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bulk graphene-based devices, a variety

of syntheses now incorporate graphite
oxide (GO) as a precursor for the generation
of large-scale graphene-based materials.'
This inexpensive method of producing
large quantities of GO from the oxidation
of graphitic powders, in addition to its water
dispersibility, has made GO an ideal starting
material. In particular, the water dispersibil-
ity of GO, which stems from the electron-
egative oxygen species bonded to the car-
bon network,? has led, through exfoliation,
to the production of individual graphene
oxide sheets.? Unfortunately, the same oxy-
gen species that give GO its water-disper-
sible properties also create defects in its
electronic structure, and as a result, GO is
an electrically insulating material.* There-
fore, the development of device grade gra-
phene-based films with superior electronic
properties requires the removal of these
oxygen species, re-establishment of the
conjugated carbon network, as well as a
method for controllably patterning elec-
tronic device features.”

Methods for reducing graphite oxide
have included chemical reduction via hy-
drazine, hydrazine derivatives or other
reducing agents,® ® high-temperature an-
nealing under chemical reducing gases
and/or inert atmospheres,® solvothermal
reduction,'®"" a combination of chemical
and thermal reduction methods,'? flash
reduction,’*'* and most recently, laser re-
duction of GO."”"'® Although several of
these methods have demonstrated rela-
tively high-quality reduction of graphite
oxide, many have been limited by expen-
sive equipment, high annealing tempera-
tures, and nitrogen impurities in the final

In the pursuit of producing high-quality
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ABSTRACT Engineering a low-cost gra-
phene-based electronic device has proven dif-
ficult to accomplish via a single-step fabrica-
tion process. Here we introduce a facile, inex-
pensive, solid-state method for generating,
patterning, and electronic tuning of gra-
phene-based materials. Laser scribed gra-

phene (LSG) is shown to be successfully produced and selectively patterned from the direct

laser irradiation of graphite oxide films under ambient conditions. Circuits and complex

designs are directly patterned onto various flexible substrates without masks, templates, post-

processing, transferring techniques, or metal catalysts. In addition, by varying the laser

intensity and laser irradiation treatments, the electrical properties of LSG can be precisely

tuned over 5 orders of magnitude of conductivity, a feature that has proven difficult with other

methods. This inexpensive method for generating LSG on thin flexible substrates provides a

mode for fabricating a low-cost graphene-based NO, gas sensor and enables its use as a

heterogeneous scaffold for the selective growth of Pt nanoparticles. The LSG also shows

exceptional electrochemical activity that surpasses other carbon-based electrodes in electron

charge transfer rate as demonstrated using a ferro-/ferricyanide redox couple.

KEYWORDS: laser patterning - graphene - graphite oxide - flexible electronics -
gas sensor - graphene/Pt composite - electrocatalysis

product. In addition, large-scale film pat-
terning via an all-encompassing step for
both reduction and patterning has proven
difficult and has typically been dependent
on photomasks to provide the most basic of
patterns. Therefore, an inexpensive process
that does not need reducing agents and
expensive equipment and is highly tunable
is essential to produce high-quality gra-
phene-based films at low cost. The tech-
nigue described here not only meets these
stringent requirements but also provides
direct control over film conductivity and
image patterning, creating flexible elec-
tronic devices in a single-step process.
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Laser Scribed Graphene
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Figure 1. Comparison between (a) a standard complex colored image of a man's head filled with circuits and (b) the same
image reproduced by reducing graphite oxide at various levels, which corresponds to a change in electrical properties
(Copyright Lester Lefkowitz). A correlation between laser intensity and sheet resistance is shown in (c) where the sheet
resistance of LSG is controlled in two ways, by printing in grayscale color and/or by controlling the number of times the film is
irradiated with the 788 nm infrared laser. The log base graph clearly shows the sheet resistance decreasing by orders of
magnitude when different grayscale colors are used, which is directly related to the laser intensity. In addition, the number of
times the graphite oxide film is irradiated with that specific grayscale color, for example, laser reduced once (black squares),
twice (red dots), or three time (blue triangles), also produces a significant decrease in sheet resistance, which provides

a second mode of controlling the electrical properties of LSG.

The simple direct fabrication of laser scribed graphene
(LSG) on flexible substrates therefore simplifies the
development of lightweight electronic devices. Here,
an all-organic NO, gas sensor, a fast redox-active
electrode, and a scaffold for the direct growth of
platinum nanoparticles are demonstrated.

RESULTS AND DISCUSSION

Here we show that LightScribe patterning technol-
ogy can be used as an effective tool for solid-state
patterning and generation of laser scribed graphene.
LightScribe is a commercially available program that is
used in conjunction with a DVD optical drive unit to
pattern images on any LightScribe-enabled CD/DVD
disk.2° The program controls the 788 nm infrared laser
(maximum power output = 5 mW) inside an optical
drive unit by periodically pulsing an objective lens
assembly, causing the laser to focus and defocus on
an infrared active dye matrix found on the top side of a
LightScribe-enabled CD/DVD disk. In order to control
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the objective lens pulsing mechanism and hence the
laser intensity, the LightScribe program uses a comput-
erized grayscale to generate different levels of contrast
in the resulting pattern. Thus by focusing the laser on a
specific area of the dye matrix, it is possible to selec-
tively pattern complex images®® (see Supporting
Information). Here we bypass the original dye matrix
by depositing a thin layer of graphite oxide on top of a
DVD disk prior to the patterning process and use the
LightScribe program to effectively and controllably
reduce and pattern graphite oxide films.

As an illustration of the diversity in image patterning
that is possible, a complex image formed by the direct
laser reduction of graphite oxide is shown in Figure 1.
An elaborate image of a man's head with circuits
(Figure 1a) is directly patterned on a film of graphite
oxide (Figure 1b). Essentially, any part of the graphite
oxide film that comes in direct contact with the 788 nm
infrared laser is effectively reduced, with the amount
of reduction being controlled by the laser intensity, a
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Figure 2. Raman and X-ray photoelectron spectroscopic
(XPS) comparisons between GO and hr-LSG. (a) Raman
showing graphite oxide (solid red line) exhibiting typical
D, G, and amorphous 2D bands. The LSG (solid black line)
spectrum shows an increase in the D band due to an
increase in edge planes after laser irradiation as well as a
shifted and diminished G band as a result of the enhanced
crystallinity of the LSG. The shift and presence of the 2D
band indicates the synthesis of few-layer graphene. (b)
Overview of the XPS spectra confirms the decrease in the
ratio of oxygen to carbon as a result of laser irradiation of
the graphite oxide film. By taking a closer look at the boxed
area, it is possible to compare the carbon—oxygen func-
tionalities of (c) graphite oxide and (d) laser scribed gra-
phene. In contrast to graphite oxide, the LSG film shows a
significant loss of C—O functionalities, an increase in sp®
carbons, and a significant increase in the 7 to zz* satellite
peak.

factor that is determined by the degree of laser focus
and/or pulsing of the objective lens assembly unit. The
resulting image is an effective print of the original
image, but it is set in a series of gray and black colors,
which is directly related to the laser intensities that are
used to generate the image. As expected, the darkest
black areas indicate exposure to the strongest laser
intensities, while the lighter gray areas are only partially
reduced. Since different grayscale colors directly cor-
relate with the laser's intensity, it is possible to tune
the electrical properties of the generated LSG over 5
orders of magnitude in sheet resistance (€2/sq) by
simply changing the grayscale color used during the
patterning process. In fact, there is a clear relationship
between sheet resistance, grayscale color, and the
number of times the graphite oxide film is laser
irradiated, as illustrated in Figure 1c. Control over
conductivity from a completely insulating graphite
oxide film, with typical sheet resistance values of
>20 MQ/sq to a conducting highly reduced laser scribed
graphene (hr-LSG) registering a sheet resistance value
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of approximately 80 Q/sq, which translates to a con-
ductivity of ~1650 S/m, is possible. This method is
sensitive enough to differentiate between visibly simi-
lar grayscale colors, as shown in the graph, with the sheet
resistance varying significantly with only a small change
in grayscale. In addition, the number of times a film is
laser-treated results in a significant and controllable
change in sheet resistance. Each additional laser treat-
ment lowers the sheet resistance, as seen in Figure 1c,
where a film is laser-reduced once (black squares), twice
(red circles), and three times (blue triangles) with respect
to the grayscale. Therefore, the film's sheet resistance is
tunable by controlling both the grayscale color used and
the number of times the film is reduced by the laser, a
property that has so far been difficult to control through
other methods.

Raman spectroscopy was used to characterize and
compare the structural changes induced by laser treat-
ing graphite oxide. As can be seen in Figure 2a,
characteristic D, G, 2D, and 3S peaks are observed in
both graphite oxide and highly reduced laser scribed
graphene. The presence of the D band in both spectra
suggests that carbon sp® centers still exist after
reduction.® The LSG spectrum shows a slight increase
in the D band peak at ~1350 cm™"; this unexpected
increase is due to a larger presence of structural edge
defects and indicates an overall increase in the amount
of smaller graphene domains.?'The result is consistent
with SEM analysis, where the generation of exfoliated
accordion-like graphitic regions (Supporting Informa-
tion Figure S2) caused by the laser treatment creates a
large amount of edges.?*** However, the D band also
shows a significant overall peak narrowing, suggesting
a decrease in the types of defects in the laser scribed
graphene. The G band experiences a narrowing and a
decrease in peak intensity as well as a peak shift from
1585 to 1579 cm ™. These results are consistent with
the re-establishment of sp? carbons and a decrease in
structural defects within the basal planes.®*** The
overall changes in the G band indicate a transition
from an amorphous carbon state to a more crystalline
carbon state. In addition, a prominent and shifted 2D
peak from 2730t0 2688 cm ™ is seen after GO is treated
with the infrared laser, indicating a considerable re-
duction of the GO film and strongly points to the
presence of few layer graphene (see Supporting
Information).?®%’ Finally, as a result of lattice disorder,
the combination of D—G generates an S3 second-order
peak, which appears at ~2927 cm™" and, as expected,
diminishes with decreasing disorder after infrared laser
treatment.?® The Raman analysis demonstrates the
effectiveness of treating graphite oxide with an infrared
laser as a means to effectively and controllably produce
few-layer laser scribed graphene.

X-ray photoelectron spectroscopy (XPS) was em-
ployed to correlate the effects of laser irradiation
on the oxygen functionalities and to monitor the
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Figure 3. (a) All-organic flexible set of interdigitiated electrodes generated from highly reduced laser scribed graphene
(hr-LSG). (b) Same interdigitated electrodes transferred onto polydimethylsiloxane (PDMS). (c) NO, detection using the
same all-organic flexible interdigitated electrodes. Here the sensor uses hr-LSG as the active electrodes and marginally
laser-reduced graphite oxide as the detecting media. The NO, concentration is 20 ppm in dry air gas.

structural changes in the GO film. Comparing the
carbon to oxygen (C/O) ratios between graphite oxide
and highly reduced laser scribed graphene provides an
effective measurement of the extent of reduction
achieved using a simple low-energy infrared laser.
Figure 2b illustrates the significant disparity between
the C/O ratios before and after laser treatment of the
graphite oxide films. Prior to laser reduction, typical
graphite oxide films have a C/O ratio of approximately
2.6, corresponding to a carbon/oxygen content of ~72
and 38%. On the other hand, the hr-LSG has an
enhanced carbon content of 96.5% and a diminished
oxygen content of 3.5%, giving an overall C/O ratio of
27.8. Since the laser reduction process takes place
under ambient conditions, it is postulated that some
of the oxygen present in the hr-LSG film is a result of
the film having a static interaction with oxygen found
in the environment.

The C1s XPS spectrum of GO displays two broad
peaks (Figure 2c), which can be resolved into three
different carbon components corresponding to the
functional groups typically found on the GO surface,
in addition to a small 7z to 7* peak at 290.4 eV.2' These
functional groups include carboxyl, sp® carbons in
the form of epoxide, and hydroxyl carbons, which
are associated with the following binding energies:
approximately 288.1, 286.8, and 284.6 eV, respec-
tively.?>3° As expected, the large degree of oxidation
in graphite oxide results in the various oxygen compo-
nents in the GO C1s XPS spectrum, in contrast to the
highly reduced laser scribed graphene spectrum, which
shows a significant decrease in oxygen-containing
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functional groups and an overall increase in the C—C
sp? carbon peak (Figure 2d). This points to an efficient
deoxygenation process as well as the re-establishment
of C=C bonds in the carbon network. These results are
consistent with the Raman analysis. Thus the infrared
laser is powerful enough to remove a majority of the
oxygen functional groups, as is evident in the LSG XPS
spectrum, which only shows a small disorder peak and a
peakat 287.6 eV. The latter corresponds to the presence
of sp>-type carbons, suggesting that a small amount of
carboxyl groups remain in the final product. In addition,
the presence of a i to 77* satellite peak at ~290.7 eV is
found, indicating that delocalized 7 conjugation is
significantly stronger in the highly reduced laser
scribed graphene as this peak is miniscule in the
graphite oxide XPS spectrum.?' The appearance of
the delocalized 7 peak is a clear indication that con-
jugation in the GO film is restored during the laser
reduction process and adds support that an sp? carbon
network has been re-established. The decreased in-
tensity of the oxygen-containing functional groups,
the dominating C—C bond peak, and the presence of
the delocalized 7 conjugation all indicate that a low-
energy infrared laser is an effective tool in the genera-
tion of hr-LSG.

Having established that hr-LSG has effective 7 con-
jugation, it is possible to construct devices to make use
of the conducting material. Figure 3a shows a set of
interdigitated electrodes with dimensions of 6 mm x
6 mm, spaced at ~500 um, that are directly patterned
onto a thin film of graphite oxide. Prior to being
patterned, the graphite oxide film was deposited on
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Figure 4. Scanning electron microscopy (SEM) analysis of platinum nanoparticle growth on LSG films. LSG is shown to be an
excellent heterogeneous scaffold for the growth of platinum nanoparticles by electrochemically reducing 1 mM K,PtCl, +
0.5 MH,S0,at —0.25Vfor(a)0s, (b) 155, (c) 60 s, and (d) 120 s. The result is an increase in the size of the Pt nanoparticles as a
function of electrodeposition time. The insets in b—d show a magnified view of each set of nanoparticles, with nanoparticles
ranging from 10 to 50 nm after 15 s to 200—300 nm after 120 s. Inset scale bars = 100 nm.

a thin flexible substrate, polyethylene terephthalate
(PET), in order to fabricate a set of electrodes that are
mechanically flexible. A green arrow points to the laser
scribed graphene region that makes up the black
interdigitated electrodes, while a red arrow points to
the unreduced golden colored graphite oxide film.
Since the electrodes are directly patterned onto
the GO film on a flexible substrate, the necessity for
post-processing, such as transferring the film to a
new substrate, is unnecessary. Although, if desired, a
peel and stick method could be used to selectively
lift-off the LSG with, for example, polydimethylsiloxane
(PDMS) and transfer it onto other types of substrates
(Figure 3b). The simplicity of this method allows sub-
stantial control over pattern dimensions, substrate
selectivity, and even the electrical properties of the
LSG by controlling the laser intensity and thereby the
amount of reduction in each film.

These interdigitated electrodes can in turn be used
as an all-organic flexible gas sensor for the detection of
NO,. Figure 3c shows the sensor response for a pat-
terned flexible set of interdigitated LSG electrodes that
are exposed to 20 ppm of NO, in dry air. This sensor
was fabricated by patterning hr-LSG as the active
electrode and marginally reducing the area between
the electrodes to have a consistent sheet resistance
of ~7775 Q/sq. In this way, it is possible to bypass
the use of metal electrodes and directly pattern both
the electrode and the sensing material on the flexible

STRONG ET AL.

substrate simultaneously. The plot relates NO, gas
exposure to R/Ry, where Ry is the sheet resistance at
the initial state and R is the resistance of the LSG film
after exposure to the gas. The film was exposed to NO,
gas for 10 min followed immediately by purging with
air for another 10 min. This process was then repeated
nine more times for a total of 200 min. Even with a
slightly lower sensitivity than more sophisticated and
optimized sensors, the unoptimized LSG sensor still
shows good, reversible sensing for NO,, and its easy
fabrication makes it quite advantageous for these
systems.>33 Therefore, the LSG sensor for NO, holds
promise for improving the fabrication of all-organic
flexible sensor devices at low cost by using inexpensive
starting materials directly patterned with an inexpen-
sive laser.

The high conductivity and the increase in surface
area resulting from the expanded LSG make this
material a viable candidate for use as a heterogeneous
catalyst for metal nanoparticles. In particular, the direct
growth of platinum nanoparticles on LSG could aid in
the improvement of methanol-based fuel cells, which
have shown enhanced device performance from large
surface area and conducting carbon-based scaffolds.>*
Here, we demonstrate that hr-LSG is a viable scaffold
for the controllable growth of Pt nanoparticles. By
electrochemically reducing 1 mM of K,PtCl, with
0.5 M H,SO,4 at —0.25 V for different periods of time,
it is possible to actively control the platinum particle
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Figure 5. CV profiles of graphite oxide (GO), graphite, and
hr-LSG electrodes in equimolar mixture (5 mM) of K;[Fe-
(CN)gl/K4[Fe(CN)e] dissolved in 1.0 M KClI solution at a scan
rate of 50 mV/s. The hr-LSG electrode approaches the
behavior of a perfect reversible system with a peak-to-peak
potential of 59.5 mV at 10 mV/s, which is close to the
theoretical Nerstian value of 59 mV. The hr-LSG shows high
electron transfer rates, 105 times faster than graphite and
even higher than values reported for carbon nanotube
electrodes**** and stacked graphene nanofibers.*

size that is electrodeposited on the hr-LSG film. Figure
4 shows scanning electron microscopy images illus-
trating the growth of Pt nanoparticles with respect to
electrodeposition times corresponding to 0, 15, 60, and
120 s. As expected, there are no platinum particles
present at 0 s of electrodeposition (Figure 4a), but small
Pt nanoparticles are clearly visible after just 15 s
(Figure 4b) with nanoparticle sizes ranging from 10
to 50 nm (Figure 4b, inset). After 60 s of electrodeposi-
tion, larger platinum nanoparticles grow with particle
sizes averaging 100 to 150 nm (Figure 4c). Finally, after
120 s, 200 to 300 nm particles are found evenly
distributed across the surface of the LSG. The active
growth of Pt nanoparticles at controllable diameters on
LSG could make it a potentially useful hybrid material
for applications that require metal nanoparticles, such
as methanol fuel cells and gas phase catalysts.3> 32
These applications are now being explored.

Carbon electrodes have attracted tremendous inter-
est for various electrochemical applications because of
their wide potential window and good electrocatalytic
activity for many redox reactions.>**° Given its high
surface area and flexibility and the fact that it is an all-
carbon electrode, laser scribed graphene could revo-
lutionize electrochemical systems by making miniatur-
ized and fully flexible devices. Here, understanding
the electrochemical properties of laser scribed gra-
phene is highly beneficial to determine its potential
for electrochemical applications. Recently, graphene's
electrocatalytic properties have been demonstrated to
stem, in large part, from the efficient electron transfer
at its edges rather than its basal planes. In fact, it has
been reported that graphene exhibits in certain sys-
tems electrocatalytic activity similar to that of edge
plane highly ordered pyrolytic graphite.*’ In addition
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to having a highly expanded network, hr-LSG also
displays a large amount of edge planes (see Support-
ing Information, Figure S2), making it an ideal system
for studying the role of edge planes on the electro-
chemistry of graphene-based nanomaterials. Here,
we explore the electrochemical behavior associated
with the electron transfer of flexible hr-LSG electrodes
using an [Fe(CN)s]>*~"*~ couple as a redox probe.
Figure 5 compares the CV profiles of GO, graphite,
and hr-LSG electrodes in an equimolar mixture of 5 mM
Ks[Fe(CN)gl/K4[Fe(CN)g] dissolved in 1.0 M KCl solution
at a scan rate of 50 mV/s. Unlike GO and graphite, the
hr-LSG electrode approaches the behavior of a per-
fectly reversible system with a low AE, (peak-to-peak
potential separation) of 59.5 mV at a scan rate of
10 mV/s to 97.6 mV at a scan rate 400 mV/s. The low
AE values approach the calculated theoretical value of
59 mV. Given that AE, is directly related to the electron
transfer rate constant (ko), the low experimental
value of AE, indicates a very fast electron transfer
rate.*? The calculated k3, values vary from 1.266 x
10~ *cm s~ for graphite and as expected increases for
hr-LSG to 1333 x 1072 cm s ' (see Experimental
Section and Supporting Information for calculations).
In addition to the impressive increase in the electron
transfer rate at the hr-LSG electrode (2 orders of magni-
tude faster than a graphite electrode), there is also
substantial electrochemical activity for the hr-LSG elec-
trode as seen by an increase of ~268% in the voltam-
metric peak current. These drastic improvements are
attributed to the expanded architecture of hr-LSG films,
which provide large open areas for the effective diffu-
sion of the electroactive species and allow a better
interfacial interaction with the LSG surface. Additionally,
it is surmised that the amount of edge-like surface per
unit mass is thus much higher than graphite and there-
fore contributes to the higher electron transfer rates as
seen here. Given the large number of exposed edge
sites in hr-LSG, it is not surprising to find that it not only
has a higher k3., value than graphite but also surpasses
that of carbon-nanotube-based electrodes**** and that
of stacked graphene nanofibers.*>

Note that the hr-LSG electrodes are fabricated on
flexible PET substrates covered with graphite oxide,
which when laser-reduced serves as both the electrode
and the current collector, thus making this particular
electrode not only lightweight and flexible but also
inexpensive. In addition, the low oxygen content in
hr-LSG (~3.5%), as shown through XPS analysis, is quite
advantageous to the electrochemical activity seen
here since a higher oxygen content at the edge plane
sites has been shown to limit and slow down the
electron transfer of the ferri-/ferrocyanide redox
couple.*® We believe this new process presents an
interesting methodology for making highly electroac-
tive electrodes for potential applications in vapor sen-
sing, biosensing, electrocatalysis, and energy storage.
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CONCLUSION

A new method has been presented for producing
graphene-based materials that is not only facile,
inexpensive, and versatile but is a one-step “green”
process for reducing and patterning graphene films in
the solid state. A simple low-energy, inexpensive
infrared laser is used as a powerful tool for the
effective reduction and subsequent expansion and
exfoliation and fine patterning of graphite oxide.
Aside from the ability to directly pattern and effect-
ively produce large areas of highly reduced laser
scribed graphene films, this method is applicable to
a variety of other thin substrates and has the poten-
tial to simplify the manufacturing process of de-
vices made entirely from organic materials. A flexible

EXPERIMENTAL SECTION

Graphene oxide was synthesized using a modified Hummers
method,*” with dispersions of graphene oxide prepared accord-
ing to the following concentrations: 3.7, 2.8, and 1.6 mg/mL.
Approximately, 16 mL of the respective graphite oxide solutions
was drop-casted directly onto a LightScribe-enabled CD/DVD
media disk and allowed to dry for 24 h. Spin-coating was also a
technique that was used to make films of GO, but depending on
the substrate used and the type of experiment needed, drop-
casting was typically the better choice for this work. In order to
increase the hydrophilicity of the substrate surface and obtain
thin uniform films, the LightScribe-enabled DVD substrates
were pretreated with an oxygen plasma at 35 mW for 3 min.
A thick film of polydimethylsiloxane (PDMS) was used to cover
and protect the tracking strip found at the center of the DVD
disk from the oxygen plasma. The graphite oxide dispersion was
also drop-cast onto a thin substrate such as polyethylene
terephthalate (PET), which was resized to the same dimension
as the DVD and affixed onto the CD/DVD surface for laser
treatment. Silver electrodes with dimensions of 1 mm x 3 mm
with an interelectrode spacing of 3 mm were deposited
on the laser-reduced and non-laser-treated graphite oxide
films and subsequently divided into pairs. Two-point /—V
measurements were carried out using a standard probe
station. Ten or more measurements were performed on
different areas of each film to ensure reproducibility. The
film thicknesses were measured on a Dektak 6 profilo-
meter. Sheet resistance and conductivity values were calcula-
ted from two-point probe measurements and the film thick-
nesses.

The LSG morphology was monitored and imaged using
an optical microscope (Zeiss Axiotech 100) and a scanning
electron microscope (JEOL 6700, Philips XL 30). XPS spectra
were recorded using a Kratos Axis Ultra DLD spectrometer.
A Renishaw RAMAN spectrometer with an excitation wave-
length of 514 nm was employed to characterize the stru-
ctural changes between graphite oxide and laser scribed
graphene. Sensor experiments were carried out as described
by Fowler et al.>?

Electrochemical Experiments. All electrochemical experiments
were performed with an electrochemical analyzer VeraSTAT3
(Princeton Applied Research, USA). A three-electrode config-
uration was employed for all of the measurements with a
platinum foil counter electrode (6.25 cm?, Sigma-Aldrich) and
a Ag/AgCl, 3 M NaCl reference electrode (Bioanalytical Systems
Inc., USA). The working electrodes used were hr-LSG, graphite
oxide, or graphite electrodes, all with a working surface area
of 0.16 cm?.

STRONG ET AL.

all-organic gas sensor has been fabricated directly by
laser patterning of graphite oxide deposited on thin
flexible PET. LSG is also shown to be an effective
scaffold for the successful growth and size control of
Pt nanoparticles via a simple electrochemical process.
Finally, a flexible hr-LSG electrode was fabricated,
which displays a textbook-like reversibility with an
impressive increase of ~238% in electrochemical
activity when compared to graphite toward the elec-
tron transfer between the ferri-/ferrocyanide redox
couple. This proof-of-concept process has the poten-
tial to effectively improve applications that would
benefit from the high electrochemical activity de-
monstrated here including batteries, sensors, and
electrocatalyts.

Each hr-LSG electrode was made by cutting a PET sheet
coated with hr-LSG into rectangular pieces of the appropriate
size. The ends were then lightly painted with conducting silver
paint to ensure good electrical contact. Part of the electrode was
then covered with polyimide (Kapton) tape so that only a
working area of 0.16 cm? was allowed to be exposed to the
electrolyte. Finally, the electrode was connected to the poten-
tiostat with an alligator clip. Each graphite oxide electrode was
prepared by a similar approach using graphite oxide coated
PET. Pencil lead obtained from Pentel Co. Ltd., Japan, and
named Hi-polymer Super 50-HB was purchased from a local
store and used as a graphite electrode. The “lead” had a total
length of 6 cm and a diameter of 0.07 cm. The electrode was
prepared by renewing its surface using cellophane tape before
its use. This procedure involves pressing the surface onto a
cellophane tape and removing the top few layers of graphite.
After repeating several times, the electrode was then cleaned in
acetone to remove any adhesive. A projected surface of
0.16 cm? was obtained by sealing part of the electrode with
Kapton tape.

Electron Transfer Kinetics. The redox system that was used for
the evaluation of the electron transfer kinetics was 5 mM
K3[Fe(CN)gl/K4[Fe(CN)g] (1:1 molar ratio) dissolved in 1.0 M KCl
solution. To ensure a stable electrochemical response, the
electrodes were first cycled for at least five scans before
collecting the experimental data. The heterogeneous electron
transfer rate constant (k) was determined using a method
developed by Nicholson, which relates the peak separation
(AE,) to a dimensionless kinetic parameter, 1, and conse-
quently to k3 according to the following equation:*®

/2
0o _ Y [ (On)"
Kops = ¥ | 1| Domtv (RT) (Do) (1)

where D and Dy, are the diffusion coefficients of the oxidized
and reduced species, respectively. The other variables include v,
the applied scan rate; n, the number of electrons transferred in
the reaction; F, the Faraday constant; R, the gas constant; T, the
absolute temperature; and o, the transfer coefficient. The
diffusion coefficients of the oxidized and reduced species are
typically similar; therefore, the term (DR/DO)"‘/2 ~ 1. A diffusion
coefficient (Do) of 7.26 x 1076 cm? s~ was used for [Fe(CN)g]> 4~
in 1.0 M KCI.*

Synthesis of Platinum Nanoparticles/hr-LSG Composites. Electrode-
position of Pt nanoparticles on hr-LSG electrodes was per-
formed in a three-electrode cell (described above) containing
1.0 mM K,PtClg in 0.5 M H,SO, at a constant potential of —0.25 V.
To control the amount and size of the Pt nanoparticles, the
deposition was carried out for different periods of time.
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