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Thermotherapy has emerged as one of the most promising treatments for arthritis, a prevalent, crippling, painful
bone disease. This demands more flexibility, energy-efficiency, safety, and light-weight in thermotherapy packs
and hot clothing. Heteroatom doping is a metal-free, cost-effective way to improve carrier concentration and
hence electrical and thermal conductivity in reduced Graphene Oxide (rGO) thus rendering it suitable for
wearable joule heaters. However, the current doping techniques result in complex chemical structures that
hinder phonon propagation and suffer other problems such as low yield, low scalability, and rigidity of the final
product. Here, we disclose a novel and facile, low-temperature technique for nitrogen doping and photoreduction
of graphene oxide (GO) films for high-performance, flexible graphene-based electrothermal heaters. The nitrogen
atoms are introduced into the GO lattice with the aid of ultrasonic power in a wet chemical doping phase and
maskless, automated, rapid CO, laser scanning is used for the concurrent removal of oxygen-containing func-
tional groups and the rearrangement of nitrogen atoms in the graphene lattice. X-ray Photoelectron Spectroscopy
(XPS) studies reveal up to 5.43% nitrogen dopant concentration with a high carbon to oxygen ratio of 16, while
Raman studies uniquely show improved atomic ordering with Ip/Ig ratio of 0.51 in the nitrogen-doped Laser
reduced graphene oxide (N-LrGO) films. The fabricated N-LrGO heater has a sheet resistance of 26 O/sq. and
attains a higher steady-state temperature of up to 245.7 °C at a low driving voltage of 9 V with a low power
demand of 0.7 Wem ™2 and a heating rate of 103 °C/s. Its excellent temperature distribution and high flexibility
join with the scalability of the preparation technique to demonstrate great potential for its incorporation with
next-generation wearable electronics powered by low voltage portable energy storage devices.

1. Introduction

Electrothermal heaters are resistive structures capable of self-heating
by a joule effect wherein electrical energy is transduced to thermal en-
ergy [1]. Modern times have seen an ever-increasing demand for better
performances in electrothermal heaters in terms of transduction effi-
ciency, flexibility, weight, and power management [1]. Moreover,
wearable applications such as hot clothing, thermotherapy packs, and
other healthcare appliances make an extra demand for flexibility,
stretchability, and energy savings in the next generation electrothermal
heaters. The quest to satisfy all these performance features explains why
flexible thin-film heaters (TFH) have gained substantial research
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grounds in recent years [1-8].

Low heater resistance allows for high steady-state temperatures to be
attained at relatively lower driving voltage. This renders the heater
highly efficient in its function as an energy transducer [1]. Many
research efforts have already been invested in the line of providing
reliably innovative, flexible heating solutions. Some of these solutions
include the preparation TFH from metal nanoparticles and nanowires
[9-11], carbon nanotubes (CNT) [2], and graphene [12] on flexible or
even stretchable substrates [13,14]. Embedding metal nanostructures
[8,15], CNT [16], or reduced graphene oxide (rGO) [17] within
conductive or non-conductive polymers matrices have also been
proposed.
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Along with poor adhesions to polymer substrates [6], metals nano-
structures and CNT have proved capable of penetrating the human skin,
which may yield toxic effects and are thus categorized as not suitable for
wearable applications [18]. Moreover, at high temperatures, they also
suffer contamination due to oxidation at the particle junctions. This
increases their resistivity, thus deteriorating their performance [5]. As a
result, there has been a shift in attention toward highly conductive noble
metals such as gold and silver, wherein their nanoparticles have been
embedded in transparent polymer matrices to form high performance
transparent flexible heaters [9,10]. However, the high cost of these
precious metals makes them unattractive for wearable applications such
as hot clothing, and thermotherapy packs wherein transparency is not
needed.

Overall, the potentially low cost, lightweight, high electrical, and
thermal conductivity of carbon-based materials such as graphene makes
it a suitable candidate for joule heaters [5]. This makes graphene
preparation routes that arrive at flexible heaters with high-performance
features of paramount importance. Chemical exfoliation of graphite into
GO, followed by reduction to rGO is one the most popular processing
routes in research today because of its high yield and great potential for
scalability [19]. Laser scribing has shown to be a chemical-free, rapid,
low-temperature method to reduce GO deposited on flexible polymer
substrates while affording the possibility for patterning for various ap-
plications [20-26] and the doping in the presence of precursor mole-
cules [27-30]. Photo-irradiation has also been used to induce graphene
for polyimide films [3,31] and from coal [32] via laser scribing. The
heaters from laser-induced graphene (LIG) [3] showed excellent per-
formance. However, they had slow heating rates and suffered degrada-
tion within extended periods of high applied power [3]. Zhang et al.
[33] prepared flexible pattered heaters from Laser reduced graphene
oxide (LrGO), which attained as a steady-state temperature of up to
247.3 °C at 18 V applied voltage. However, the heaters needed a longer
response time of 20 s. Lin et al. [5] added silver nanoparticles to the GO
films before laser reduction in attempts to build in conductive bridges
between the graphene sheets in the c-direction. The heaters prepared
from this nanocomposite attained a steady-state temperature of up to
229 °C after 5 s of applying 18 V. Even though the response time of these
heaters were improved, their reliance upon high concentrations of costly
precious metals make these films financially unattractive for large-scale
wearable electronics. Also, more research efforts geared towards
lowering the driving voltages of these flexible heaters are still necessary
to render them compatible with portable electrochemical power
sources.

Furthermore, doping graphene with elements such as boron, nitro-
gen, and sulfur has been proposed as a metal-free means of increasing
charge carrier concentration [34], thus improving conductivity. Various
methods have already been established for doping graphene, which can
be separated into two categories. Firstly, the in-situ approaches, such as
introducing the dopant atoms during graphene deposition by using CVD
[28,35-37]. The second approach includes post-treatment methods of
GO, such as hydrothermal methods [38], thermal annealing in the
presence of dopant molecules [39], wet chemical methods [40], with
heteroatom precursors [34]. While the in-situ approaches suffered low
yield and high cost, the post-treatment methods involve harsh process-
ing conditions incompatible with the use of flexible substrates, and
theses procedures are too complex to industrialize. Besides, these doping
techniques result in excessive lattice defects in the 2D structures which
inhibit the propagation of phonons in the lattice. While electrons still
can jump over minor vacancy and substitutional defects, phonons do
not.

Consequently, the mean free path for phonons is much shorter than
that for electrons. High electron density in the n*state is just as relevant
as a high degree of atomic ordering in electrothermal materials for
adequate heat generation and the propagation of the generated heat,
which occurs principally by the movement phonons in carbon-based
materials [41]. For, joule effect is caused by the inelastic collisions
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between phonons and electrons in a material when a potential difference
is applied [42]. This means that even though doping represents a low
cost, metal-free, means to improve upon the electrical and electro-
chemical properties of graphene, more efforts are still required to
improve upon the electrothermal behavior of doped graphene-based
materials and to render them more compatible with flexible substrates.

In this work, present a novel low-temperature doping and reduction
technique in which nitrogen dopants are driven into the graphene lattice
in a wet chemical process with the aid ultrasonic cavitation energy and
further processed by maskless, automated, rapid laser irradiation. Un-
like other doping techniques, this method uniquely preserves order in
the sp? network of the graphene sheets while a high dopant concentra-
tion is attained. This not only allows for large amounts of heat to be
generated by the heaters but also offers the doped films a larger capacity
to propagate the generated heat. Consequently, a significant improve-
ment in electrical and electrothermal behavior was observed in com-
parison with the undoped LrGO films. The low-temperatures applied in
this approach contribute to its scalability and compatibility with flexible
polymer substrates. This paper is structured as follows. In Section 2 of
the article, the fabrication and characterization methods are described
along with the performance measurement procedure. The evolution of
chemical structure is presented in the first subsection of Section 3. A
second subsection describes the electrical and transient electrothermal
performance of the nitrogen-doped graphene-based heater while
benchmarking it against other heaters presented in previous works.
Thermal stability, robustness, and potential applications of the heaters
are examined in a later subsection of Section 3, while Section 4 sum-
marizes our key findings.

2. Materials and methods
2.1. Materials

Extra-pure graphite powder with 5-20 um grain size and 30%
Ammonia solution [NH4OH] were purchased from Fisher Scientific, UK.
Urea granules [CH4N,0] were obtained from Sigma Aldrich, Germany.
All the other chemicals were reagent grade and used as received without
any additional purification. Polyethylene Terephthalate (PET) sub-
strates with 75 pm thickness were locally sourced.

2.2. Preparation of N-GO films

Graphite oxide was prepared according to the modified Hummer
method [43,44]. 10 g Graphite was oxidized with 60 g of KMnOy4 in a
98.9% HNO3/H2S04 acidic medium for 4 days after which the reaction
was neutralized with 40 ml of 30% HyO,. The resulting graphite oxide
flakes were washed repeated with 70% HCl and distilled water and dried
and 60 °C for 48.0 h. GO solution with a concentration of 4 mg/ml was
prepared by dispersing and exfoliating graphite oxide flakes in distilled
water by vigorous stirring, bath sonication for 1.0 h, followed by
stronger probe sonication for 3.0 h in an ice bath. Nitrogen-doped GO
(N-GO) was prepared by adding the nitrogen source directly into the GO
solution. 30% Ammonia solution was added at a volume ratio of 0.1:1 to
the graphite oxide suspension before bath sonication for 1.0 h. Before
final strong bath sonication for 3.0 h, urea granules were then added in
at mass ratios of 0.4:1, 0.2:1, and 0:1 (these mass ratios are based on the
initial dry mass of graphite oxide) for the samples denoted hereafter as
No.4, No.2, and Ng respectively. The removal of unexfoliated graphite GO,
and N-GO solution was subsequently done by centrifugation at 4000
rpm for 20 min and independently drop cast (0.27 ml/cm?) on PET
substrates films and set to dry for 48 h to form the GO and N-GO films
respectively.

2.3. Laser irradiation and heater fabrication

To produce LrGO and the nitrogen-doped laser reduced graphene
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oxide (N-LrGO) films, the GO and N-GO films were subjected to laser
irradiation. The VLS 2.30 Universal laser system was employed. In this
automated step, a continuous wave CO, laser with a wavelength of
10.64 pm was rail-guided to scan an area of 25 x 20 mm? was scanned
into both the GO and N-GO films. Photo-irradiation was carried out at
2.7 W laser power, 58.3 mm/s scan speed, and 125 pulses per Inch to
form the LrGO and N-LrGO films, respectively. Better performance was
obtained by scanning the same area twice [5]. To minimize the coffee
ring effect and obtain better control of the film thickness, laser scanning
was done 1 cm away from the edges of the as-cast films. The heaters
were then fabricated by, attaching strips of copper tape to both edges of
the LrGO and N-LrGO films to form the electrical terminals. This was
closely followed by applying silver paste across the junctions to reduce
contact resistance. The final effective area of the heaters we maintained
at 20 x 20 mm? Fi g. 1(b). The heaters were fabricated on hollow acrylic
supports, which allowed for heat dissipation on both sides of the heater,
as shown in Fig. 1(b).

2.4. Transient electrothermal performance measurements

With a direct current (DC) power supply step voltages were applied
across the copper terminals of the heaters. The transient behavior was
tracked by recoding the evolution of average temperatures of the heater
with time. The average temperatures were observed by thermal imagery
using the NEC TH9260 Infrared camera.

2.5. Bending test

A bending system was assembled to investigate the robustness of the
heaters. The bending system was motorized and electronically
controlled with a simple counting software code. It consisted of a motor,
a motion transfer sub-system, a static clamp, and a moving clamp sliding
of over rail guide, as shown in Fig. 1(c). The motor was programmed to
perform 15 sets of 200 bending cycles for each heater, and the resistance
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of the heater was measured after each set. The test heater was fixed
within the static clam on one side and the movable clamp on the
opposite side. A bending angle of 135° was applied in every cycle. More
details of all other characterization techniques can be found in the
Electronic Supporting Information (ESI).

3. Results and discussion
3.1. Structure and morphology

The XRD patterns of GO, LrGO, N-GO, and N-LrGO are shown in
Fig. 2(a). The diffraction peak associated with the (002) plane of the
graphene lattice, progresses from about 10.4° in GO and 10.26° in N-GO
to 26.80° in LrGO and 24.46° in N-LGO. This signifies an increase in
interlayer spacing (doz2)) from 0.848 nm in GO to 0.861 nm in N-GO,
and the increase can be attributed to the incorporation of larger nitrogen
functional groups [45] into the graphene lattice. Similarly, the corre-
sponding decrease in d(¢z) from of 0.848 nm in GO and 0.861 nm in N-
GO to 0.348 nm in LrGO and 0.3644 nm in N-LrGO can be attributed to
the removal or processing of oxygen and nitrogen functional groups
during the photo-irradiation process.

Additionally, the broad peak around 25.28° in the N-GO diffraction
pattern can be associated with the (200) plane of non-functionalized
(reduced) regions of the nanostructure. This shows that partial reduc-
tion is also accomplished during the wet chemical doping process[34]
before laser irradiation.

Fig. 2(b) shows the Raman shifts for GO, NGO, and N-LrGO, ranging
from 1000 to 3500 cm™!. Three of the characteristic Raman modes for
graphene-based materials were observed. The first is the D mode;
occurring at a frequency of 1342 cm™}, signifies the vibrations coming
from lattice defects. The second peak is the G mode, occurring at about
1586 cm ™, represents the aggregate of the bond vibrations from the
defect-free (graphitic) zones [46,47]. The last 2D vibration mode was
only observed in the N-LrGO spectrum at a frequency of 2680 cm ™% and
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Fig. 1. Sample preparation and flexibility testing. (a) Schematic of N-LrGO film preparation and heater fabrication processes; dopant precursors are added to the
graphite oxide suspension and the sonication probe releases bursts of cavitation energy to drive the nitrogen dopants into the GO sheets in the liquid phase; the N-
LrGO film is laserwritten into to the N-LrGO film; copper terminals are planted on opposite sides of the N-LrGO film and electrically sealed in with a silver paste to
build the heaters (b) Fabricated heater; heater is mounted on a hollowed acrylic support. (c) Bending system in operation; heater is dismounted from the acrylic

support and held between opposite clamps of the bending unit.
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Fig. 2. Structural analyses. (a) XRD spectra of GO, LrGO, N-GO, and N-LrGO; the peak position of the (002) plane shifts from left in GO and N-GO to right in LrGO
and NLrGO to indicate good reduction. (b) Raman spectra of GO, N-GO, and N-LrGO; (c) Raman Spectra of N-LrGO, Ny », No; N » and Ny are the samples prepared
with less urea; D represents the defect band, G, the graphitic band and 2D, the second-order harmonic of the G band; Ip/Ig stands for the ratio of the D and G band
intensities; a smaller ratio indicate a lower defect density and better lattice ordering.

it represents the second-order harmonic of the phonon vibrations com-
ing from the sp2 domain [48]. The Ip/I¢ ratio, estimated as the ratio of
the area enveloped by the D band to that covered by G-band, indicates
the degree of atomic ordering in the graphene lattice. The decrease Ip/I
ratio from 0.93 in GO to 0.76 in N-GO and finally to 0.51 in N-LrGO
indicates that partial reduction of the GO takes place in the wet chemical
phase, and further abatement of lattice defects occurs during laser
irradiation. This is caused by the chemical and photothermal removal of
both oxygen and nitrogen functional groups as indicated by the XRD
data. The lower Ip/Ig ratios in samples Ny.5 (0.29) and Ny (0.21) owes to
lower nitrogen content and thus fewer sp and sp°® defects Fig. 2(c).
Furthermore, the result of the XPS studies of GO, LrGO, and N-LrGO
are shown in Fig. 3. The wide spectra in Fig. 3(a,b,c) principally capture
Cls at 284.2 eV, Ols at 532.0 eV and N1s at 399.4 eV [39]. These ni-
trogen related peaks seen this the wide GO and LRGO are largely
composed of the Oxidized-N introduced by the nitric acid used in the

(a) (b)

graphite oxide preparation step [49]. This is characteristic of GO batches
that employ the use of nitric acid in the modified Hummer preparation
process [50]. The increase of the carbon to oxygen ratio from 2 in GO to
16 in both LrGO and N-LrGO further demonstrates the efficacy of this
doping and reduction technique since a high nitrogen content of 5.43%
is still maintained the N-LrGO film even after laser irradiation. This is a
dual technical improvement not attained in previous related works
[28,37,51,52] and other photoreduction techniques involving UV light
[53] and sunlight [54] because GO reduction commenced in the wet
chemical doping process and the high penetration depths afford by the
high-intensity laser CW lasers. The Cls of LrGO and N-LrGO were
expanded and deconvoluted, as shown in Fig. 3 (d,e). Deconvolution of
the Cls peaks of LrGO fitted to 284.4 eV, 286.23 eV, and 288.56 eV,
respectively attributed to the C=C bond in the sp® domain, the C-O-C of
the epoxy-functional group, and to the C=0 bond of carbonyl groups
that persist after reduction [5]. The Cls N-LrGO were also fitted to
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Fig. 3. XPS analysis. Wide XPS spectra of (a) GO, (b) LrGO, and (c) N-LrGO samples; elemental compositions are inserted. Deconvoluted XPS spectra for Cls in (d)
LrGO, and (e) N-LrGO samples and (f) the N1s in N-LrGO sample; the bond proportion as inserted. A large percentage of the Cls in N-LrGO are sp2 bonded thus
indicating good lattice ordering; the N1s of N-LrGO all assume a pyrrolic configuration.
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284.52 eV for the C=C bond in the sp? domain, 286.03 eV for the
C—N—C bond [28,39] the pyrrolic group, 286.7 eV for the C—O—C
bonds in the epoxy groups, and finally, 289.64 eV attributed the reso-
nance derived from photoelectron beam interactions with the m-m*
electron transitions [3]. The n-1* peak is associated with why broad sp?
clusters [34,55], which signifies a high degree of ordering in the N-LrGO
nanomaterial. This is in good agreement with the low Ip/Ig ratio
observed in the N-LrGO Raman shift. Nitrogen doping in alters the
densities of state in the reduced materials thus making these n-n* tran-
sitions more detectible in the N-LrGO than in the LrGO. Fig. 3(f) shows
the N1s in N-LrGO spectrum. The lone binding energy of 399.5 eV in-
dicates that all the nitrogen atoms assume a pyrrolic configuration. The
wide XPS spectra and N1s of the N-doped graphene prepared with less
urea (Np.2) and no urea (Np), are shown in Fig. S1 in the ESI. The ni-
trogen content of Ny 5 is 2.25% while that of Ny is 1.18%.

The FTIR spectra collected from the prepared samples are shown in
Fig. 4(a) and all obtained peaks are assigned to the corresponding
vibrational modes belonging to the existing function groups present in
each sample. After careful consideration of the GO, N-GO, and N-LrGO
spectra, the reactions possibly taking place in the wet chemical doping
and laser reduction processes are proposed in Fig. 4 (b). With the heat
energy released due to ultrasonic cavitation (4¢gy,), the ammonia mol-
ecules make more energetic collisions with the carboxylic groups at the
edges of the graphene sheets in a substitution reaction to form primary
amides [56] (reaction (1),2), some of which may undergo resonance
with the carbon atoms on the edge of the graphene sheets to form sec-
ondary amides (reaction (1)). This explains the apparition N-H stretches
attributed to the presence of primary and secondary amides in the N-GO
FTIR spectrum. The secondary amides undergo a decarbonylation re-
action during laser irradiation to form either hydrogenated pyrrols(re-
action (3)) or oxidized pyrrols (reaction 4) in the XPS spectra as the
pyrrolic-N, Fig. 4(b). This explains the large reduction in the intensity
of the N-H stretches belonging to the amide groups in the N-LrGO
spectrum and the apparition of the C-N stretch at 1417.3 cm™".

Urea releases ammonia slowly into the reaction as the reaction

(a) (b
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progresses to continuously attack the carboxylic and hydroxyl groups
[56]. We theorize that the cavitation energy released during the strong
sonication step in the preparation process [57], induces the breakdown
of the urea molecules while performing the intended exfoliation of
graphite oxide sheets. Since the ammonia solution has a boiling point of
only 24.9 °C, it vaporizes out the open reactor as much faster during
probe sonication because of cavitation and heating. Consequently,
doping and reduction are taken over by ammonia molecules coming
from the slower break down of urea during the stronger ultra-sonication
step. This explains why the samples with less and no urea Ny 2 and Ny
showed lower nitrogen content. This proves that urea is a better dopant
source than ammonia using this cold open reactor technique. However,
it was necessary to start the exfoliation process with ammonia to initiate
a reduction of the GO as early on as possible. The breakdown of urea
during the strong ultrasonic exfoliation step was too slow to accomplish
this process. We also found that increasing the urea charge to the reactor
did not increase the final dopant concentration by rather resulted in the
recrystallization of the unreacted urea in the dried film. These large urea
crystals, occurring as visible dendritic structures in Fig. S2 (a), under-
mined the flexibility of the films. Ny 4 was, therefore, the optimized feed
proportion to circumvent this recrystallization phenomenon.
High-magnification TEM, images on the GO nanostructure, Fig. S3
revealed the typical corrugated structure of GO. This periodically folded
morphology is attributed to the localized intrinsic strain induced by the
introduction of oxygen functional groups on the graphene sheets [58]. A
significant reduction in surface corrugation was noticed after laser
reduction, as seen in the LrGO TEM image Fig. 5 (a). This is because most
of the oxygen groups have been removed, thus releasing some strain. A
similar observation was noticed in the case of N-GO and N-LrGO where
N-GO showed more surface corrugation than N-LrGO sample. However,
slightly more folding is observed in the N-LrGO nanostructure Fig. 5
(b-d) than in the LrGO nanostructure, as expected [59]. This is because
the sp® bonded pyrrolic-N introduced into the basal plane are of dis-
similar bond lengths with the sp?> C-C. Consequently, this disrupts the
planar structure of the graphene sheets [34], resulting in a slight
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Fig. 4. Chemical analysis of the doping process. (a) FTIR spectra of GO, LrGO, N-GO, and N-LrGO; the bond stretches and vibration are identified and inserted. (b)
Chemical reactions occurring in the wet chemical doping (1-2) and Laser irradiation (3—-4) processes; reactions are proposed based on careful consideration of the

FTIR and XPS analysis.
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Fig. 5. TEM images of (a) LrGO and (b,c,d) N-LrGO; scale bars are inserted; both LrGO and N-LrGO lamellae show good continuity; the N-LrGO lamellae show more

folds; a higher resolution image (d) equally reveals more surface corrugation.
increase in the surface corrugation.

3.2. Effect of N-Dopant on the electrical behavior of N-LrGO

The large oxygen-containing functional groups on the GO and the
amides on the N-GO sheets along with sp>-defects such epoxies, on both
sides of the sheets act as points of excessive electron scattering [60]
resulting in poor conductivity. Nevertheless, the laser-induced removal
of the large oxygen functional groups in the GO and N-GO films along-
side the decarbonylation of the amides in the N-GO results in the
restoration of conducting domains. A sheet resistance (R;) of 52 O/
square and 26 O/square was measured for the LrGO and N-LrGO films,
respectively. This 50% drop in R, from LrGO to N-LrGO is attributed to
the effect of nitrogen doping and is accounted for by three contributing
factors, namely; an increase in carrier concentration, a drop in the fermi
energy level, and an increase in interconnectivity between the N-LrGO
sheets.

_ned 1

~ v, "R 6

For a closer consideration of these factors, it is necessary to recall
that the definition of conductivity, o, in a conductive material is defined
by Eq. (1), where; n is the number of charge carriers, e is the electronic
charge, m is electronic mass, Vyis Fermi speed, and d is the mean free
path. When hydrogenated, the pyrrolic-N takes on n-type behavior in
graphene by contributing an extra 0.5 electron to the lattice thus
improving carrier concentration (n) [61]. This implies that the high N-
content of N-LrGO, may have caused a considerable increase in the
charge carrier concentration. Also, the large n-n* transition band
observed in the Cls on the N-LrGO XPS spectrum, Fig. 3(e) suggests a
lowering of the fermi energy and hence the fermi speed, thus greatly
contributing to the increased electrical conductivity probed by the
decreased sheet resistance of the N-LrGO films. Finally, the pyrrolic-N
groups at the edges of the N-LrGO sheets slightly disrupt the planar
structure of the graphene sheets. They, therefore, cause the edges of the
N-LrGO sheets to fold into the basal planes of their transversely located
neighbors without the risk of restacking. This results in increase inter-
connectivity of the N-LrGO sheets in the C-direction, consequently
increasing electron percolation [5,62,63] and hence improves conduc-
tivity. This is corroborated by the increase in surface corrugation

observed in the TEM images of N-LrGO nanomaterial, Fig. 5(b-d). The I-
V curves for LrGO and N-LrGO, Fig. S4 (a) in the ESI, confirm the Ohmic
behavior of both materials.

3.3. Transient electrothermal behavior

The transient electrothermal behavior of the LrGO and N-LrGO
heaters are shown in Fig. 6. Discrete DC voltages of 1.5-9 V were applied
across the copper terminals of each heater, and the thermal responses
were recorded with an infrared camera. All measurements were carried
out under ambient conditions. When each potential difference was
applied, a swift, monotonic temperature rise was observed in each case
until the steady-state temperature was attained. The power was
switched off after 50 s, and this was immediately followed by a swift
drop in the temperature of the heaters till it returned to that of the room
(20 °C). With step increments in the supply voltage, both LrGO and N-
LrGO films also showed corresponding but unequal step increments in
the steady-state temperature while maintaining synchronous behavior
in regards to the response time. This is due to the non-linearity in the
resistance-temperature relationship, which is typical of carbon-based
electrothermal heaters [4,5,7]. From Fig. 6(a), the LrGO heater
attained a steady-state temperature 154 °C after 10 s of applying 9 V
voltage. With the N-LrGO device, Fig. 6(b), however, a much higher a
steady-state temperature of 244 °C was attained after 10 s of applying
the same 9 V potential difference. The comparison is well depicted in
Fig. 6(c) wherein the effect of nitrogen doping is seen to produce a
60.6% increase in steady-state temperature at a constant voltage of 6 V.
The Ny 4 samples showed the best electrothermal performance as it had
the highest nitrogen content. An excellent temperature distribution can
be observed in the thermal images of both LrGO and N-LrGO films since
about 95% of the heater surfaces attained 90% of the maximum steady-
state temperature.

The saturation temperature (Tsq) is proportional to the consumed
power (P), T ~ P, which is defined as P = V?/R. This implies the Ty is, in
turn, inversely proportional to the device resistance (R). Equation (2) is
the parabolic relationship between Tiq and V in TFH [12] wherein h, is
the convective heat transfer coefficient, A, is the area over which the
heat is lost, and At is the time needed to arrive at the saturation tem-
perature from an initial temperature T;.
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Less sheet resistance in N-LrGO film explains this 60.6% gain in
transduction efficiency over the LrGO film at 6 V, which is a measure of
the gradients of the Voltage — T, plot. Fig. 6(d) shows that this gain
gradually growing from 0% at 0 V to 61.3% at 9 V as the two parabolas
converge at room temperature. Benchmarking this Voltage — Tg,¢ plot
against those of other carbon-based TFH such as LIG [3], patterned LrGO
[33], LrGO/AgNP [5], Expanded graphite [64], CNT/AgNW [65]
heaters, Graphene fabric [66], and Polypyrrole/Polyester [67], Tsyt rises
must faster with increasing voltage in the N-LrGO heater. This implies
superior transduction efficiency was attained with the N-LrGO, which
can be attributed to its low sheet resistance. This allows for large current
density in the material when a voltage is applied.

While electrons can jump over minor vacancy and substitutional
defects, phonons do not [41]. Consequently, the mean free path for
phonons is much shorter than that for electrons. Since phonons play a
major role in heat generation and propagation in carbon-based mate-
rials, their movement in the nanomaterials becomes an important factor
to consider. In layered graphene-based materials, the thermal conduc-
tivity, k is defined by Eq. (3) [41].

k= c,v,l 3)
where c,, v; and [ are the specific heat capacity per unit volume, speed of
sound and the phonon mean free path. [ is closely related to the degree of
order in the graphene lattice; it is the dimension of the defect-free zones
in graphene which increases with decreasing Ip/I; Raman ratio.
Therefore, the good atomic ordering in N-LrGO, as indicated by an Ip/Ig
ratio of 0.51 allows for better phonon propagation in the 2D material
thus improving the chances for inelastic collisions with electrons when a
voltage is applied and resulting in more joule heating effect. This causes
higher saturation temperatures to be attained in the film heaters with

low driving voltages, resulting in a larger thermal potential to drive the
generated heat.

Examining the power demand of a TFH is paramount importance in
determining its applicability in wearable electronics wherein power
management is of great concern. Fig. 6(e) shows the expected linear
relationship between electric power consumption per cm? and Teq
attained at each step voltage. The linear relationship between power
density and Ty, which agrees with Equation (2), guarantees reliable
power-dependent temperature control of the N-LrGO heater. This linear
fit defines a low power demand of 30.07 W/m? °C which compares well
with those recently reported for the LIG [3] (76.33 W/m? °C), patterned
LrGO [33] (89.92 W/m? °C), few-layer graphene-FLG [68] (43.48 W/
m? °C), Graphene/Polyurethane/cotton [66] (37.57 W/m? °C), gra-
phene/Toulamine [69] (83.33 W/m> °C), Polypyrol/cotton [70] (29.65
W/m? °C), and Carbon fibre [71] (35.9 W/m? °C) heaters. This dem-
onstrates a great potential for incorporation of the N-LrGO heating
element into wearable electronics powered by portable, rechargeable or
non-rechargeable energy storage components such as batteries and laser
printed flexible supercapacitors [72] wherein power management is a
great need.

High heating and cooling rates are some of the most attractive per-
formance features of electrothermal heaters because they guarantee
good controllability when incorporated with more complex automated
electronic systems. Fig. 6(f) depicts the heating and cooling rates of the
LrGO and N-LrGO films with time at 9 V. The LrGO film had a peak
heating rate of 51.6 °C/s 9 V applied voltage, while the N-LrGO films had
a peak heating rate of 107 °C/s. The value also competes well with those
recently reported for other carbon-based TFHs such as LIG [3] (6.58 °C/
s), LrGO/AgNP [5] (89.1 °C/s), Polypyrole/polyester [67] (3.90 °C/s),
Graphene fabric [66] (8.4 °C/s), FLG (3.15 °C/s), Graphene/Poly-
urethane/cotton [66] (8.4 °C/s), rGO/WPU [73] (5.1 °C/s)and rGO/
CNC/CDs composited (44.9 °C/s) [74]. The N-LrGO heater had a peak
cooling rate of 42 °C/s which to high enough to ensure good heat



S.A.N. Tembei et al.

dissipation when the heater is turned off.
3.4. Heater stability

To examine the thermal stability of the N-LrGO film thermal cycles
were performed. Each cycle involved applying a 4.5 V voltage for 50 s
and switching the heater off for 30 s. The N-LrGO heater showed great
thermal cyclic behavior, as seen in Fig. 7(a) as the heating cycles
remained almost identical right up to the 30th cycle. Fig. 7(b) shows
thermal images capturing the evolution of the temperature distribution
in N-LrGO film at different times in a single cycle. At 10 s, the entire area
of the heater attained the saturation temperature of 96 ‘C. When the
heater is switched off at 50 s, the temperature was seen to drop to nearly
room temperature in the 67th second. Saturation temperature stayed the
same in each cycle thus proving its stability and reliable controllability if
incorporated with more sophisticated electronic circuits. Fig. 7(c) cap-
tures a steady increase in resistance with repeated bending cycles and
Fig. S4(b) shows IV curves before and after the bending cycles. A total
increase of 3.35% was recorded after 3000 cycles, 75% of which
occurred in the first 1000 cycles. However, this change in resistance was
too small to make any considerable changes in the T, or temperature
distribution. Fig. 7(d,e) show the N-LrGO film successfully folded at an
oblique angle and a higher bending angle of 300°, respectively, with no
visible damage to the film. This robust nature of the N-LrGO heater
proves the compatibility of our wet chemical doping and laser reduction
technique with the use of flexible polymeric substrates. The N-LrGO
films also show excellent chemical stability, as their conductivities
remained the same, even after 3.0 months of exposure to ambient
conditions.

3.5. Potential applications

The prevalence of arthritis today has prompted lots of research into
possible solutions [75]. Thermotherapy is one of the proposed treatment
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methods wherein the affected joint of a patient is kept at a temperature
of about 70 °C to improve local blood circulation and relieve pain [76].
This is done using electronic hot packs. However, thermotherapy
packages commercially available to medical treatment facilities suffer
major setbacks such as heavyweight, high voltage requirement, and a
lack of flexibility. These three factors render the patients extremely
uncomfortable wearing these packs for extended periods [17]. This
lightweight, efficient, flexible, and fast N-LrGO heater represents an
excellent innovative solution to resolve these issues if integrated with
thermotherapy packs and hot clothing. We applied a 1.5 by 2.5 cm? N-
LrGO heater as a thermotherapy patch by wearing in on a human wrist
slightly tilted sideways, to demonstrated flexibility in real-life applica-
tion Fig. 8. The heater reached an average temperature of 65 °C at 4 V
which is well within the safety limits for humans and permits extended
periods of usage when powered by low-voltage energy storage devices
such as Li-ion batteries and thin-film supercapacitors.

4. Conclusions

To sum up, we have successfully demonstrated a facile, scalable
approach to the fabrication of high-performance flexible electrothermal
heaters based on nitrogen-doped laser reduced graphene films for
wearable heating applications. The N-LrGO film was prepared by the
facile and scalable low-temperature technique involving the combina-
tion of ultrasonic wet chemical doping and solid-state photo-irradiation.
This novel technique was shown to the reduced sheet resistance of the
LrGO by 50%, consequently lowering the required voltages for each
desired saturation temperature in the N-LrGO heater and resulting in
attractive performance features such as a high initial heating rate of
107 °C/s, low power demand of 30.07 W/m? °C and good temperature
distribution. The heater also had good thermal, mechanical, and
chemical stability. This, therefore, makes the N-LrGO heater safer and
more compatible with the extended use of portable energy storage de-
vices such as Li-ion batteries and thin-film supercapacitors. We also
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Fig. 7. Thermal and mechanical stability analyses (a) Thermal cycles of N-LrGO at 4.5 V; each cycle involved 50 s of heating and 30 s of cooling; only the first 5,
10th, 15th, 20th, and 30th cycles are shown; saturation temperature stays constant for all cycles. (b) Thermal images of the N-LrGO heater at different times during
one 4.5V thermal cycle; the entire heater surface is heated up by the 10th second and completely cool down by the 67th second. (c) Change in saturation temperature
and heater resistance with the number of bending cycles; a thermal image of the heater is inserted showing good thermal distribution after 3000 bending cycles.
Optical images of N-LrGO heater (d) twisted at an oblique angle (e) folded to an acute bending angle with no visible damages.
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Fig. 8. Applying the N-LrGO heater as a thermotherapy patch. (a) Optical and (b) thermal images of the 1.5 by 2.5 cm? N-LrGO heater worn around a human wrist
slightly tilted sideways with 0 V applied voltage and (c) 4 V applied voltage; A surface emissivity of 0.75 was used for image processing.

successfully applied the N-LrGO heater as a thermotherapy patch to
showecase its applicability in next-generation wearable electronics.
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