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Abstract

A method for the fabrication of flexible elec-
trical circuits on polyaramid substrates is pre-
sented, based on laser-induced carbonisation
followed by copper electroplating. Locally car-
bonised flexible sheets of polyaramid (Nomex),
by laser radiation, creates rough and highly
porous microstructures that show a higher de-
gree of graphitisation compared to thermally
carbonised Nomex sheet. The found recipe
for laser-induced carbonisation creates con-
ductivities of up to ~45Scm™!, thereby ex-
ceeding that observed for thermally pyrolysed
materials (~38Scm™!) and laser carbon de-
rived from Kapton using same laser wavelength
(~35Scm™1). The electrical conductivity of

the carbonised tracks was further improved by
electroplating with copper. To demonstrate
the electrical performance, fabricated circuits
were tested and improvement of the sheet re-
sistance was determined. Copper films exhibit
antimicrobial activity and were used to fabri-
cate customised flexible antibacterial coatings.
The integration of laser carbonisation and elec-
troplating technologies in a polyaramid sub-
strate points to the development of customised
circuit designs for smart textiles operating in
high temperature environments.



1 Introduction

The field of flexible electronics has gained sig-
nificant attention over the last decade, due to
its great potential in many emerging applica-
tions, such as wearable electronics, smart tex-
tiles, health monitoring devices, portable en-
ergy storage devices, and radio frequency iden-
tification devices (RFID)[I, 2, [3, 4]. The ben-
efits of flexible substrates allow applications
in areas where the much faster and more effi-
cient conventional electronics cannot be used.
Laser-induced carbonisation (LIC) of flexible
polymeric substrates has been recognised as
one of the methods to fabricate conductive
tracks with custom designs. In LIC, the poly-
mer is selectively decomposed by a combina-
tion of photochemical and photothermal pro-
cesses to a carbon-rich porous film [5], [6, [7].
Polyimide (commercially known as Kapton)
has been extensively used by many researchers
as polymer substrate for LIC, and has been
demonstrated for different applications, includ-
ing supercapacitors[8], adsorbents [9], cataly-
sis platforms [10, 1], biosensors [12] [13], and
mechanical and peizoresistive sensors [14], [15].
Additional polymers have been explored as
suitable substrate for LIC. For example, Chyan
et al. reported on the formation of laser car-
bon on a number of high-temperature ther-
moset materials, and on natural polymers such
as lignin and cellulose [16]. LIC of high per-
formance polymers such as polyaramid [16],
polyetherimide (Ulse) [8], polysulfone, and
polyphenylsulfone [I7] have also been demon-
strated. However, a more detailed investiga-
tion of the laser-induced carbonisation of some
of these high performance polymers is still
needed to expand the scope of LIC into new
applications. An example of such a candidate
polymer is polyaramid.

Polyaramids are a class of high perfor-
mance polymeric fibre materials, which are
broadly available as poly(p-phenylene tereph-

talamide) (commercially known as Kevlar®)
and poly(m-phenylene isophtalamide) (com-
These pol-
yaramid fibres feature a high tensile strength
(2900-3600 MPa), a high elastic modulus (70.5-
112.4 GPa), good chemical inertness (degrada-
tion only in formic acid), and a high thermal
resistance (0.04-0.25 Wm~! K1) [I8]. Such
properties enable the polyaramid fibres to be
a suitable material for various applications
including structural reinforcement, fire resis-
tance, insulation for electrical equipment, and
filtration, e.g. in exhaust systems [19, 20].
The polyaramid fibres have also been inves-
tigated as a precursor to activated carbon,
due to their densely packed and organised fil-
ament orientation. Such activated carbon, de-
rived from polyaramid fibres, has been demon-
strated for adsorbents, catalysts, and molecu-
lar sieves [211, 22]. Apart from thermal pyroly-
sis, laser-induced carbonisation of polyaramids
has been demonstrated [16, 23, 24], which
opens many opportunities for fast, versatile,
and selective fabrication of flexible carbon-
based electrodes, customised electrical circuit
design directly on polymer substrates, for tex-
tile integrated sensing electronics in high tem-
perature operations, and specialised coatings.

Antibacterial coating are especially interest-
ing considering that nosocomial infections are
becoming a major threat in the medical envi-
ronment due to cross contamination of surfaces
and the increase of antimicrobial resistance in
pathogens [25]. The reduction of contaminants
is usually achieved by frequent cleaning includ-
ing the use of surface disinfectants. However,
the use of these disinfectants can breed mi-
crobes that have developed a resistance against
the antimicrobial substance, and which can
also be linked to antibiotic resistance, mak-
ing the microbe less susceptible to both surface
disinfectants and antibiotics [26]. Once this re-
sistance has manifested, the microbe can cover
the environment, since it is not eliminated by

mercially known as Nomex®).



the cleaning procedure anymore. In the worst
case this resistance can transfer to other mi-
crobes by horizontal gene transfer [27]. An-
tibacterial coatings based on copper and sil-
ver circumvent these resistances, and therefore
are viable options to counteract microbial con-
tamination and nosocomial infections [25] 28].
However, the majority of available coatings use
bulk material dispersed in the matrix, which
can be significantly reduced by targeted elec-
troplating on the conductive surface.

In this work, we present a comparative anal-
ysis of copper electroplating on a laser carbon
and a thermally pyrolysed precursor. Directly
LIC processed polyaramid was fabricated as a
demonstration of a targeted surface, and used
as an antimicrobial coating, based on the po-
tent activity of copper. To achieve this, we first
perform a selective carbonisation of a flexible
polyaramid insulation sheet using laser radia-
tion, and then characterise the material prop-
erties of the resulting carbon tracks by using
Raman spectroscopy, X-ray diffraction (XRD),
Transmission electron microscopy (TEM) and
energy-dispersive X-ray spectroscopy (EDX).
We discuss the influence of the polymer pro-
cessing settings on the quality of the resulting
laser carbon, and demonstrate the influence of
the different electrodes on the electrochemical
deposition (electroplating) of copper. In gen-
eral, the laser carbonised structures show an
increased electrical conductivity, which makes
it a preferable seed layer for electroplating.
Such laser patterning followed by electroplat-
ing can be a direct route for a mask-free elec-
trical design on the surface of a polymer. The
kinetics of the electroplating were analysed us-
ing cyclic voltammetry (CV). Such customisa-
tion of a polyaramid substrates can also be a
step towards the development of antibacterial
coatings for large and small areas, fire resistant
sensors and smart textiles.

2 Materials and Methods

2.1 Laser-induced carbonisation of
Nomex

Poly(1,3-phenylene isophthalamide), commer-
cially known as Nomex®Type 410 insula-
tion paper (DuPont™; supplied by RS Com-
ponents), of thickness 130+13 pm, was rinsed
with isopropanol and dried for 10 min natu-
rally. The films were fixed on a glass slide with
acrylic adhesive films (3M-467MP), to prevent
film from warping during fabrication. Laser-
induced carbonisation was carried out on a
COgs-laser (ULS Versa Laser 3.50, wavelength:
10.6 pm, lens 2.0, beam diameter 120 pm at
focus). A single irradiation process exhibited
deterioration of resistivity after fixing for elec-
troplating, thus two different recipes with mul-
tiple irradiations were chosen for the manu-
facturing of laser carbon. The first type of
laser carbon was fabricated with double irradi-
ation. During a first scan, parameters were set
to 3W, 13cms~! scanning speed, a focal dis-
tance of 2.5 mm, interline distance of ~100 pum,
a distance between pulses in a line at ~65 pm,
and during a second scan, the scanning speed
was increased to 32 cms~! and the distance be-
tween pulses reduced to ~25 pm. The sample is
further referred to as LC2. The fabrication was
repeated under nitrogen flow. The details are
presented in the supplementary information.
The second type was fabricated with a triple
irradiation procedure, the first irradiation per-
formed at 3 W, 13cms~! scanning speed, a fo-
cal distance of 2.5 mm, an interline distance of
~251m, and a distance between pulses in a line
at ~25um. The following procedures were re-
peated as for LC2, but the pulse distance was
kept at ~25 pm for all repetitions. This sample
is further denoted as LC3.

For a comparison of material properties, we
also prepared a sample by conventional ther-
mal pyrolysis of Nomex paper. A heat treat-



ment recipe, widely used for the fabrication
of carbon micro-electromechanical systems (C-
MEMS) for conversion of the polymers into
carbon [29] 30} 1], was used. The heat treat-
ment was carried at 900 °C under nitrogen flow
(~0.81/ min) for 1h with a heating rate of
5°Cmin~'. The sample is further referred as
N900.

2.2 Electroplating of copper

The electrode exposed to the electroplating
electrolyte solution had a square shape with
10 mm side length as depicted in Figure
Copper electroplating on LC2 and LC3
was conducted in a self-built electrolyte bath
(Cuprostar LP-1, Enthone-OMIGmbH) with
2 M concentration of CupSOy4, 7 x 107* M
of HySOy4, 9 x 1075 M of HCI following the
manufacturer’s specification for promoter ad-
ditives. The bath was constantly stirred by
an electric pump. A direct current was ap-
plied during plating in the 10-50 mA range us-
ing a home-built power source [32]. The de-
position time was kept at 300s for all spec-
imens. The best plating regime was deter-
mined at 30 mA, where the sample showed re-
tention of the resistance after bending and re-
mained fixed to the substrate without dam-
age. After electroplating, the samples were
washed with de-ionised water and kept on a
hotplate at 95°C for 300s for evaporation of
the residual moisture, and prevention of cop-
per oxidation. The thickness of the plated ma-
terial can be estimated by the Faraday equa-
tion: ¢t = ITA/(nFpS), where t is the plated
thickness, I the applied current, 7 the plat-
ing time (300s for all cases), A the atomic
weight of the material (Aq, = 63.55 gmol 1),
n the number of electrons transferred by the
ion into the solution (n = 2), F' Faraday’s con-
stant (F = 964855 Amol™!), p the material
density (pc, = 8.96g/cm?), and S the elec-
trode surface area. Due to the high porosity

of the carbon material, the deposition sponta-
neously occurs within the whole electrode vol-
ume, so that the quantitative data on the spe-
cific surface area must be determined from gas
adsorption (BET).

2.3 Material characterisation

A Bruker Vertex 70 spectrometer with ATR-
FTIR was used for the determination of the
absorbance in the 300-4000 cm~! range, with
2cm™! resolution. The absorbance was cor-
rected with a Kubelka-Munk function [33].

The surface morphology was studied with
a Carl Zeiss AG - SUPRA 60VP SEM
equipped with a Bruker X-FLASH 5010
energy-dispersive X-ray spectroscopy (EDX)
detector. The laser carbon specimens remain-
ing on the precursor substrate were grounded
with copper tape on the edges in order to avoid
charging, free standing specimens were fixed
with carbon adhesive pad and did not dis-
play any charging. The EDX was utilised for
the estimation of the elemental composition,
and to perform an element sensitive mapping.
For laser carbon samples, the thickness was
measured with a Dektak V 220-Si profilome-
ter by averaging both the step height of the
carbonised area and the precursor height un-
der the removed carbon film.

The specific surface area and porosity was
determined from argon adsorption isotherms
performed at 87K with a Quantachrome
Autosorb-1 MP via BET theory [34].

A Hioki 3540 m€) HiTester was employed for
the determination of sheet resistance, using a
4-probe van der Pauw geometry.

The elemental (combustion) analysis mea-
surements were performed on a ELEMENTAR
Vario Micro and determines the average value
throughout thickness of the film. As analytical
scale the model SARTORIUS M2P was used.
The machine calibrated for determination of
mass percent for hydrogen, carbon and nitro-



gen. A mass percent of oxygen was estimated
by subtraction of determined elements, due to
insignificant contribution of other elements in
the precursor preparation and processing.

XRD was conducted on a Bruker D8 Ad-
vance diffractometer in a 6 — 6 geometry using
Cu-Kaj o radiation. All carbon samples were
studied in powder, LC3 was additionally stud-
ied in a film. All samples after copper electro-
plating were studied in a film. Bragg’s formula
was used for the determination of the inter-
plane distance, and the Scherrer formula was
used for the determination of crystallite size:
7 = K\/(Bcos), where 7 is the mean size of
the ordered crystallite, K is the shape factor, A
is the x-ray wavelength (A = 1.54A), § is the
full width at half maximum (FWHM) of the
selected reflection, and 6 is Bragg’s angle. The
method described by Warren [35] was used to
determine the crystallite size (L,) and stacking
thickness (L.) in carbon, the K- shape factor
specified at 1.84 and 0.89 respectively.

Raman spectroscopy was performed on a
Bruker Senterra equipped with a DPSS laser
(A = 532nm) at 2mW power with a penetra-
tion depth of < 1 pm and measured in a spec-
tral bandwidth of 70 - 3500 cm ™! with 0.5 cm™!
resolution.

Cyclic voltammetry was performed on a
modular AutoLab PGSTATI128N potentio-
stat/galvanostat equipped with NOVA soft-
ware. The measurements were carried out in
a three-electrode system: a selected carbon
working electrode, a platinum electrode, and a
Ag / AgCl reference electrode was immersed in
1M HCI solution. All experiments were con-
ducted under constant stirring conditions at
500 rpm. The applied potential was ranged
between —1V and 0.3V, the sweep rates were
0.05Vs™, 0.1Vs™ 0.2Vs™! 05Vs™! and
1.0Vs~!. The observation of the saturation
current was performed in the range between
—8V and 0.3V under a 0.5Vs~! sweep rate.
The copper electroplating kinetics were stud-

ied in the same electrolyte solution as electro-
plating as it was mentioned above. The rate of
deposition was estimated by taking the deriva-
tive of the CV. The data from N900 and LC3
were processed without smoothing the curve,
but in case LC2 the derivation was followed by
smoothing using a Savitzky—Golay filter.

2.4 Evaluation of bactericidal activ-
ity
Due to exhibited flexibility of the compos-
ite film, the electroplated LC2 films (at
30mA /cm?) have been selected as carriers for
the evaluation of antibacterial activity. Cir-
cular stainless steel carriers as well as square
Nomex®410 insulation paper in standard and
laser carbon forms were chosen as control car-
riers. Escherichia coli strain K12 grown in LB-
Miller and Bacillus subtilis strain subsp. spiz-
izenii grown in Mueller-Hinton-Broth, which
are the respective model organisms for gram-
negative and positive bacteria, were selected
for the evaluation. Tests were done in trip-
licates according to a simplified EPA Copper
surface test protocol to adjust to laboratory
capacity and equipment. Both strains were re-
stored from —80°C Glycerol cryogenic stocks
to nutrient plates. Overnight cultures were
picked from the agar plates and grown for 18 h
in a glass beaker agitated by 120 rpm at 30 °C
for Bacillus subtilis and 37 °C for Escherichia
coli. As a working solution for the test bacte-
ria, the overnight cultures were diluted to an
optical density ODS% of 0.05 in culture me-
dia, supplemented with a soil load of 3 mgml~"
sterilised organic soil. All test carriers were
exposed to UV-C light for 30 min for sterilisa-
tion and subsequently inserted into a 24-well
standard BRANDplate®. Following this step
every carrier was submerged with 600 ul bac-
terial working solution and dried for 75min.
Start of the test was initiated by washing and
resuspending bacterial mass on the carriers



with PBS (0.01 mol, pH 7.4) for three consecu-
tive times and processing the extracted mass
by Miles and Misra method [36]. Dilutions
of down to 1 x 1077 were tested on nutrient
plates. Each plate was divided into 4 seg-
ments and 50 ul total volume of each dilution
was applied to each segment and incubated at
optimal temperature for 18 h. The colonies
counted from this initial resuspension will be
regarded as initial microbial concentration at
7zero elapsed time”. After initiation the car-
riers were then incubated in static at for 2h
at 30°C for Bacillus subtilis and 37 °C for Fs-
cherichia coli. Followed by incubation the car-
riers are transferred to an unused slot of the
BRANDplate® and processed by Miles and
Misra method [36] with the same conditions
as in the initial process, subsequently incu-
bated for 18 h at 30 °C for Bacillus subtilis and
37°C for FEscherichia coli. After incubation,
the colonies on each plate were counted for
each segment in a range of 30 to 300 colonies by
hand. Everything above this range is regarded
as too many to count, and everything below
this range is regarded as too few to count and
set to 0.

3 Results and Discussion

3.1 Optimization of laser carboniza-
tion

The polyaramid was selected for laser-induced
carbonisation, due to its favourable properties
for the formation of laser carbons, such as high
thermal insulation, medium-range order, and
high dissociation energy of single monomers [8|
16, 23]. In the selected IR region, the delivered
energy is in the range of ~0.12eV, and thus
not sufficient for direct monomer dissociation.
However, the applied radiation induces phonon
vibrations in the affected region (943.4cm™1!),
responsible for out-of-plane bending of C—-H
bonds at the aromatic ring, which consequently

dissipates along the molecular chains. The de-
tailed FTIR absorbance spectrum is presented
in Figure S1, and agrees with previous re-
ports [37]. Due to the low thermal conductivity
(0.25Wm~! K~!), the induced energy remains
localised and causes a temperature increase,
which results in bond dissociation [38, 39].
The laser-induced carbonisation happens over
a threshold laser intensity of 2 x 10* W/cm?2.
At the same time, a strongly ionised plume is
observed above the surface, which is attributed
to the expulsion of dissociated molecules un-
der high pressure (~3 GPa) [39]. This plume
causes partial shielding and further absorbs the
laser radiation, which can substantially con-
tribute to the temperature accumulation above
the film. This phenomenon can lead to the sur-
face temperature rising to over 2000 °C [40]. At
such high temperatures, C—N and C=0 bonds
in the aramid chain rapture rapidly, corrupting
the structural integrity of the chain and caus-
ing intensive expulsion of a number of species
with complex aromatic structure [41} [42]. The
precursor undergoes rapid graphitisation in
combination with some of the ionised radicals
and aromatic units recombining in stacks of
misaligned graphene sheets, featuring surface
functionality with a number of nitrogen and
oxygen heteroatoms.

The focused laser beam resulted in the ab-
lation of a significant part of the graphitised
fragments, thus defocusing was introduced, re-
sulting in an improvement of the carbon film,
in terms of resistance, mechanical stability and
in adhesion to the precursor substrate [43, [16].
On the other hand, this causes an increase in
the minimal feature size for a single track to
~300 nm, but provides sufficient heating, initi-
ating the LIC. Molecular dynamic simulations
showed that the ablation is caused by an ex-
cessive temperature gradient, leading to the in-
duction of high internal stresses causing cleav-
age of the carbonised fragments [44].

The fabrication scheme is presented in Fig-



Figure 1: Schematic representation of the fabrication process: (A) Nomex paper bonding to a
glass slide. (B) Laser irradiation using LC2 and LC3 recipes. (C) Copper electroplating. (D)

Antibacterial surface tests.

ure [1} briefly, the Nomex insulation paper was
fixed on a glass slide with acrylic adhesive film,
the precursor film was processed into laser car-
bon by CO45 mid-IR laser radiation, followed by
electroplating with copper. The new compos-
ite film was tested for the antibacterial prop-
erties.

The laser carbon fabricated with a single
irradiation displayed significant deterioration
of conductivity during preparation for elec-
troplating, and a selected procedure exhib-
ited non-uniform interface and fracture at the
Nomex / laser carbon boundary. Nevertheless,
it helped to establish suitable fabrication pro-
tocol and determine the operation parameters.
For all further cases, the power and the work-
ing distance were kept at 3W and 2.5 mm (Fig-
ure S2), but the quality was improved by intro-
ducing multiple passes over same area during
fabrication.

In the first case, the laser irradiation was
performed twice: during the initial irradia-
tion, the distance between the pulses in one
line was increased to 65 pm, providing initia-
tion of the seed layer and improving optical

absorbance of the surface to a selected laser
wavelength. According to the manufacturer,
a decreased pulse throughput (increased pulse
distance) delivers higher intensity pulses and
keeps the average distributed intensity across
the line at a selected value, which results in
a larger heat affected zone. Then the sec-
ond irradiation was performed with a standard
pulse throughput, and with increased transi-
tion speed set to 32cms~!. Here, the first ir-
radiation process with reduced pulse through-
put provided precursor carbonisation into the
seed layer, with increase of specific heat and
optical absorbance, and the second irradiation
induced annealing of the film with improving
graphitisation. As previously stated by Chyan
et al. [16], the double irradiation procedure can
be performed at same laser parameters. How-
ever, we found the aforementioned procedure
better suited to the processing of Nomex, more
reproducible, and therefore useful for further
fabrication.

In the second procedure, the parameters
were kept the same as for a single irradia-
tion, except for the interline distance, which



was decreased to 25pum, and which provided
pulse overlap around 90%. Typically in poly-
imides, such a close distance between rasteriza-
tion lines leads to cleavage of the laser carbon
and is found to be unfruitful [I2]. However, the
widening of the laser heat affected zone with re-
duced temperature gradient caused the forma-
tion of carbon with sufficient adhesion to the
substrate. The second and third irradiation
provided further annealing of the carbonised
substrate. These samples could easily be re-
leased from the precursor film and studied on
their own. Notably, during the final laser pass,
the expulsion of a plume had been significantly
reduced compared to previous steps, which was
caused by reduction of released oxygen from
the polymer, and affected only by oxygen from
the processing interface.

3.2 Material and microstructural
characterization of Nomex de-
rived laser carbon

Figure shows variations in surface mor-
phology depending on the selected fabrication
procedure. Figure and B present mor-
phology of a thermally carbonised calendar
rolled Nomex film, which exhibited fibrous mi-
crostructure similar to the morphology of the
precursor Nomex film. LC2 displays a sig-
nificant porosity, ranging from hundreds of
nanometer voids and wrinkles, to pores of over
10 pm diameter (Figure and D). Process-
ing in nitrogen working environment featured
close porous microstructure, but promoted for-
mation of more rough surface (Figure S3). Fig-
ure[2JE and F show the morphology of the sam-
ple LC3, which is substantially different from
LC2, and features a reduced number of pores
larger than ~1 pm in size, and an increase in
the number of smaller pores of ~100nm or
less. The reduced interline distance between
tracks induces higher localised temperature,
which promotes better graphitisation and im-

proves absorbance coefficient over precursor’s.
This causes increase in temperature accumu-
lation during repetition of the laser passing,
which results in partial ablation in the interface
carbon layers, exposing deeper microstructure
with characteristic lower pore distribution [12].
Notably, the specific surface area, examined
with gas sorption, confirms reduction LC3 in
bulk, as well (Table [I). The thickness of the
carbonised area in the laser carbons was mea-
sured to be 28.9 4+ 4.9 nm and 25.3 + 2.7 nm
for LC2 and LC3. The electrical conductiv-
ity was measured to be 5.38 + 0.85 Scm ™! and
45.22 +£10.68 Scm™! for LC2 and LC3 (Ta-
ble [I)).

Chemical analysis from the extracted pow-
ders is presented in Table The sample
N900 features the lowest carbon content at
77.27 £ 0.07 wt.% and the highest quantity
from other elements among other samples.
This fact indirectly confirms lower processing
temperature comparatively to the LIC from
Nomex. Notably, despite higher throughput
during fabrication and higher conductivity of
LC3, it features substantially lower quantity
of carbon, with increased contribution from
other heteroatoms in the lattice in comparison
to LC2. Regardless of the lower degree of car-
bonisation, the conductivity is influenced by
crystallinity and the pore distribution.

Figure shows a powder X-ray diffrac-
togram, where several prominent peaks are ob-
served, characteristic for carbon-based materi-
als. N900, LC2, and LC3 showed strong re-
flections at 24.3°, 25.8° and 25.8° respectively,
which corresponds to a (002) plane suggest-
ing the presence of stacking of graphite basal
planes [45] [46], 47, 48]. The peak observed at at
~44.4° for N900 indicates amorphous carbon.
Other prominent peaks were detected 43.0° and
43.1° for LC2 and LC3 respectively, which can
be assigned to reflections by the (100) graphite
plane. The interline distances and crystallite
sizes were determined from the peaks, which



Figure 2: Scanning electron microscopy of the surface morphology: (A - B) thermally pyrolysed
Nomex (N900), after laser-induced carbonisation (C - D) LC2 and (E - F) LC3.

Table 1: Properties of pyrolysed Nomex and laser carbons LC2 and LC3.

| Nooo | LC2 | LC3
Specific surface area (BET), m?/g 117 71
Conductivity, S/cm? 379+11.4 | 544+1.07 | 45.22 +£10.68
C 77.27£0.07 | 97.25+0.40 | 90.24 + 0.06
Elemental analvsis. wt.% H 1.31+£0.02 | 0.30+0.03 0.39 £0.04
YERWEAON || 7354004 | 0.94+0.06 | 1.7740.06
O 14.07 1.52 7.60
Crystallite size (L), nm 2.0 3.8 4.3
Stacking thickness (L), nm 1.0 7.0 5.6
Interlayer distance, A 3.69 3.45 3.45
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Figure 3: (A) X-ray diffractogram of N900, LC2 and LC3. (B) Raman spectra measured from

N900, LC2 and LC3.

were fit with a Lorentzian (Table [1)). Other
peaks representative of the graphitic carbons
could be indexed according space-group #173
P63, and the strong reflections were observed
only in the laser carbons at ~53° and ~78°
corresponding to the (004) and (110) planes.
Laser carbon fabricated in nitrogen did not in-
dicate any additional features in the diffrac-
togram (Figure S4). The XRD of the powder
extracted from both laser carbons exhibit sim-
ilar features. However, LC3 measured as a film
(Figure S5), exhibited splitting into two peaks
at 42.9° and 46.4°, the latter could be indexed
for the rhombohedral graphite phase at (110)g
plane according to space-group R3m [49, [50]
with crystallite size along the plane calculated
at 10 nm.

The interlayer distance was determined us-
ing Bragg’s law[51], and showed significant dif-
ferences between pyrolysed and laser carbons.
N900 showed a d-spacing of 3.69 A, whereas the
d-spacing of both LC2 and LC3 were 3.45 A
(Table [I). The XRD analysis further con-
firmed the improvement of graphitisation in
the laser carbon samples in comparison to
N900, featuring an increase in crystalline size

(La) and stacking thickness (L), with reduced
interlayer distances. It is known that polymer
derived carbons exhibit in-plane defects with
variation of the valence angles between basal
planes, which causes broadening of the reflec-
tions compared to the commercially available

graphite [52, [47].

Raman spectroscopy is shown in Figure [3B,
which confirms polymer conversion to car-
bon through the prominent peaks observed
at ~1345cm~!, ~1580 cm ™! and ~2690cm ™!,
assigned to the D, G and 2D bands. The
D-band arise from an Aj;s breathing mode
of the hexagonal rings at the K-point initi-
ated by disorder, the G-band from an Eo4
mode at the I'-point, responsible for the
stretching vibrations in carbon. The 2D-
band arise from a second-order overtone orig-
inating from sp? carbons [53]. LC2 exhib-
ited some additional prominent peaks detected
at ~1620cm™!, ~2450cm ™!, ~2935cm ™! and
~3250cm ™! corresponding to the D’, T4D,
D+G and 2D’ bands [54]. All laser carbons
exhibit higher Ig/Ip ratios than thermally py-
rolysed carbon (Table , which suggests a
higher degree of graphitisation, confirming and

10



Table 2: Peak position, FWHM of Raman bands and calculated areal band ratio (I¢/Ip) and

hybridisation ratio (Isp/Ig).

D-band G-band

2D-band

Ig/Ip  Iap/lg
Position, cm™ FWHM, em~! Position, cm™' FWHM, cm™! Position, cm™ FWHM, cm™!
N900 1343 261.5 1575 90.8 - - 0.28
LC2 1348 57.5 1582 48.4 2692 69.6 1.55 0.55
LC3 1348 111.3 1590 74.9 2681 162.6 0.68 0.21

indicating substantial increase in the sp? hy-
bridised state by the Iyp/Ig ratio. LC3 ex-
hibited an increase in FWHM for all observed
bands, and in the intensity of the D-band,
suggesting a reduction of ordering in the lat-
tice. Moreover, it featured intensity reduc-
tion and a shift of 2D overtone to 2681 cm™!,
and an increased D+G combinational peak at
2929 cm ™!, which can be attributed to an in-
crease in contribution of the first-order D-band
to the spectrum.

The nature of laser-induced carbonisation
is significantly different from conventional
furnace-based pyrolysis, where gas expulsion
induces high pressures with extreme temper-
ature gradients during polycondensation, re-
sulting in wrapping graphene sheets, inter-
nal stresses, and fragmentation with variable
crystallite sizes [39]. This was further con-
firmed with TEM imaging (Figure S6 and Fig-
ure S7), that featured the presence of car-
bon with short range of periodicity in N90O0.
However, the laser carbon showed the pres-
ence of long, crumbled and thin crystallites,
which were attributed to features of glassy car-
bon [55]. Overall, LC2 features higher de-
gree of graphitisation, determined from Raman
peak ratio I/ Ip, and increased quantity of
sp-hybridised carbon with thinner graphene
stacks determined from Iop/ I (Table[2). The
XRD confirmed this assumption, supported by
the bigger crystallite size observed for both
laser carbons. However, the film of LC3 ex-
hibited a reduction of the crystallite size in the
hexagonal phase, but presence of the rhombo-
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hedral phase with significant increase in the
crystallite size along (110)r plane. Typically,
the rhombohedral phase of graphite emanates
from unidirectional shear stress in a hexago-
nal lattice [56], which is inherited due to the
kinetics of LIC. Notably, the mismatch of car-
bon atoms between A-B-C graphene stacks and
the reduction of carbon content observed with
elemental analysis result in a widening of 2D,
D+G Raman bands, suggested by DFT cal-
culations and experimental studies [57, 58].
The rhombohedral phase suggests the occur-
rence of a dispersionless electronic band at the
Fermi level with a bandwidth smaller than
2meV [59], thus providing improvement in
conductivity [58]. These features are in agree-
ment with the observed characteristics of fab-
ricated LC3 film, but were not observed in
powder XRD. Due to the metastable nature
of this carbon allotrope, the transition to the
hexagonal phase was found after annealing at
1300°C for 1 hour under an argon environ-
ment [56]. A significant drop in conductivity
was observed to (20.34 +4.92) Scm™! for the
thermally annealed LC3 sample. The XRD
performed on the annealed LC3 exhibited a
crystallite size reduction at (110)g plane to
9.76 nm and increase in the hexagonal (100)y
plane to 3.62nm (Figure S5, Table S2), which
could be attributed to a short duration of
the process and annealing only at the phase
transition boundary temperature. Further de-
tailed investigation on the nature of formation
and evolution of the rhombohedral phase is re-
quired, and is not within the scope of the cur-



rent manuscript.

3.3 Copper electroplating on laser
carbon

The Cu electroplating is a redox reaction where
the oxidation takes place at the anode with
simultaneous reduction of the cathode, which
leads to the deposition of a Cu layer on the
target material. To overcome the potential dif-
ference of the reaction, an external current is
provided. The kinetics of electroplating were
studied with cyclic voltammetry (CV), which
is depicted in Figure[dl A peak was observed at
0.1V only for N900, and can be attributed to a
reduction on the site of the oxygen heteroatom
(Figure [lA). The peak area was reduced with
increase in scanning speed, which suggests de-
pletion of the electron transfer equilibrium
on the surface [60]. All samples displayed
two plating regimes: a steady state deposi-
tion, without any significant peaks attributed
to reduction/oxidation, and a saturation cur-
rent regime. For all samples, the steady-
state regime switched at ~ — 60 mA /cm?. In-
deed, during electroplating, the deposition was
limited and showed current overflow after in-
crease above the saturation current, which cor-
responds to limitation of Cu?* ion flow due to
a hydrogen evolution reaction on the electrode
surface [60]. The threshold voltage was depen-
dent on the resistance of the selected speci-
men, and observed at ~ — 0.3V, ~ — 1.7V and
~ — 0.4V for N900, LC2 and LC3 respectively.
As observed in Figure A, C, and E, the num-
ber of cycles performed did not have any sig-
nificant contribution to the plating behaviour.
However, the saturation current increased with
the number of cycles (insets of Figure , C,
and E), suggesting an improvement in conduc-
tivity by plating. The derivative of the cur-
rent was taken to determine the highest elec-
troplating rate, which showed increase after
each cycle. However, the rate, characteristic to

plating on selected specimen, retained within
small deviation, thus the mean deposition rate
was estimated after averaging and listed in Ta-
ble[3l The data indicated that the highest rate
of electroplating was achieved for N900, which
can be attributed to the lower sample resis-
tance, smaller specific surface area and better
charge distribution in the surface of the sam-
ple. A significantly lower deposition rate was
observed for LC2, which corresponds to the
largest specific surface area (Table [I)). Nev-
ertheless, LC3 resulted in comparable deposi-
tion rate and threshold voltage. Considering
the ease of fabrication through laser irradia-
tion, the sample LC3 can be a suitable alter-
native to the furnace carbonised sample N90O0.

Figure shows a reduction of the sheet re-
sistance with an increase of the applied current
density in a semi-log plot, recorded after a plat-
ing duration of 300s. Notably, a film with elec-
troplated copper on LC3 exhibited a signifi-
cantly lower sheet resistance, following a higher
deposition rate as discussed above, and reach-
ing a minimum at (6.63 4+ 0.86) x 1072 Q sq 1.
The limiting current density was observed for
LC2 at 40mA/cm?, above which an over-
potential was observed and plating became
constrained. The samples, electroplated at
30mA /cm?, were selected for further stud-
ies due to their retention of adhesion, flexi-
bility and resistance properties under bend-
ing. The LC3 exhibited highest mass in-
crease after plating (Table , but the film
was constrained in bending. LC3 specimen
showed exfoliation of the carbon/copper film
from the Nomex substrate during bending test.
Therefore, it was performed only for the se-
lected LC2, which showed good flexibility at
90° bending radius without any exfoliation and
insignificant degradation of the surface. Af-
ter 500 cycles, the sheet resistance dropped to
30 %, which shows good retention of conductiv-
ity (Figure S8). The films showed degradation
overtime, by oxidation to Cu;O, which was es-
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Figure 4: Cyclic voltammetry for the deposition of copper performed in 2 M CuzSO4 solution
on (A-B) N900, (C-D) LC2 and (E-F) LC3. (A, C, E) performed at 0.1 Vs~! after selected
cycles. (B, D, F) 5th cycle at selected scanning speed.
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Figure 5: (A) Variation of the sheet resistance with current density. Electroplating was per-
formed for 300s in all cases. (B) X-ray diffraction of electroplated films.

Table 3: The electroplating rate and crystallographic properties of plated copper.

N900 LC2 LC3
Deposition rate, V/(Am?) 139.3+13.3 21.8+0.2 91.0+1.8
Mass of deposited copper, mg 10+£5 14+4 42 + 17
Peak position, ° 43.24 43.32 43.28
(111) d, A 2.09 2.09 2.09
L, nm 80.00 98.10 122.30
Peak position, ° 50.37 50.45 50.41
(200) d, A 1.81 1.81 1.81
L, nm 58.33 81.90 103.40
Peak position, ° 74.05 74.12 74.08
(220) d, A 1.29 1.28 1.28
L, nm 66.71 95.40 116.50

timated by EDX and sheet resistance increase
(Figure S9). The oxidation saturated after a
week of storage and showed resistance increase
in 10 % and 30 % for LC2 and LC3 respec-

tively.

The XRD performed for this composite film
(Figure [fB) showed strong reflections at 25.9°,
43.3°, 50.4° and 74.1°; the first peak corre-
sponds to the carbon (002) plane, the remain-

ing peaks are contributed by the (111), (200)
and (220) reflections of copper respectively.
The positions of these peaks correspond to the
Fm3m space-group. The splitting of the peaks
was observed in all copper reflections, due to
a doublet in the radiation source. The peaks
were fitted with a Lorentzian and the crystal-
lite sizes were determined using the Scherrer
formula, listed in Table[3] The copper crystal-
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lite size increased with improvement of graphi-
tisation, featuring the smallest size deposited
on N900, and the largest for LC3. The struc-
ture inheritance from carbon film facilitated
copper growth in substantially more organised
fashion for LC3, resulting in the largest crys-
tallites, and due to a low ordering present in
N900, the crystallites were grown the smallest
[61].

Figure [JA-F shows the surface morphology
of the composite after discrete current electro-
plating on N900, LC2 and LC3. In each case,
the copper deposited as an elongated crystal
with length over 3.8 +1.3 pm, 3.2+ 0.9 pm
and 3.0+ 1.3 pm, and width 1.1 £0.5 pm,
1.1 4+0.3 pm and 1.1 + 0.5 pm for N900, LC2
and LC3 respectively. In LC3, the distribu-
tion in length of the crystals was observed over
a wider range. All crystals were fixed on a
central active site, and continuously intercon-
nected with neighbouring crystals, providing
electrical stability. The electroplated film con-
tained areal coverage with copper of 81.72 %,
36.22 % and 20.28 % for N900, LC2 and LC3
determined from SEM imaging. The grown
film thickness was determined as 3.7 pm using
Faraday’s equation implementing only surface
area 1cm?. However, the average thickness of
the electroplated copper exceeded calculated
value, due to preference in the deposition sites.

3.4 Plated copper for antibacterial
activity

Table [4 shows a reduction in the quantity of
the bacterial colonies upon initial exposition to
the LC2 copper carriers of E. coli and B. sub-
tilis. Copper ions generating from the copper
surface can generate reactive oxygen species in
a Fenton-like reaction, which can cause dam-
age to lipids, protein and DNA [62]. Further-
more, copper destabilises iron-sulphur clusters,
which are required in the active center and as

co-factors in many vital enzymes, ultimately
leading to the death of the cell [62]. In general
gram-positive bacteria are less susceptible to
copper exposure, especially so if they are from
the class of micrococci [63]. The initial expo-
sure time of the 75 minute drying process, be-
fore the first samples for the Miles and Misra
method are extracted. However, it was suffi-
cient to eliminate any measurable trace of the
species F. coli and B. subtilis, which explains
why the data after incubation is unavailable
for both. In the case of the LC2 carrier, the
amount of colony forming units extracted af-
ter first exposure is drastically increased for
B. subtilis and decreased for E. coli. The re-
sults for B. subtilis suggest that in comparison
to steel it is more difficult for the Bacilli to
attach to the carbon surface. E. coli bacte-
ria are struggling to increase their biomass on
this carrier during incubation time, while the
amount of B. subtilis is significantly decreased.
It is known, that the nanostructures inhibit or
even eliminate bacterial growth [64] 65]. While
both LC2 and the copper plated LC2 carriers
have nanocrystalline features, that can poten-
tially hinder bacterial growth. However, the
bactericidal effect of the LC2 copper carrier
originates from the decisive lethality of copper
Nomex paper itself is able to decrease
the amount of bacteria extracted after initial
exposure, but both bacteria were able to sig-
nificantly increase their biomass after an incu-
bation after 2h, so while it prevents bacterial
adhesion it does not hinder their growth sig-
nificantly.

The large discrepancy between the colony
counts, after incubation of the two organisms,
can be explained by the different growth rates
and surface adhesion properties of the species.
While E. coli K12 has a doubling time of ap-
proximately 15 -20 min [66] and very poor ad-
hesion characteristics on steel surfaces [67], B.
subtilis species has a doubling time of approx-
imately 120 min [68], and is a model organism

ions.
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Figure 6: Surface morphology after electroplating: (A-B) N900, (C-D) LC2 and (E-F) LC3.

Table 4: Percentage of bacterial count based on the amount of colony forming units after initial
exposition (i.E.) in comparison to the initial colony amount counted on steel control carriers and
after incubation (a.l.) in comparison to the initial amount counted on the individual carriers.

Carrier ‘ E. coli iE. E. coli a.l. ‘ B. subtilis 1.E. B. subtilis a.l.
Stainless steel 677 % 19 %
Nomex paper 3% 894 % 3% 219 %
LC2 40 % 133 % 271 % 4 %

LC2 Copper >0.1 % N/A >0.1 % N/A

for adhesion and biofilm formation [69]. In tion.
comparison to B. subtilis, E. coli is able to
increase its biomass faster and more of it is
flushed from the carrier during sample extrac-

The results show that the copper electro-
plated on the carbon film antimicrobial activ-
ities are similar to other antimicrobial copper
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surfaces [70]. Combined with the properties
ease of fabrication [8| [16] and controllable cop-
per plating thickness as well as flexibility of the
material, this enables access to a reliable and
cost-efficient antimicrobial surface.

We observed that the PBS (0.01 mol, pH 7.4)
acquired a blue taint during the resuspension
steps of the LC2 copper carriers. This taint
is characteristic to presence of the copper ions
in the solution, confined in coordination com-
plexes as CuCly, Cusg(POy)2, Cu(HPO4)2 and
CuSOy originating from PBS and residual elec-
trolyte. However, only a minor contribution of
sulphur was detected by EDX analysis after
drying the assay on a reference gold-coated sil-
icon chip, with elemental composition predom-
inately originating from Na, Cl, P, characteris-
tic for the content of PBS (Table S5; mapping
in Figure S11). Therefore, it was concluded
that only copper ions were effectively involved
in the antimicrobial properties. However, the
quantitative determination of the copper ions
with titration did not provide any sufficient re-
sults, due to strong dilution during procedure
(Figure S13), and near neutral pH, which con-
strains use of the colour indicators. For quali-
tative evaluation, the FTIR was performed for
assays before and after incubation, and char-
acteristic vibrational modes of Hyy and some
ions from PBS were observed.

4 Conclusion

We have demonstrated the selective carboni-
sation of tracks embedded in a Nomex precur-
sor substrate. The technique is versatile and
allows for the fabrication of carbon into arbi-
trary planar shapes. The two most promis-
ing recipes were determined and studied. One
of the recipes exhibited a metastable rhom-
bohedral phase, which was observed for the
first time in such systems, and exhibited one
of the highest electrical conductivities for laser

carbons fabricated in the selected laser wave-
length (35Scm™!) and the highest for pol-
yaramides. To further improve the electrical
conductivity and thereby increase the applica-
bility of the approach, electroplating of copper
in the volume of the carbon film was also inves-
tigated, and the kinetics discussed. The quan-
tity of deposited copper could be controlled,
and thereby could be adjusted depending on
application requirements. As a demonstration,
the LC2 copper film and its precursor were
tested as an antibacterial coating. While the
copper film itself showed the elimination of
countable colonies after the initial exposition
of E. coli and B. subtilis, its carbon precursor
significantly decreased the growth rate of FE.
coli and overall amount of colonies of B. sub-
tilis significantly. The porosity and surface ac-
tivity, in conjunction with thin copper layers,
is suitable for use as disposable antimicrobial
surface, but also for flexible sensing electronics,
molecular sieves, catalysis, and could also po-
tentially serve as a hydrogen storage platform.
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