidization, which corresponded to cyclization
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dehydration (see Supplementary Fig. S1(a) and related discussion). With computer-
programmed laser scribing, heteroatom-doped LIG can be readily written directly on PI
films. Visibly black lines were generated on the free-standing flexible PI films after

the laser scribing confirming the localized carbonization of the polymer (Fig. 1(c)). To
collectively refer to all laser-induced nanocarbon materials including 3D graphene with
different nanoscale and mesoscale morphologies, we use the acronym LINC in this work
[20]. Also, we denote the resulting nanocarbon material by the dominant heteroatom content
as follows: N-LINC for lased lines on PMDA-ODA, F-LINC for lased lines on 6FDA-
ODA, and S-LINC for lased lines on DSDA-ODA, respectively.

Precise tuning of nanocarbon structure and line dimension on different backbones of the
three PI films was achieved by adjusting the laser processing parameters. Fig. 2(a)—(c) shows
a map correlating the resulting LINC morphology to both laser power (P) and raster speed
(S). We successfully demonstrate the formation of a diverse set of nanocarbons ranging
from continuous porous graphene to wooly fibrous morphologies. It indicates that with the
increase of laser power at a constant defocus (distance of laser beam waist to the surface of
film), the raster speed also needs to be increased to achieve stable carbon line and prevent
excessive ablation of PI. It could also be clearly seen that the graphitization efficiency and
nano-/microscale morphology depended strongly on the chemical structure of the Pls. The
morphological transition from the electrically conducting porous morphologies to the high
resistivity wooly nanofibers, occurred at a lower laser fluence (i.e. lower power and higher
speed) for S-LINC, compared to F-LINC. In general, N-LINC is most stable at higher laser
fluence values (discussed below). We have previously shown that this transition is important
for fabrication of functional graphene electrodes with good electrical conductivity [20].

Fig. 2(d)-(f) shows that SEM surface morphologies of the laser-written lines exhibit a foam-
like arrays with micropores (laser power of 12.5 W, raster speed of 500 mm s~1). Cross-
sectional images, as shown in Fig. S2(a)—(c), reveal an ordered hierarchical porous structure
consisting of a cellular network covering the top of the porous foam. The volume of the
cellular networks obtained at the same laser conditions were bigger for S-LINC followed by
F-LINC, and then N-LINC. At lower speeds (higher fluence) we observe ablation for the
low-density cellular networks at the center of the lased lines (see the cross-sectional SEM
images in Supplementary Fig. S2(d)—(f)). The porous structure obtained at the slowest raster
speed of 47 mm s~1 (at laser power of 12.5 W) exhibits a bimodal distribution with a few
relatively large pores dispersed separately in an interconnected porous skeleton formed by
small pores without any cellular network (Fig. 2(g)—(i)). The average pore size has been
enlarged to a value of 1.87 um for S-LINC compared to corresponding average pore size

of the N-LINC (1.69 pm), as estimated from electron microscopy. The increase in pore size
as well as cellular network of F- and S-doped LINC relative to the N-LINC is ascribed to
rapid liberation and release of more gaseous decomposition products during transient local
photothermal reaction [28,46,47]. These distinct differences in nanocarbon growth and their
nano-/microscale morphology strongly reflect the molecular chain packing and inherent
thermal properties of the three different types of PI (see Supplementary Fig. S1(b)—(c) and
related discussion).
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To qualitatively investigate the effect of molecular building blocks of Pls on carbon line
features under varying laser parameters, the carbonized lines were firstly prepared using
raster speed ranging from 47 to 500 mm s~1 in increments about 100 mm s~1 at a constant
laser power of 12.5 W. The laser fluence, corresponding each laser processing parameter was
increased gradually from 16 to 170 J cm™2 on the PI films. The detailed description of the
laser fluence calculation from the Gaussian beam modeling is provided in a Supplementary
Note.

Raman spectroscopy was used to characterize structural transformations in LINC lines that
were formed on the three PI films. Deconvolution of the spectra from all N-LINC, F-LINC,
and S-LINC lines was carried out based on five characteristic bands (see Supplementary Fig.
S3): the I-, D-, and D’-band at ~1120 cm~1, ~1350 cm™2, and ~1610 cm™ corresponding to
the sp3 hybridization and disordered carbon domains including vacancies and edges [48]; the
D”-band at ~1500 cm~1 corresponding to contributions from the phonon density of states
due to small size graphitic crystals or hydrogenated carbons [49,50]; and the G-band at
~1580 cm™ originating from sp? bonds from perfectly organized hexagonal carbon domains
with contributions from possible double bonds [51,52]. Moreover, the second order 2D-band
at 2650 cm™1 is considered, which is characteristic of graphenic nanocarbons [51-54]. In
Fig. 3(a), the 2D-band is hardly distinguishable in N-LINC obtained at laser fluence of

16 J cm~2, while in the F- and S-doped LINC cases an intense resonance is revealed

with a symmetrical profile centered at 2650 cm™2. In addition, significant improvements in
the 2D/G ratio were observed in F-LINC and S-LINC, compared to N-LINC, under laser
fluence of 16 J cm2, indicating higher photothermal conversion capabilities of 6FDA-ODA
and DSDA-ODA at low laser energy compared to PMDA-ODA (Fig. 3(b)).

Interestingly, carbonization of S-LINC at laser fluence of 170 J cm™2 (Fig. 3(c)) resulted

in a distinctly higher D/G (Fig. 3(d)), and concomitantly stronger and sharper D-band
characteristics (Fig. 3(c)) compared to N-LINC and F-LINC. This is attributable to the
partial photothermal oxidation of graphitic structure in S-LINC originating from oxygen-
rich polymer backbone of DSDA-ODA during laser scribing in air. Comparing the D/D’
ratios for all three types of doped graphene (Fig. S4) reveals relatively similar values in the
range of 3.5-4.5, which indicates that the types of defects causing disorder are similar in
N-LINC, F-LINC, and S-LINC, and are likely dominated by edge defects and vacancies, as
opposed to sp defects [48]. Further, comparing the D” peak size fitted for all three types
(N-LINC, F-LINC, and S-LINC) at low fluence (16 J cm~2) and high fluence (170 J cm™2)
reveals that D”-band is greatly diminished at higher fluences, which suggests improved
graphenic crystallinity with laser fluence (see Supplementary Fig. S5) [55,56].

For all three types of LINC in our study (N-LINC, F-LINC, and S-LINC), the XRD patterns
(see Supplementary Fig. S6) show strong (002) and (100) peaks centered at 26 = 26.3 and
20 = 43.5, respectively, giving an interlayer spacing (atspacing) of ~3.4 A between adjacent
(002) lattice planes, and indicates a high degree of graphitization [57], which corroborates
the Raman spectroscopy results presented above.

To extend the compositional analysis of laser-treated Pls, XPS characterization of chemical
binding was conducted (see Supplementary Fig. S7). In all cases, the graphitization of
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the Pls becomes clear by the appearance of the dominant sp? carbon in C1s peak with
considerably smaller O1s and N1s peaks (see Supplementary Figs. S7-S10). In Fig. 3(e)-(g)
(plotted from data in Supplementary Table S2), with increase in laser fluence, the calculated
atomic percentages of carbon sharply increase from original 68-75% in three PI films to
89-95% in LINC lines. The remarkable decline of oxygen and nitrogen content at high laser
fluence indicates that the correspondingly high temperatures induced by the laser triggered
the effective graphitization of the PI. The fluorine and sulfur signals in F-LINC and S-LINC
also show a slight decrease, however are clearly present even at the highest laser fluence of
170 Jcm™2,

Fig. S8(a)—(b) show the high resolution C1s XPS spectra of the PMDA-ODA before and
after the laser carbonization (at 52 J cm~2), respectively. The deconvoluted C1s spectrum
for N-LINC is represented by four different deconvolved peaks (see Table S3 in the
supplementary material): sp? hybridized carbon at 284.5 eV, sp2 hybridized carbon/C-N
bonds at 286.3 eV, epoxide/hydroxyl C—O bonds at 287.8 eV, and carbonyl O=C-0O bonds
at 289.8 eV, which agree with previously published results [17,58]. For both F-LINC (Fig.
S9(a)) and S-LINC (Fig. S10(a)), the peak representing sp2 carbon/C—N bonds is observed at
almost the same binding energy (at 286.0 eV and 285.9 eV respectively), indicating that C—
N bonds exist in all three cases, although N is the dominant dopant in the case of N-LINC.
On the hand, in the case of F-LINC the presence of a peak at 292.7 eV representing C-F
bonds confirms the effective F-doping. Similarly, in the case of S-LINC the presence of a
peak at 287.2 eV representing C-S bonds confirms the effective S-doping.

In addition, the high resolution F1s spectrum of the F-LINC clearly reveals C—F bonds with
neighboring C atoms at 686.8 and 687.7 eV, which were associated with semi-ionic C—F and
covalent C—F bonds (see Supplementary Fig. S9(b)) [59]. In Fig. S10(b), the high resolution
S2p spectrum of the S-LINC exhibit peaks for oxidized sulfur groups [60,61], which agrees
with the Raman analysis. The spatially localized transient laser irradiation could result in
extremely high temperatures, and the generated high energy leads to lattice vibrations [47].
During laser scribing, the atoms in lattice structure would be reintegrated or released as
gases, and the rest of the heteroatoms and aromatic compounds would be rearranged to
generate doped graphenic patterns.

The effective heteroatom-doping into the largely sp? carbon provides excess electrons

in the carbon framework, enabling high electrical conductivity [60]. While the laser
parameters enables us to control both the morphology and chemical doping of LINC,
further change in the macroscopic electrode line dimensions for electrochemical sensing
provides an additional way to tune the electrode resistivity (/). In general, resistivity
gradually increased as the raster speed increases to 500 mm s~ (as opposed to laser
fluence, see Supplementary Fig. S11) at constant laser power of 12.5 W, but changes

in heteroatom-doping ratio and line width cause noticeable differences in resistivity of
three types of patterns (Fig. 4(a)—(b)). Given a constant high-speed lasing in Fig. 4(c)—(d),
electrical sensing area of N-LINC and F-LINC was found to be proportional to the patterns
of different widths caused by laser power. Above the laser power of 18.3 W, however, the
resistivity of S-LINC is drastically increased to >1.685 KQ sq~L. This can be explained
by the difference in photothermal interactions from the radiation absorption by the Pl
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substrates, which drive a temperature increase that thermally oxidizes S-LINC and forms
large volume woolly fibrous structure under the same laser conditions (Fig. 4(e)—(f)) [20].
Importantly, F-LINC exhibits low resistivity in all laser processing window with a minimum
value of ~13 Q sq~1.

To study the electrochemical sensitivity of the three different high surface area heteroatom-
doped LINC microelectrodes, we evaluate the /n7 vitro catecholamine neurotransmitters
detection capability in a range of concentration from 10 nM to 1 uM in PBS, using fast
scan cyclic voltammetry (FSCV). DA is an electroactive compound capable of reversible
oxidation to dopamine-c-quinone (DA0Q) upon application of a sufficient potential,
following a two-electrons and two-protons exchange (Fig. 5(a) left) [62—64]. Using FSCV,
DA is typically detected through a triangular waveform with a scan rate of 400 V s~1 applied
repeatedly at 10 Hz, starting from an holding potential of —0.4 V (vs. Ag/AgCl), applied

to the working electrode, to selectively preconcentrate cationic DA on the electrode surface
[64-66], to a switching potential of +1.0/+1.3V and back to the holding potential to oxidize
DA and reduce DA0Q (Fig. 5(a) right).

Fig. 5(b) presents FSCV background current in 1x PBS (lines) and after the injection of 500
nM DA (scatters) for N-LINC (black), F-LINC (red), and S-LINC (blue), respectively. After
the background subtraction, the CV plots exhibit characteristic anodic DA oxidation and
cathodic DA0Q reduction peaks, confirming the detection of DA (Fig. 5(c)). Fig. 5(d)—(f)
reports the background subtracted CV plots corresponding to the detection of 10, 100, 250,
500 nM and 1 pM bolus of DA injection, for N-LINC, S-LINC, and F-LINC, respectively.
The DA oxidation peaks linearly increase with the concentrations, as confirmed by the linear
regression fit of the calibration curve, that plots the maximum faradaic oxidation current
versus DA concentration, in Fig. 5(g).

The sensitivity towards DA, based on the linear regression slope of the calibration curve,

is determined to be 4.23 + 0.03 nA nM~1 (Mean + SD, n = 7), 4.25 + 0.11 (Mean *

SD, n=7), and 5.78 + 0.32 nA nM~1 (Mean % SD, n = 7) for N-LINC, S-LINC, and
F-LINC, respectively. The sensitivity normalized by the geometric area, as reported in Fig.
5(g), is highest for F-LINC (47% higher than N-LINC), followed by S-LINC (22% higher
than N-LINC), with N-LINC being the lowest. All LINCs have area-normalized sensitivities
three order of magnitude greater than what has been reported in literature from carbon fiber
microelectrodes (CFEs) (4.9 + 0.5 nA pM~1 and 13 + 2 nA pM~1) [63,67].

The current peak in response to 1 M DA by the geometric area is 70.78 + 3.75 pA pm™2,
101.69 + 7.61 pA um~2, and 112.89 + 3.11 pA um~2 for N-LINC, S-LINC, and F-LINC,
respectively. These values are comparable to the value observed for high-sensitivity and
high surface area microelectrodes reported in literature, such as carbon nanotube (CNT)
(82 + 10 pA um~2) [68], CNT/coated carbon fiber microelectrodes (CFE) (100 + 25 pA
um=2) [68], and CNT/polyethylenimine (PEI) fibers (122 + 23 pA pm~2) [69]. Remarkably,
the three different doped LINC microelectrodes can detect 10 nM DA concentration with
clear discrimination of the oxidation and reduction peaks (Fig. 5(d)—(f), insets). The results
indicate that the doped LINC microelectrodes can be used for highly sensitive DA detection
with FSCV.
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Other than higher sensitivity, F-LINC also exhibits a lower peak-to-peak potential separation
(AEp) value (AE 0.75 = + 0.01V) compared to S-LINC (A£, = 0.80 + 0.02 V) and

N-LINC (A£, = 0.80 £ 0.03 V), indicative of faster electron transfer kinetics. The effects

of dopant types/functionalization on LINC DA sensitivity may be described with following
mechanisms: (i) aromatic r— stacking interactions between the ammonium cation of the
protonated DA and m electrons of the hexagonal ring in the carbon surface; (ii) electrostatic

or chemical bonding interactions between the NHY cations of the protonated DA at neutral

pH and negative charges on the carbon, as previously observed for graphene oxide and
CNTs [70,71]; (iii) strong hydrogen bonding between the most electronegative F element
and DA [72]; (iv) increasing the number of catalytic active sites of the neighboring dopant
via structural engineering (doping, defect sites, porous structures) and enhancing the DA
adsorption [73]; (v) the lowest line width-normalized resistivity of F-LINC (Fig. 4(a))

and facilitation of electron transfer between DA and the F-doped electrode surface. The
contribution of the different doping, with particular focus on the F-doping, for the purpose
to enhance the sensitivity and the electrocatalytic activity of the doped LINC will be further
investigated in a future study.

Hence, our combined results in this study on the process—structure—property relationship for
the direct laser-induced formation of heteroatom-doped LIG demonstrates the following:

(1) unprecedented control of LIG chemistry by /n situ heteroatom self-doping during

lasing based on molecularly engineered PI substrates; (2) combining chemistry control with
fluence-dependent morphological transitions in LIG to pattern functional microelectrodes
in a facile one-step manufacturing process that has a transformative potential in flexible
device manufacturing; (3) fabricating electrochemical biosensors for detection of the
neurotransmitter dopamine with nanomolar resolution.

4. Conclusion

In this study, we demonstrate a capable approach to fabricate doped graphene
microelectrodes with controllable chemistry and porous morphology by laser-induced
carbonization of molecularly engineered polyimides. In particular, we show that the
chemical backbone structure of the precursor polymer can be used to tailor the

chemical composition, nano-/microscale morphology, and performance of our fabricated
electrochemical biosensors. Three different types of graphene electrodes were fabricated
depending on the dominant heteroatoms (N-doped, F-doped, and S-doped), which are
derived from the molecular building blocks of Pls. Importantly, our microelectrodes are
directly doped during laser scribing, which is a significant advantage for manufacturing
electrically conductive and electrochemically functional porous graphene. By modulating
laser parameters, we find that the electrical resistivity of our F-doped graphene can be
precisely tuned to lower than 161 Q sq~! at even quite low values of laser fluence (16 J
cm™2), compared to 572 Q sq~! for N-doped graphene. At higher fluence values, even lower
resistivity is possible with a minimum of 13 Q sq~1 measured in this study. Moreover, we
tested the sensitivity of electrochemical sensors fabricated by our approach. While all three
types of microelectrodes were capable of detecting target catecholamine neurotransmitters
like dopamine with concentrations as low as 10 nM, our F-doped graphene electrodes
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exhibited the highest sensitivity with excellent reproducibility, compared to the S-doped,
and the N-doped. These findings on the process—structure—property relationships for direct
laser-induced formation of heteroatom-doped graphene can be leveraged for the fabrication
of other flexible devices, such as supercapacitors, electrocatalysts, and other functionalities
in smart wearables.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Schematic illustration of the fabrication process and demonstration of the flexible

conducting platform. (a) Synthetic route and chemical structures of the three Pls. (b)
Schematic procedures for the fabrication of laser-written patterns: (1) PAA precursor coated
onto the glass substrate, (2) chemical transformation of PAA to PI, and (3) laser scribing

to induce heteroatom-doped nanocarbon-derived pattern on the surface of the PI film. (c)
Photograph of flexible laser-written patterns on different Pl films (scale bar: 1 cm).
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Fig. 2.

(agc) Correlation map of laser power with raster speed on different Pl backbones to

achieve different doped LINC morphologies from the desired continuous lines of electrically
conducting porous morphology (green) to resistive wooly nanofibers (red): (a) PMDA-
ODA, (b) 6FDA-ODA, and (c) DSDA-ODA. SEM of LINC morphology for the conducting
carbon lines fabricated at = 12.5 W, $=500 mm s1 (laser fluence = 16 J cm™2): (d)
N-LINC, (e) F-LINC, and (f) S-LINC. SEM of LINC morphology for the conducting carbon
lines fabricated at 7= 12.5 W, $= 47 mm s~ (laser fluence = 170 J cm~2): (g) N-LINC, (h)
F-LINC, and (i) S-LINC. Inset is the corresponding higher magnification SEM image.
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Fig. 3.

Lz?ser fluence-dependent chemical structures of LINC. (a) Representative Raman spectra and
(b) corresponding 2D/G ratio of carbon lines obtained at laser fluence of 16 J cm™2. (c)
Representative Raman spectra and (d) corresponding D/G ratio of carbon lines obtained at
laser fluence of 170 J cm=2. (e)—(g) Atomic percentages of carbon and various heteroatoms
as a function of laser fluence.

Carbon N'Y. Author manuscript; available in PMC 2022 September 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Nam et al. Page 20

I P=125W }

[Al 600 ]
—— N-LINC —— N-LINC
5001 —— F-LINC ——F-LINC
~ 400] == SLINC ——S-LINC

0 100 200 300 400 500 O 190 200 300 40 5%0
Raster Speed (mm s~1) Raster Speed (mm s)
{S=500mms‘1|~ IS=500mms“}
€ {——Ninc [Ds00{ N1 inC
1600{ —— F-LINC /| —o~F-LINC X -
——S-LINC = 400{~"— S-LINC
71200 =
@ £ 300
< 00 S
= 2
400+ -
o
12 15 18 21 24 27 30 12 15 18 21 24 27 30
Laser Power (W) Laser Power (W)

Fig. 4.

Cgmparison of the (a) electrode resistivity (R and (b) carbonized line width of N-LINC
(black line), F-LINC (red line), and S-LINC (blue line) as a function of raster speed at
constant laser power of 12.5 W. Comparison of the (c) electrode resistivity (/) and (d)
carbonized line width of N-LINC (black line), F-LINC (red line), and S-LINC (blue line)
as a function of laser power at constant raster speed of 500 mm s™1, (e, f) SEM of surface
morphology of S-LINC fabricated at = 28.1 W, $= 500 mm s~1.
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Fig. 5.

Dgpamine sensitivity with three different doped LINC fabricated at P=12.5W, S=47
mm s~1 (laser fluence = 170 J cm™2). (a) Schematic of the FSCV waveform used, with
holding potential —0.4 V, swhitching potential 1 V at 400 V s71, 10 Hz (left) and schematic
of the two-electrons and two-protons DA reaction (right). (b) FSCV background current in
PBS (lines) and in presence of 500 nM DA (scatters) for N-LINC (black), F-LINC (red),
and S-LINC (blue) respectively; (c) corresponding background subtracted CVs, highlight
the dopamine oxidation peaks and dopamine-o-quinone reduction peaks. Representative
background subtracted CVs for 10, 100, 250, 500 nM and 1 uM bolus of DA injection
collected using (d) N-LINC, (e) F-LINC, and (f) S-LINC, respectively. Inset: representative
background subtracted FSCVs for 10 nM DA concentrations. (g) Calibration curves (10
nM-1.0 UM concentration range) of DA in PBS using N-LINC (black), F-LINC (red), and
S-LINC (blue), respectively. Data were calibrated from 7 replicates (n = 7).
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