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Carbon nanomaterials, especially graphene, are promising due to
their abundance and the possibility to exploit them in lightweight,
flexible, and wearable electronics enabling paradigms such as the
Internet of Things. However, conventional methods to synthesize
and integrate graphene into functional materials and flexible
devices are either hazardous, time demanding, or excessively energy-
consuming. To overcome these issues, here we propose a new concept
based on the laser processing of single-layer diazonium-functionalized
graphene. This is a safe, inexpensive, and environmentally-friendly
method making it a competitive alternative for graphene-device fabri-
cation. Flexible chemiresistors exhibit sensitivity for breath (water vapor
and CO,) and ethanol detection up to 1500% higher than laser-reduced
graphene oxide devices. We attribute this enhanced sensitivity to an
optimal balance between structural defects and electrical conductivity.
Flexible electronic circuits demonstrate a superb resilience against
scratching and high current stability up to 98% with durability against
180° bending cycles for continuous operation of several weeks. This
work can impact biomedical technology and electronics where tunable
electrical conductivity, sensitivity, and mechanical stability are of
uttermost importance.

Introduction

There is a global and ever-growing demand for wearable,
foldable, and stretchable electronics in the energy, environmental
monitoring and medical sectors to name but a few." The chosen
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New concepts

Graphene is the most researched nanomaterial of the XXI century.
However, there are still limitations to its wide-spread integration in
flexible electronics. For these applications, graphene has to be produced,
isolated, dispersed, deposited, and further processed into functional
devices. To tackle this bottleneck here we show a new and highly
efficient approach for the integration of functionalized graphene into a
robust, flexible, water-stable, and electrically conductive nanostructures.
This is possible with our method based on the one-step exfoliation and
chemical functionalization with laser processing. In contrast to GO-based
technology, our method is environmentally-friendly, safe, with low energy
consumption, and straightforwardly applicable to flexible devices. Our
process is unlike the usual oxidation-reduction cycle of laser-reduced
GO, involving a reduction-oxidation process due to sp® oxidation by laser
processing. In applications, our devices show a high performance
compared to those made with the state-of-the-art water-dispersible
graphene source: graphene oxide, reduced by laser irradiation. The
superior chemical sensitivity, as well as the unprecedented mechanical
stability of our materials, made possible the development of scratch-
resistant flexible devices with high electrical and mechanical stability for
several weeks of operation. We found that the unprecedented properties
of our material are due to the polymer-graphene composite formation
and to the balance between defect concentration and electrical conduc-

tivity.

technology must provide spatially-defined control of the conduc-
tivity type and value, electrical contacts, and a dielectric material.
Moreover, the materials have to be non-toxic, flexible, and
stable at the pH of body sweat for wearable electronics. There
are carbon nanomaterials that can fulfill those specifications.
These materials include graphene, reduced graphene oxide, carbon
nanotubes, and graphene-conductive polymer composites.*™®
Graphene-based materials have challenges for industrial and
wide-spread applications beyond university labs, which is one
of the objectives we would like to see realized.” Graphene oxide
(GO) offers two significant advantages that allow a new range of
applications. Robotics, sensors, wearables, power generation,
electronics, catalysis, and chemical protection are a few of the
plethora of applications that show graphene oxide becoming a

This journal is © The Royal Society of Chemistry 2020
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strong player in these fields.**? The first advantage of GO is
its excellent water dispersibility and low-cost. The second one
is the tunability of its physical and chemical properties by
controlling the number of oxygen-containing groups that
depends on the degree of reduction. Increasing the reduction
of GO gives way to reduced graphene oxide (rGO), an electrical
conductor of potentially-high importance in electronic applica-
tions, including wearable technology and advanced textiles."?
The common ways to reduce GO involve electrons,'* photons,*®
heat,'® or the use of reducing agents in chemical reduction
processes.'” On the one hand, the thermal and chemical routes
suffer from different issues, in particular, the lack of spatial
control of the reduction process. On the other hand, electron-
based processing suffers from other problems, such as limited
scalability necessary for large-area fabrication. In contrast, the
laser reduction process does not have these issues. In addition
to the spatial control of reduction using photons from a tightly
focused laser beam, the laser reduction is also cleaner than any
chemical method and more energy-efficient than thermal
annealing. This versatility and compatibility make the laser-
irradiation and graphene oxide an excellent combination for
developing novel electronics attracting significant attention from
researchers around the world in recent years.*' Laser proces-
sing can also be adapted easily to lithography. This versatility is

View Article Online
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essential considering that UV photolithography is still the gold-
standard for wafer-scale patterning in microelectronics. GO is
typically obtained by using strong acids and oxidizing agents that
introduce oxygen-containing groups between the planes of the
graphite precursor.””® In addition to explosion risks and toxicity,
the conventional chemical methods, based on Hummer’s
approach depicted in Fig. 1a, necessarily implies the degrada-
tion of graphene properties due to the strong disruption of
conjugated carbon lattice system. These issues with the Hummer’s
approach motivated the development of variations and improve-
ments of that make GO production safer and more efficient.””
Herein, as an alternative to GO, we propose a novel paradigm
for developing graphene-laser irradiated flexible devices. Our
concept illustrated in Fig. 1a, in comparison to laser-reduced
GO, is based on the reductive exfoliation of graphite with
the formation of modified graphene sheets followed by laser
irradiation. The photon energy induces the oxidation of func-
tionalized graphene layers via the elimination of aryl groups.
The graphitic nature of our graphene material is demonstrated
in the analyses below. As a starting point, we built on previous
reports that show the one-step covalent exfoliation and func-
tionalization of single-layer graphene with diazonium salts.
A significant demonstration was provided by Englert et al.,*® who
used diazonium salts to functionalize graphene in bulk quantities.
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(a) A comparative depiction of the graphene cycle from exfoliation of bulk graphite to the laser reduction and partial reconversion to sp? carbon.
At the left is the conventional method based on graphene oxide by Hummers' method, and at the right side is our approach using an electrochemical-
based diazonium method with photothermal and photochemical processing by laser irradiation. The graphitic nature of Mod-G during the whole process
is demonstrated in the sections below. (b) Schematics of the Mod-G generation from (i) a graphite precursor, (i) aryl functionalization, (iii) removal by
laser irradiation, and (iv) applications in flexible electronics including a flexible breath chemiresistor device.
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In 2017, two groups working independently reported the single-
step electrochemical exfoliation and functionalization of graphene
with diazonium salts.?**° Now, for the first time, we demonstrate
the applicability of diazonium-functionalized graphene (herein
called Mod-G) to create insulating films that can be turned
conductive by laser irradiation. We thus create a novel,
scalable, green, safe, and sustainable way to produce graphene-
based electronics (see chemical structural changes depicted in
Fig. S1, ESI{).

Laser-processing was previously used to improve the properties
of multilayer graphene films on glass. Del et al. showed a decrease
in surface roughness and sheet resistance while increasing optical
transparency by almost two-fold after using laser processing.®" In
contrast, Claussen’s group exploited pulsed UV laser irradiation
of GO films to increase the film surface roughness and 3D
texturing in petal-like shapes. Such laser-induced film structuring
increased the electrochemical activity of paper-based electrodes
made by inkjet-printed GO.*> They pushed that research further by
increasing the electroactive surface area of graphene films in the
form of pores using a combined salt porogen for micropore
formation and laser annealing to form smaller submicrometer-sized
pores.® All these examples show the powerful, large-scale, and low-
cost application of laser-processing graphene for optimized flexible
electronics and sensors. This study presents the novel integration
of laser processing as an essential step in the conductivity change
of functionalized graphene, from insulating to conducting, and
inducing a strong interaction and possible encapsulation with
the polymer substrate providing unprecedented mechanical and
environmental stability.

The electrochemical exfoliation of graphene sheets was carried
out using the modified procedure described by Belanger.”® Thus,
as the source of diazo-cations, we applied stable, non-explosive,
and water-soluble 4-carboxybenzenediazonium  tosylate®*
containing the -COOH group. This functionalization offered
improvements such as long-term stability in water dispersions
for modified graphene which is key for solution-processable
fabrication. The described modification allows implementing
the electrochemical exfoliation readily with the formation of
large quantities of graphene flakes in aqueous media.

We demonstrate the proof-of-concept application of laser-
irradiated Mod-G (LMod-G%) films by fabricating conductive
circuits on flexible and rigid substrates and chemiresistor for
gas sensors (see illustration in Fig. 1b). Our devices show long-
term stability and higher sensitivity compared to those based
on conventional laser-reduced GO films used here as reference
systems. With this communication, we describe a new technology
to extend graphene-like materials to flexible, wearable, and light-
weight consumer electronics. Moreover, our method based on
room-temperature laser processing is compatible with polymers
and other temperature-sensitive materials.

As illustrated in Fig. 1b, the uniqueness and novelty of this
work are the combinations of a water-soluble, stable, and safe
diazonium tosylate and graphene with electrochemical and
photonic methods. In this way, we produce devices with much
higher performance and mechanical stability than the state-of-
the-art based on laser-reduced GO or even silver inks. This superb
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performance contributes to making graphene an irreplaceable
material technology.”

Results

Single-layer nature, formation, and electronic properties
of Mod-G

Single-layer diazonium-functionalized graphene sheets were
obtained by electrochemical exfoliation of a graphite electrode
in the presence of diazonium salt as depicted in Fig. 2a (see
also Fig. S1a, ESIt and current vs. time changes during exfolia-
tion in Fig. S1b, ESI{). The experimental details are presented
in the ESL{ The nanoscale structural characterization using
several AFM methods evidences the presence of single-layer
Mod-G. Fig. 2b shows a large contrast for the surface potential
image obtained by KPFM. The contact potential difference
(CPD) in KPFM gives information about the work function for
metallic samples, and electronic doping and charge-transfer in
semiconductors by nullifying the electrostatic force between
a biased tip and the sample.”® In our samples, the CPD is
dominated by two clearly distinctive regions visible in the
histogram approximated by two Gaussian fits in Fig. 2c. These
two regions correspond to one with higher CPD value for HOPG
at around 21 mV while the other region has a CPD centered at
—30 mV for the Mod-G film. The change in surface potential
from graphite to Mod-G is a consequence of the strong pertur-
bation to the electronic structure of graphene and subsequent
doping due to the covalent grafting of aryl groups as previously
shown in the case of graphite as well as non-covalent functio-
nalization by diazonium salts.*® The KPFM surface potential
image in Fig. 2b shows that HOPG appears positive while the
Mod-G appears negative, as well as the patches marked by the
arrows. This was confirmed by a zoom-in around those regions
making isolated Mod-G layers like the one shown in Fig. 2d
visible. The layer thickness determined from the cross-sectional
analysis in the inset of Fig. 2d is 1.1 nm, which is comparable to
the thickness of GO. The 1.1 nm thickness for Mod-G is higher
than the 0.3 nm thickness of single-layer graphene. As illu-
strated schematically by inset (i) of Fig. 1b, this larger size is
due to aryl groups making a graphene sandwich. We also
performed the electrochemical production of Mod-G in a single
drop. We illustrate this process in Fig. 3a. For this experiment,
we used a freshly-cleaved graphite electrode as the substrate
and source of graphene with a ~0.2 mL drop of diazonium
solution in 0.1 M sulfuric acid. We set a potential difference of
10 V between an Au microwire counter electrode used as
cathode and the HOPG substrate. The AFM topography image
in Fig. 3b shows the HOPG electrode surface after electro-
chemical exfoliation. The surface is characterized by ribbon-
like structures visible in the zoom-in in Fig. 3c. The AFM height
line profiles show that these ribbons correspond to single-layer
Mod-G. A larger blister-like structure of about 32 nm in height
appears at the intersection of the exfoliated stripes in Fig. 3b.
This figure also shows two clean stripes of HOPG converging
at the vertices of a blister-like structure at the left side and the

This journal is © The Royal Society of Chemistry 2020
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(a) Sketch (non-scaled) of the graphene exfoliation in diazonium salt drop deposited on a freshly-cleaved graphite (HOPG) substrate electrode.

(b) Kelvin probe force microscopy image of the interface between a Mod-G film and HOPG obtained after drop-coating using a Mod-G dispersion
obtained from electrochemical exfoliation. (c) Surface potential histogram analysis of (b) showing the distribution between HOPG and Mod-G fitted by

Gaussian functions showing the CPD positions and standard deviation values.

The few regions with negative surface potential on the lower-right side of

the CPD image (marked with arrows) show some Mod-G deposited on the HOPG side. (d) AFM zoom-in image on the lower-right side of (b) showing a
monolayer graphene flake of about 1.1 nm thickness deduced from the cross-section in the inset.
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(a) Sketch (non-scaled) of the graphene exfoliation in diazonium salt drop deposited on freshly-cleaved graphite (HOPG) substrate electrode.

(b) AFM height image of the HOPG electrode after exfoliation in the presence of diazonium salt. The height profiles indicate the presence of single layers,
ribbons, and a blister-like structure. (c) Azoom-in image on the ribbon monolayer graphene exfoliated from the bulk HOPG substrate. (d) Dielectric force

microscopy image acquired simultaneously to the topography in (b). (e) I-V

“burst blister”” location at the right. An electrically-biased tip in
AFM generates an electrostatic tip-sample force. This force
detected at the second-harmonic of cantilever excitation gives
rise to DFM.

In a non-contact fashion, DFM allows mapping with nano-
scale resolution the electronic properties of a sample, including
carrier concentration, doping, and charge carrier mobility.**

The DFM image in Fig. 3d was simultaneously recorded with
the topography image in Fig. 3b, showing regions with different

This journal is © The Royal Society of Chemistry 2020

curves from different regions marked by arrows in (c).

dielectric force. From DFM results in Fig. 3d, we identify two
regions with brighter and darker contrast. The darker regions
correspond to single-layer Mod-G, Mod-G aggregates, and the
blister-like structure in the microscopy images. In the same
DFM experimental session, we obtained in situ localized con-
ductance from different regions of interest marked by arrows in
Fig. 3d (and Fig. S2, ESIT for the aggregate). In Fig. 3e, we show
the IV curves from those locations. One of the most crucial results
from DFM capacitance microscopy and IV characterization is that
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the HOPG bands have much higher conductance than Mod-G
ribbons and blisters. This result implies that HOPG bands are not
functionalized.

Contrary to HOPG bands, exfoliated single-layer graphene
ribbons and blisters are functionalized as evidenced by the
capacitance image contrast indicating lower conductivity.’”
Therefore, these observations lead us to conclude that the
graphene ribbons in Fig. 3b and c¢ were original parts of the
HOPG bands. These bands were peeled off starting from
the burst blister location marked in Fig. 3b. These are unique
insights on Mod-G formation dynamics leading us to propose
that the blisters are an intermediary state to the exfoliation of
graphene.

Similar blister structures of different sizes were visible
everywhere on the graphite substrate as partly shown in Fig. S2
(ESIt). The origin of these blisters is related to the electrochemical
decomposition of water that results in gas generation, graphene
bubbling, and subsequent exfoliation after the blisters burst open.
This assertion is supported by the nanoscale IV curve electrical
characterization in Fig. 3e. The IV curve obtained from the blister
shows higher current stability than multilayer Mod-G. This beha-
viour is related to an imperfect conductance path made by the
more disordered functionalized graphene. We can infer that the
blister is a non-functionalized graphene bubble, and thus aryl
functionalization only occurs after graphene layers are exfoliated
from graphite, not before. Understanding and controlling the

electrode

Fig. 4
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exfoliation and functionalization of Mod-G are critical to the
technological application of this material. Basically, the oxygen
groups are useful for any further functionalization in a wide range
of applications such as membranes with controllable water flow*®
or as impermeable barriers for the case of GO when it is mildly
reduced.*®

Conductivity and surface microstructure of laser-irradiated
Mod-G

We hypothesized that laser processing would allow the selective
modification of Mod-G similarly to the laser-patterning
approach used to make conductive devices out of GO films.*°
For this, we proceeded with the investigation of devices built on
an electrically insulating glass substrate.

One of the essential parameters of materials for opto-
electronics and sensor applications is electrical conductivity.
Therefore, here we show C-AFM results on LMod-G. The picture
shown in Fig. 4 is an actual photograph of the sample and
experimental contacts used to obtain the results shown in
Fig. 4a-d. The nanoscale topography in Fig. 4a shows that the
disk-shaped LMod-G film on glass has a thickness of ca. 2.7 um.
The current map in Fig. 4b highlights the uniform conductance
of the LMod-G film. This LMod-G map contrasts the inhomo-
geneous conductance from the rGO film (see Fig. S3, ESI{). For
the sake of comparison, both LMod-G and rGO were prepared
in the same way using identical laser irradiation conditions.
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(Left panel) Photograph of the actual experimental configuration used for (a) to (d), the LMod-G circular film is shown by an arrow and the CSAFM

experiment diagram is shown on the bottom inset. (a) Topography and (b) current mapping of laser-irradiated Mod-G (LMod-G) on a glass substrate.
(c) Topography and (d) cross-section of a large aggregate on the LMod-G region. The IV curve obtained at the tallest point marked by an arrow in (c)

shows still a good conductance of 275.8 x 107° S.
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The large LMod-G structure in Fig. 4c has a size of over 3 pm
deduced from cross-section analysis in Fig. 4d. The IV curve
made on this large structure shows a surprising ohmic behavior
even at this relatively large micrometer scale. This result has
important implications for LMod-G application in electronics
by minimizing losses and improving charge collection and
injection. Consider also that it is not so usual obtaining ohmic
contacts from a highly functionalized graphene material.*' The
ohmic behavior and low resistance of LMod-G support our
initial hypothesis that the laser-irradiation can restore the sp®
hybridization to aryl functionalized graphene sheets. Contrary
to laser-reduced GO, the laser irradiation of Mod-G can be
considered a formal “oxidation” of covalently-modified graphene.
Laser irradiation then leads to the formation of graphene sheets
with lower sp® carbon content as schematically illustrated in
Fig. Slc (ESIf). The LMod-G conductance of 275.8 x 10 ° S
obtained from the IV curve analysis in Fig. 4d is comparable to
the 261.0 x 10~° S value for the Mod-G layer in Fig. 3e. Although
these conductance values are similar, assuming the same AFM tip
size, we can conclude that both materials have entirely different
conductivity. This conclusion is justified considering the large
thickness different for each case responsible for the electrical
conductance. Indeed, the bilayer Mod-G is 3 nm thick while the
LMod-G structure has a height of about 2.7 um that is already
covered by an LMod-G film 3.2 um thick. In addition to these long
paths for charge-carrier transport, a millimeter-scale LMod-G is
connecting that structure to an external electrode. This com-
parison illustrates the sharp conductivity change that the laser
irradiation makes in Mod-G films. We also verified the macro-
scale conductance of LMod-G that became conductive only
after the laser irradiation step, as shown by IV characterization
results in Fig. S4 (ESIt). IR spectroscopy results from Mod-G
and LMod-G films on Kapton in Fig. S5 (ESIt) confirm that the
conductivity change after laser irradiation is related to the
removal of aryl groups. This conclusion is based on the absence
of O-H vibrations in the IR spectrum of LMod-G in Fig. S5
(ESIT) and also by X-ray photoelectron spectroscopy (XPS)
results in Fig. S6 (ESIT).

In summary, we showed that Mod-G films make a packed
system composed of layers with 1.1 nm thickness. However, these
single layers are not only graphene but a graphene sandwich
with aryl groups covering the top and bottom planes, as shown
schematically in Fig. 1b (inset ii). This aryl functionality gives a
good homogeneity to Mod-G also in films (see a Mod-G/graphite
interface in Fig. S7, ESIf). Under the influence of an external
potential, electrons are not able to overcome the barrier made by
aryl molecules. The high resistance for non-irradiated Mod-G
implies that not even charge-hopping takes place for Mod-G
aggregates, as shown by the IV curves in Fig. 3e. Only after the aryl
groups get removed by laser irradiation, the electrons are free to
flow through the LMod-G film. In these conditions, the whole film
becomes electrically conductive with a charge-transport dominated
by electron scattering with defects like in the case of highly-reduced
GO." The ohmic-like behavior with the top contact electrode made
of Au in the form of an AFM tip shows promise for hybrid electronic
applications with enhanced charge injection and collection.

This journal is © The Royal Society of Chemistry 2020
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Raman spectroscopy analysis

Besides the electrical characterization of LMod-G, we performed
Raman spectroscopy to follow the structural and chemical
changes that occurred before and after laser irradiation. Raman
hyperspectral imaging results for thin Mod-G and LMod-G layers
on glass show a strong contribution from the glass substrate (see
Fig. S8, ESIt). To minimize the signal contribution from glass,
we investigated several types of graphene-based materials shown
schematically in the inset in Fig. 5.

These samples correspond to films used in actual devices
further examined below. Fig. 5a shows the Raman spectra of
pristine GO and rGO films. Except for the G band, the other
bands correspond to defect-activated modes in GO.** The
bands below 800 cm ™' originate from amorphous carbon.*?
In contrast to mechanically-exfoliated graphene with a rela-
tively small defect concentration, a lower D/G ratio for GO
represents a higher amount of defects. This high defect concen-
tration range corresponds to stage 2, following the terminology
introduced by Ferrari and Robertson.** The X-ray diffraction
analysis below confirms the lower crystallinity of all graphene-
based samples with respect to graphite. The increase in the D/G
ratio for more graphitic materials was previously observed for
highly-reduced GO."” Therefore, we can use the D/G intensity
ratio and the D band sharpness as measures of crystallinity and
lattice order. We can then order these graphene materials
by decreasing crystallinity in this way: LMod-G =~ Mod-G >
rGO > GO. This observation further confirms that our method
to produce graphene is less drastic than the conventional method
based on graphene oxide. This assertion is valid for either form,
oxidized (GO), or even reduced (rGO). Fig. 5b shows the Raman
spectra from pristine and laser-irradiated Mod-G. The spectrum
for single-layer graphene is also included as a reference of a purely
sp> atomically thin carbon system.

The spectral differences can be made more evident by fitting
the Raman spectra shown in Fig. S9 (ESIt). We chose to fit with
five peaks D*, D, D”, G, and D’ bands following the work by
Claramunt et al.*? for the evaluation of oxygen content in GO.
However, a limitation of this fitting approach is the significant
uncertainties in the peak position determination for the D* and
D", which are precisely the ones expected to correlate to the
oxygen content. Although the bandwidth for LMod-G is slightly
smaller than for Mod-G in agreement with a crystallinity
increase, this change in D band sharpness is within the error
bars, see Fig. S9c and d (ESIt). Nevertheless, from the Raman
peak position analysis of non-irradiated and irradiated Mod-G,
we found that the D* and D bands upshift that can be related to
changes in oxidation and defects.”” In our case, the laser
irradiation of Mod-G induces completely different oxidation
changes to the case of GO; therefore, we need to be careful
when comparing these two cases.

X-ray diffraction: the graphitic nature of Mod-G and LMod-G

X-ray diffraction (XRD) was used to assess the effect of laser
irradiation on the crystallinity of diazonium-modified graphene.
For GO, after reduction, the 20 diffraction peak around 11° due to
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Fig. 5 Mid-inset: Sketch of the four types of graphene materials studied by Raman spectroscopy and X-Ray diffraction, GO and Mod-G and their
laser-processed counterparts, rGO and LMod-G. (a) Raman spectra comparison for GO and laser-reduced GO films. (b) Raman spectra of Mod-G and
laser-irradiated Mod-G (LMod-G). The Raman spectrum from single-layer graphene is included in (b) as a reference of purely sp? hybridized carbon.
(c) X-ray diffraction of the as-deposited GO and laser-reduced GO (rGO). (d) X-ray diffractograms of Mod-G laser-irradiated Mod-G (LMod-G). The
graphite result used as the reference for C=C sp? is taken from RUFF Database, RRUFF ID: R0O50503.1. The experimental data were fitted with a

Lorentzian function. The fitting standard error was below 0.1 degrees.

(002) planes decreases, giving rise to a graphitic peak around
23.5° as seen in Fig. 5c. This makes XRD a convenient way to
determine the reduction changes in GO.** The upshift of the (002)
diffraction peak in rGO is due to the decrease in lattice constant
after water molecules and oxygen-containing groups were
removed. However, this is different for Mod-G. The XRD results
in Fig. 5d show no difference for Mod-G and LMod-G, where both
are characterized by a sharp 20 peak at 26.7°. The graphite
diffractogram is plotted as the reference of an ideal sp” carbon
system. The peak sharpness is the main difference between the
Mod-Gs and graphite, and this can be correlated to the degree of
crystallinity. This peak is not expected in single-layer graphene
since a 3D crystal stacking is needed to have Bragg reflections.
In our case, we see this peak due to the powder form of Mod-G
after dried in the air forming graphitic aggregates. The broad-
ening of the peak can be attributed to this disordered layered
system stacked in 3D, where the signal to noise ratio decreases
for the Mod-Gs. Therefore, Mod-G is shown to be of graphitic
nature although highly disordered, with the laser irradiation
making an insignificant effect on crystallinity. These results
also support the insignificant changes observed for the
D band sharpness in the Raman spectroscopic results for
Mod-G and LMod-G in Fig. 5b. By comparing XRD results with
previous reports, Mod-G crystallinity appears higher than for
other graphene-based materials obtained by electrochemical
exfoliation.*>*® This result is significant since controlling

1036 | Mater. Horiz., 2020, 7,1030-1041

disruptions to the sp® carbon lattice is desirable to exploit
the most the electronic properties of graphene.

Applications of laser-irradiated Mod-G: a gas sensor and a
flexible solar-powered circuit

We fabricated chemiresistors from the same device shown in
Fig. 4 as proof of principle of potential applications. We made
the rGO- and LMod-G-based chemiresistors in Fig. 6a with the
same dimensions and electrical contacts, and tested their
sensing properties simultaneously under the same conditions.
Fig. 6b shows the morphology of LMod-G obtained by SEM.
The devices were placed inside a Petri dish for gas sensing
experiments. 4 mL of ethanol was inserted at the bottom of the
dish that was then covered, as shown in Fig. 6c. The small
amount of liquid ethanol did not get into contact with the
devices but only ethanol fumes. The resistance for both rGO
and LMod-G chemiresistors were simultaneously recorded. The
percentage change in resistance is determined as:

AR
Change = R_ X 100% (1)

0
with R, being the initial resistance value before the perturba-
tion and AR is the difference between the resistance values
before and after the sample was placed in the Petri dish with
ethanol. This experiment was performed for several days.
On each day, we recorded several individual measurements.

This journal is © The Royal Society of Chemistry 2020
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(a) Photograph of rGO and LMod-G devices on the same glass substrate. (b) SEM image of the LMod-G showing the layered material structure.

(c) Photograph of the sensor for ethanol sensitivity experiments. Testing results for the rGO and LMod-G devices as chemiresistors for (d) ethanol in the
gas phase and (e) human breath. The results are shown in terms of percentual resistance changes for individual measurements over a period of several
days. (f) Photograph of LMod-G on Kapton in a solar cell-powered circuit that operated 24/7 for several weeks with high current stability of over 98%.
Pictures of an LMod-G flexible device on PET for (g) slightly bent and (h) 180 degrees bent while lightning another LED without drastic changes in

conductance.

As seen in Fig. 6d, the LMod-G chemiresistor shows higher
sensitivity toward ethanol than the rGO device. Similar experi-
ments to ethanol sensitivity were also performed to investigate
the sensor’s response to human breath. For this, exhaling at a
distance of around 10 cm from the devices produced the
changes in resistance displayed in Fig. 6e. The resistance
variation for different measurements is mostly due to changes
in airflow when exposing the devices to either breath or
ethanol. The breath sensitivity results show differences mainly

This journal is © The Royal Society of Chemistry 2020

due to CO, and water vapor that are the components that
change the most between inhaled and exhaled air after breathing.
Remarkably, similar to the ethanol test, this experiment reveals
that the LMod-G also shows higher sensitivity to breathing
outperforming the rGO device that could also be related to
surface wettability (Fig. S10, ESIt). As calculated from eqn (1),
the LMod-G chemiresistor shows higher sensitivity than rGO
chemiresistor (as high as 1500%) for both ethanol and breath
sensing experiments. As a comparison, Guo et al.,"” observed a
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20% increase in NO, sensitivity from GO to thermally-reduced
GO sensors, where the thermally-reduced GO was obtained from
two-beam laser interference.

An LMod-G film on Kapton (LMod-G/Kapton) film shown in
Fig. 6f was used as a proof of concept for an application in a
flexible device. The LMod-G/Kapton flexible device showed a
high performance during continuous operation for 24/7 with
current stability of over 98%. We only interrupted the device
operation when testing the circuit current for stability evalua-
tion (see Fig. S11, ESIf). Similar to the device on Kapton,
LMod-G on PET (LMod-G/PET) was also fabricated. We evalu-
ated the mechanical stability of LMod-G/PET flexible device
against deformation, twisting, 180° bending, and mechanical
contacting (touching) as illustrated in Fig. S12 (ESIt). From
these analyses, we did not observe any performance degrada-
tion whatsoever of the LMod-G/PET LED circuit, even when it
was in direct contact with water (Fig. S11 and S12, ESIt).
We minimized bending the electrical contacts made with the
silver paste by directing most of the mechanical deformation to
the LMod-G layer. Otherwise, the silver paint contacts would
have cracked (see Fig. S12, ESIt). This precaution was necessary
for testing without device failure illustrating how LMod-G out-
performs silver inks and silver paints. Thus, LMod-G appears
now as a better alternative to state-of-the-art conductors for
flexible and printed electronics applications. The waterproof
capability of LMod-G demonstrated after water immersion
experiments is also very promising (see Fig. S12c, ESIT). Added
to electrical conductivity and chemical sensitivity, waterproof
LMod-G electrodes could be exploited in electrochemistry
and electrocatalysis applications. These electrochemical appli-
cations now under investigation can be evidenced when
comparing our LMod-G electrodes with conventional electrode
materials like glassy carbon. Moreover, a clear advantage of
LMod-G/PET is outstanding mechanical stability. As demon-
strated in the Video S1 (ESIt), LMod-G is stable not just after
bending it but even after mechanically scratching it. Neither
rGO nor Ag inks show this level of mechanical stability.
We hypothesize that the unprecedented mechanical stability
of LMod-G on PET is related to a composite formation with
the polymer substrate. A detailed investigation of this laser-
induced composite is beyond the scope of this work, but it is
being reported elsewhere in follow-up work. The reason why
LMod-G outperforms rGO in sensors can be related to the right
balance between a high defect concentration and high con-
ductivity. The Raman spectroscopy analysis shows that both GO
and Mod-G have a large concentration of defects as reflected
by the presence of the D band. However, Mod-G has lower
structural defects as shown by the sharpness of Raman bands
(Fig. S9c and d, ESIY). After laser irradiation, the upshift of the
D band in LMod-G implies a further increase in crystallinity as
compared to the initial Mod-G. While defects are necessary as
active sites for molecular sensing, a too high defect concen-
tration compromises the electrical conductivity degrading
the capability of the graphene-based layer to act as a sensor.
Therefore, compared to rGO, the homogeneous and high
electrical conductivity of LMod-G films with the right defect
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concentration are behind its superior performance in chemical
sensors. We expect that there should be a balance of defects vs.
conductivity that optimizes graphene-based films for sensing
applications. The role of defects in graphene was already shown
to play an essential role in improving these materials for
electrochemical sensor applications (for example, see ref. 48
and 49). In this work, we performed a qualitative analysis of
defects utilizing Raman spectroscopy and XRD characterization
methods. With Raman spectroscopy, the D/G intensity ratio is
typically used to quantify defect concentration in graphene and
carbon nanotubes.?® However, the conventional D/G ratio ana-
lysis does not provide accurate quantitative or even qualitative
information in the case of highly defective carbon systems like
graphene oxide. This was previously shown in a systematic
analysis of defects made by focused ion beams on graphite
showing also broad amorphous bands below 1000 cm™*.>" That
amorphous signature is exactly what we observe in the case of
GO films before laser irradiation (see Raman spectra in Fig. 5a),
but not on Mod-G films even without laser irradiation.
This amorphous band disappeared after GO films were laser-
reduced indicating the partial restoration of crystallographic
order in the film. It shows that our modified graphene has a
significant amount of defects but not to the high extent of
GO films. The XRD results also showed that during the whole
electrochemical and photonic processing steps, Mod-G remained
graphitic which is essential for a good charge-carrier mobility and
therefore conductivity, albeit with a high amount of structural
defects needed for chemical sensing. So far, we aimed to optimize
the laser irradiation parameters such as power density, pulse
duration, and focal distance to maximize the electrical conduc-
tance of our LMod-G films. By plotting the second-order Raman
modes area vs. laser power we could obtain an idea of the optimal
irradiation conditions that maximize conductivity.>> By using
those same samples in chemical sensors one could then correlate
the electrical conductivity, chemical sensitivity, and crystallinity to
determine the best conditions that maximize sensor performance.
Another important property to consider is the surface wett-
ability of the graphene derivate. The film hydrophilicity has
strong implications in biomedical applications due to interac-
tions with cells, proteins, and other biomolecules. For example,
in the case of graphene oxide, the oxygen-containing groups
determine the degree of cell attachment and cell proliferation.>***
We performed contact angle (CA) measurements to evaluate the
surface wettability of Mod-G and GO films and the changes that
occurred after laser treatment, see results in Fig. S10 (ESIt).
We found that GO shows a hydrophilic behavior with CA values
of 38 + 4° within the range of previous reports.”>>® After laser
reduction, the CA values of rGO increase to 60 + 14° due to the
removal of oxygen-containing groups. For the case of Mod-G,
we found that the film surface is superhydrophilic with CA values
equal to 0°. This superhydrophilicity arises from a strong con-
tribution of carboxylic groups to the wetting process. After irradia-
tion and partial aryl group removal, the material turns to behave
the same way as rGO with a CA of 58 & 10°. This drastic change in
wettability after laser irradiation further confirms the successful
cleavage of 4-carboxyphenylene groups from Mod-G films.

This journal is © The Royal Society of Chemistry 2020
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Discussion and perspectives

The initial exfoliation of graphene was based on the procedure
reported by Bélanger®® with a key modification. We used the
highly-stable and water-soluble 4-carboxybenzenediazonium
tosylate as the source of diazonium cation.** This diazonium
salt allows us to exclude the use of organic solvents. Moreover,
the presence of a hydrophilic carboxyl group improves the
dispersibility of modified graphene in aqueous solutions for
further processing, similar to the oxygen-rich moieties in
graphene oxide. This was indeed verified by our experimental
observations readily visible in Fig. S13 (ESIt). These observa-
tions show that our process gives functionalized graphene
layers unprecedented water stability against aggregation. The
long-term stability of our samples, up to over seven months at
the time of this writing, contrasts the 1 h stability shown by
Ossonon and Bélanger® with anthraquinone-functionalized
graphene. The single-layer nature and p-type doping induced
by the interaction of aryl radicals with graphene were con-
firmed by Kelvin probe force microscopy in agreement with a
previous report.*' We also anticipate that the laser irradiation
provides another degree of freedom for the surface potential
and doping control of aryl-functionalized graphene films. This
electronic control, combined with organic semiconductors and
perovskites, could allow engineering the energy levels and band
alignment between different interfaces that are critical for
optoelectronics.”’>”*® The spectroscopic comparison between
laser-irradiated and non-irradiated Mod-G shows that negligible
changes occur to the crystallinity of Mod-G as evidenced by
Raman and XRD results. This is completely different from the
case of GO that shows significant changes in Raman and XRD.
In Mod-G, the sp® carbon hybridization is introduced as a result
of the bonding to aryl groups (Ar), which can be considered
as a reduction process (the transformation of Csp” to Csp’).
In the case of graphene oxide, the appearance of sp® carbon is
associated with carbon oxidation with the formation of C-OH
or C-O-C moieties. However, for both cases, Raman spectro-
scopy is sensitive to the formation of Csp® as evidenced by the
large broadening of D and G bands and upshift of the G mode,
just like in the case of GO. Interestingly, the electrical resis-
tance of Mod-G changes drastically after laser irradiation
making Mod-G an electrically conductive material. Consider
the conventional case of rGO that becomes conductive because
of the removal of oxygen-containing groups and formal
reduction (the transformation of C-OH, C—=O and C-O-C
groups to C-C/C=C bonds). Our results show that Mod-G
becomes conductive due to a completely different mechanism.
Instead, we observe a formal oxidation process - the cleavage of
C-Ar bonds followed by the transformation of Csp® to Csp® with
the restoration of the conjugated carbon structure (see Fig. Sic,
ESIT). IR spectroscopy results support this hypothesis (see
Fig. S5, ESIf) showing that the laser irradiation induces the
removal of aryl groups from the graphene surface. XRD proves
that LMod-G remains graphitic, although with a lower degree of
crystallinity than graphite as evidenced by the broadening of
the carbon 20 diffraction peak. The laser irradiation does not

This journal is © The Royal Society of Chemistry 2020
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make a significant difference to Mod-G crystallinity. Therefore,
we conclude that the laser makes Mod-G conductive due to the
removal of charge-carrier barriers made by aryl groups which
is in agreement with our concept illustration in Fig. 1a. The
mechanism proposed for the removal of aryl groups involves
the thermal homolysis of C-C bonds between graphene and
functional groups on the Mod-G surface. This assertion is
supported by our XPS results shown in the ESIf as well as by
a previous report that shows the thermally-induced cleavage
of aryl groups.>® The energy of the laser beam dramatically
increases the Mod-G surface temperature, which leads to the
cleavage of covalently attached aryl radicals. This is the equiva-
lent to the photothermal reduction of graphene oxide using
laser beams. The laser irradiation processing of Mod-G could
ultimately allow engineering the charge-injection and interface
contact providing another route beyond usual methods based
on chemical functionalization.®® Moreover, by introducing an
electron-donor or photo-active group to the structure of arene-
diazonium tosylate it is also possible to provide n-type doping
to graphene, additionally enhancing optical properties.’":%*
Beyond transport and electrical properties with polymer com-
posites,®® diazonium salt functionalization enhances mechanical
and chemical interaction with polymer matrices like shown for
the case of rGO.*" Generally, our concept changes the paradigm
for the design of graphene-based electronics. Instead of the
standard sequence from bulk graphite oxidation followed by
laser reduction, we show a novel way starting from reductive
exfoliation involving one electron transfer from graphene to
the diazonium salt,®” the cleavage of the N, group with the
formation of highly active aryl radicals, and the subsequent
covalent graphene functionalization changing Csp”® to Csp?
and the last step with a laser-oxidative process restoring the
graphene conjugated system (transformation of Csp® to Csp®).
We illustrate this process in Fig. Sic (ESI). We found key
insights on the formation mechanism of Mod-G by analyzing
the HOPG electrode after electrochemical exfoliation. After the
HOPG sample was rinsed and dried, the peeled-off regions still
partially tethered to the substrate collapsed back forming the
ribbons visible in Fig. 3c. This is the first time that the electrode
used in the one-step electrochemical exfoliation and functiona-
lization of graphene is directly visualized at the nanoscale
providing clues about graphene formation. More details on the
mechanism of this exfoliation process must be investigated in
follow-up work. As proof-of-principle of some applications, we
showed the continuous operation of LMod-G on Kapton in a
flexible circuit powered by a solar cell for two months. In dynamic
bending, even after over fifty bending cycles at 180°, LMod-G on
PET shows remarkable electromechanical stability with no loss of
conductivity or circuit breaking. As chemiresistors, during dozens
of experiments spanning several days, our sensors made of
LMod-G on glass showed superior sensitivity and response time
to ethanol and breath in comparison to similar devices made of
laser-reduced GO tested under identical conditions. Moreover, as
shown in Tables S1 and S2 (ESIt), the LMod-G sensor performance
for breath and ethanol is also superior to for chemiresistors made
using other carbon-based materials reported before.
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Conclusions

We demonstrated a novel and competitive laser- and solution-
processable technology for functionalized graphene. Our
method is far superior to state-of-the-art devices based on
laser-reduced graphene oxide, helping pave the way to the
laser-based fabrication of flexible and lightweight electronics.
These applications, critical to the implementation of para-
digms such as the Internet of Things and wearable health-
care devices, can now rely on the ease of fabrication, scalability,
unprecedented mechanical stability, and chemical sensitivity of
this laser-graphene technology.
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