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ABSTRACT: The two-dimensional (2D) electron cloud,
ﬂexible carbon−carbon bonds, chemical modiﬁability, and sizedependent quantum−conﬁnement and capacitance makes
graphene nanostructures (GN) a widely tunable material for
electronics. Here we report the oxidation-led edge-roughening
and cleavage of long graphene nanoribbons (GNRs) (150 nm
wide) synthesized via nanotomy (nanoscale cutting) of graphite
(with 2 nm edged diamond knife) to produce graphene quantum
dots (GQD). These GQDs (∼100−200 nm) selectively
interfaced with polyelectrolyte microﬁber (diameter = 2−20
μm) form an electrically percolating-network exhibiting a
characteristic Coulomb blockade signature with a dry tunneling
distance of 0.58 nm and conduction activation energy of 3 meV. We implement this construct to demonstrate the functioning of
humidity and pressure sensors and outline their governing model. Here, a 0.36 nm decrease in the average tunneling-barrierwidth between GQDs (tunneling barrier = 5.11 eV) increases the conductivity of the device by 43-fold. These devices leverage
the modulation in electron tunneling distances caused by pressure and humidity induced water transport across the hygroscopic
polymer microﬁber (Henry’s constant = 0.215 Torr−1). This is the foremost example of GQD-based electronic sensors. We
envision that this polymer-interfaced GQD percolating network will evolve a new class of sensors leveraging the low mass, low
capacitance, high conductivity, and high sensitivity of GQD and the interfacial or dielectric properties of the polymer ﬁber.
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Self-assembly of nanomaterials has led to the realization of a
wide range of phenomena, systems, and devices via complex
structural design achieved by integration of nanostructures with
conventional microelectronic circuitry.9−13 Such self-assembly
has been applied in a wide range of devices, including solar
cells,14 touch sensitive devices,15 and sensors.11 We present a
novel synthesis process for GQDs from graphene nanoribbons
(GNRs) and their facile self-assembly onto polymer microﬁbers
to form a percolating GQD-network, which leverages the
polymer’s hygroscopic nature for applications as humidity and
pressure sensors operating via electron-tunneling modulation.
While several graphene-based-sensors exist,16−18 here we show
a novel GQD based sensor. Moreover, it is important to note
that most graphenic humidity-sensors are based on wateradsorption induced doping, which modulates the device
conductivity. However, such sensors require high humidity
levels (40−90%) to achieve 1−9 fold conductivity modulation.19,20 Also, these sensors exhibit a decrease in conductivity

raphene quantum dots (GQDs) are atomically thick,
conductive nanosheets of sp2 hybridized carbons, which
exhibit size-, shape-, and edge-dependent electrical properties.1
The GQD structure is fundamentally diﬀerent from other
nanostructures, since its thickness reaches the “ultimate limit of
dimensions” (single atom).2 The π-cloud in these single-atomthick GQDs provides delocalized charge carriers, imparting
them with high conductivity. However, their electronic
structure is governed by the edge construct (edge electronic
states) and size (quantum conﬁnement).3−5 Therefore,
manipulating the size and edge characteristics of GQDs is
critical for controlling their properties while the functionalization (similar to that of graphene)6 can alter their energy states.
While several processes have been reported to synthesize
graphene quantum dots,1,7,8 the current challenges to be
addressed to incorporate GQDs into applications include: (a)
facile production of GQDs of controlled dimensions greater
than 75 nm, (b) routes for directed and selective assembly of
GQDs into varied nanoarchitectures (for example percolating
networks), and (c) interfacing GQDs with other functional
materials for applications in electronic devices.
© 2013 American Chemical Society
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Figure 1. (a) Schematic illustrating the nanotomy process employed to synthesize GNRs, where a diamond knife (2 nm edge diameter) cleaves
graphite into graphite nanoblocks, which are exfoliated to produce GNRs via mild oxidation. Representative FESEM micrographs of the exfoliated
GNRs are shown in the bottom insets and panel c. (b) The reaction progression scheme shows the underlying mechanism depicting the conversion
of GNRs to GQDs. (c−f) Transmission electron microscopy (TEM) images representing the chronological edge-roughening of GNRs and their
cleavage during the conversion of GNRs into GQDs after 0 min (c, exfoliated GNRs), 30 min (d), 60 min (e), and 120 min (f) of GNR oxidation.
The evolution of the structure of GQDs can be clearly observed. TEM images with isolated GQDs are shown in the Supporting Information.

of a few drops of 30% H2O2 to arrest the reaction. The
resultant solution was centrifuged and washed with 10% HCl
and distilled water several times, followed by redispersion in 8
mL of distilled water and 30 min of sonication. The samples
subsequently underwent dialysis for 5 days to remove residual
ions and contaminants. Finally, the solution was transferred to a
glass vessel, sonicated again for 5 min, and stored at room
temperature (25 ± 2 °C). For the present study, 150 nm wide
GNRs were used.
Figure 1c−f shows the structural evolution of GNRs at
diﬀerent stages of the reaction as observed via transmission
electron microscopy (TEM). These images show the edge
roughening, cleavage, and size reduction process. The
corresponding higher magniﬁcation micrographs with individual nanostructures are provided in the Supporting Information,
Figure S2. Mildly oxidized GNRs (Figure 1a and c) were
several micrometers long and ∼150 nm wide. Subsequent to
Hummer’s oxidation under highly acidic conditions at elevated
temperatures for 30 min (Figure 1d): (a) most of the GNRs
shorten in length varying between 500 and 700 nm; (b) their
edges become rougher; and (c) smaller nanostructures evolve.
As the reaction proceeds, the length of the GNRs decreases
progressively (Figure 1D−F) and edges roughen, and after 120
min of reaction most of the GNRs are converted to GQDs with
smaller lateral dimensions (Figure 1f). Some rectangular
quantum dots having a length around 200 nm were also
observed (∼5%). After 240 min all of the GNRs were
converted to GQDs, and no GNRs were observed (Supporting

upon removal of water from the graphene device. In the present
work, (a) the GQD-network device exhibits an order of
magnitude higher current modulation (43-fold) than any
doping based graphene sensor (to the best of our knowledge);
(b) the device operates in a lower humidity range: 0−40% rH
(<0.007 kg/kg) and conduction increases with reduction in
humidity; (c) a novel edge-roughening and cleavage process
has been presented to convert GNRs into GQDs; and (d) to
the best of our knowledge, this is the ﬁrst GQD based
electronic sensor.
In the ﬁrst part of this work, the conversion of GNRs into
GQDs via oxidative edge-roughening and cleavage are
discussed (Figure 1). The GNRs were prepared via a
nanotomy-based process1 that we reported in 2012. Brieﬂy,
graphite nanoblocks (GNBs), ultrathin sections of graphite,
were cleaved using a diamond knife (2 nm sharp) to obtain the
desired thickness. Each GNB consists of oriented stacks of
GNRs 0.4 nm apart. A ﬁxed weight of these GNBs were
exfoliated via modiﬁed Hummer’s method21 in a mild acidic
environment, which oxidizes the GNR edges. These mildly
oxidized GNRs were allowed to undergo a second round of
Hummer’s process, where the preoxidized GNRs were added
into concentrated H2SO4 (1 mL) kept in an ice bath and
stirred. KMnO4 with a weight ratio of 1:4 (GNR/KMnO4) was
added slowly to avoid sudden rise in temperature. Four aliquots
of the resultant sample were kept at 45 °C for diﬀerent time
intervals. This was followed by slow addition of 7 mL of
distilled water to avoid temperature rise and then the addition
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Figure 2. (a) Raman spectra of GQDs produced at diﬀerent durations of oxidation of GNRs. The 2D peak dampens, and a prominent D-peak
evolves with oxidation time. (b) Higher resolution view of the region marked in part a shows the shift in the G-peak position with reaction time. The
inset shows the decrease in nominal diameter (obtained via DLS analysis) of GNRs with the evolution of reaction (more DLS results are presented
in Supporting Information).

Figure 3. (a and b) Photographs depicting the process of direct spinning of long PAH microﬁbers from 40% PAH (aqueous) solution. These
microﬁbers are then deposited on silica-substrate with gold electrodes. (c) Photograph of the silica chip shows the gold electrodes on silica-on-silicon
wafer with PAH microﬁbers. This device construct was employed for humidity and pressure sensing. (d) Optical micrograph of the region outlined
in part c showing the microﬁbers bridging the electrodes. (e) An FESEM micrograph shows the GQDs forming a percolating network on PAHmicroﬁber. (f) A high-magniﬁcation TEM micrograph of the GQDs immobilized on a PAH microﬁber and forming a percolating network. The inset
shows a low-magniﬁcation image of the PAH microﬁber-GQD hybrid with the GQDs (marked with dotted circle and shown in f). (g) Schematic
representation of the device construct and mechanism employed for characterization of electron-tunneling modulation in the GQD network and the
humidity/pressure sensors.

cleavage rate with progression of reaction as it reaches
completion. In combination with TEM and DLS observations,
the Raman spectra suggest that the exfoliated GNRs are only
mildly oxidized. The G band shifting to higher wavenumber
during oxidation indicates doping via oxidation,23 while the
increase in the D-peak intensity implies (a) increase in the edge
roughness, (b) increase in edge density due to the formation of
more and smaller GQDs, and (c) conversion of the sp2 carbons
into sp3 hybridized carbons via oxidation.22 These processes
also reduce the intensity of 2D peak.22,23 The increase in the
intensity of the D band and attachment of oxygen
functionalities are known to reduce the intensity of the 2D
band and broaden it considerably. This observation is
consistent with the oxidative cutting of GNRs and edge
roughening. Further, we speculate that, since the gradient of the
G peak position with laser power (= 0.143 cm−1/mW) is ∼58
fold lower than that of supported graphene24 (see Supporting
Information, Figure S6), the thermal conductivity of GQDs is
at least an order of magnitude lower than graphene.
We believe that the conversion of GNRs to GQDs follows a
mechanism similar to the oxidative cleavage25−28 of carbon
nanotubes (CNTs) to short CNTs and of CNT unzipping into
GNRs.8,29,30 Brieﬂy, under acidic oxidation, epoxy groups
cooperatively assemble in a line on the graphenic lattice,8

Information, Figure S3). Representative TEM images of
dispersed isolated GQDs are provided in the Supporting
Information, Figure S4. The GQD size evolution was also
studied by dynamic light scattering, which showed a systematic
reduction in GQD size and disappearance of peak corresponding to the long axis of GNRs (inset of Figure 2b and Supporting
Information, Figure S5).
Raman spectroscopy was employed to analyze the evolution
of structure of these GNs (Figure 2) (532 nm, 100× objective,
35 mV with 10 s exposure). Here, samples after each phase of
the reaction were drop-casted on a silica substrate and analyzed
under a Raman spectroscope. Mildly oxidized GNRs showed
two prominent features at 1585 cm −1 and 2694 cm −1
corresponding to G and 2D bands of graphene and a D-peak
at 1354 cm−1 representing the presence of edges and the
isolated defects in the structure presumably due to the lowdegree oxidation.22 With the progression of the reaction, some
general trends were observed: (a) the intensity of the D band
progressively increases; (b) the 2D peak intensity progressively
reduces; (c) the 2D peak broadens; (d) the ID/IG ratio
progressively increases; and (e) the position of G band shifts
toward the higher wavenumbers. Further, the shift in the Gband was higher in the initial phase of the reaction and reduced
as the reaction progressed. This suggests a reduction in the
1759
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Figure 4. (a) Room-temperature current−voltage (I−V) behavior of a PAH microﬁber-GQD composite device, where the voltage increases from 0
to 0.9 V with a step size of 50 mV (I−V at 80 K is presented in Supporting Information). The increase in the diﬀerential current (dI/dV) (dotted
curve) depicts Coulomb blockade eﬀect in the device. The top inset shows the Raman spectra of the PAH microﬁber-GQD composite, parent PAH
microﬁber, and only GQDs, conﬁrming GQD attachment on the microﬁber. (b) Transient response of the currents of the PAH microﬁber-GQD
hybrid device with change in the local humidity. Multiple cycles of exposure of helium gas (30 s exposure time) at diﬀerent bias voltages (0.1, 0.2,
and 0.4 V) points toward the robustness, sensitivity, and fast response of the device. The normalized transient currents with humidity at diﬀerent
voltages constructed from b are shown in the bottom inset of part a. The consistency in the normalized transient conductivity implies a linear scaling
of the response with voltage.

generating a strain resulting in the initiation of a cleavage-crack
on the C−C matrix.30 The propagation of this crack occurs via
opening of the adjacent epoxy groups or the hopping of an
epoxy group. Here, sequential oxidation of epoxy to diones is
energetically favorable, especially in a dehydrating medium
(conc: H2SO4).29 Further, the ketonic groups projecting
outward on neighboring carbon atoms destabilizes the adjacent
C−C double bond, making it prone to oxidation, and
subsequent cleavage. Similarly, ketones’ conversion to carboxylic acids, and rearrangement leads to edge-roughening.31
Additionally, KMnO4 can form a manganate ester on graphene
(similar to CNT oxidation),29 which upon oxidation forms
dione and undergoes a similar cleavage pathway.
To incorporate GQDs into applications, their assembly into
easy-to-fabricate devices is important. Here, we also report on a
unique electron-tunneling modulation based device and sensor
built via self-assembly of GQDs on hygroscopic polymer
microﬁbers between electrodes. The device fabrication involves
two steps: (a) spinning (Figure 3a,b) and immobilizing (Figure
3c,d) a polyallylmine hydrochloride (PAH) microﬁber on a
silica substrate with predeposited gold electrodes 10 μm apart,
and (b) covalent anchoring of GQDs on the PAH microﬁbers
(Figure 3e,f). Brieﬂy, the silica substrate with predeposited gold
electrodes was washed with deionized (DI) water, acetone,
ethanol, and isopropanol (IPA) and dried using nitrogen gas
ﬂow. The chip was then immersed in a piranha solution at 50
°C inside a fume hood for 3 h, followed by washing with water
and IPA, and drying in nitrogen ﬂow. The chip was further
treated with oxygen plasma to make the surface of the chip
slightly negatively charged (via addition of hydroxyl groups). A
40% solution of positively charged polyelectrolyte PAH
solution was then spun to form microﬁbers (Figure 3a and
b), which were placed across the electrodes on the negatively
charged silica chip. The substrate was subsequently baked at
120 °C for 6 h to bond the microﬁber to the silica surface and
to partially cross-link the PAH microﬁber to avoid it being
washed away during subsequent processing. Finally, the chip

was washed with copious amounts of deionized (DI) water to
remove excess unbound PAH and dried in nitrogen.
To covalently anchor GQDs on the PAH microﬁbers, an
amine coupling agent 2-(7-aza-1H-benzotriazole-1-yl)-1,1,3,3tetramethyluronium hexaﬂuorophosphate (HATU) was employed. Here, the chip with PAH microﬁbers (spun from 40%
PAH solution in water) was submerged in a 20 mL of
negatively charged GQD solution (prepared earlier) with 5 mg
of HATU added. The mixture was incubated at 30 °C for 12 h
to produce strong and stable covalent bonds between the amine
groups on PAH and the carboxylic acid groups on the GQDs.
After the reaction, the chip was washed repeatedly with DI
water. Figure 3c and d shows a picture and an optical
micrograph of the fabricated device. The covalent bond is
expected to form a very stable hybrid structure. Further,
electrostatic repulsion between GQDs and the negatively
charged silica ensures highly selective deposition of GQDs on
PAH. Figure 3g shows a schematic diagram of the device
construct. The electron micrographs of the GQD-PAH
microﬁber-composite conﬁrmed the anchoring of GQDs onto
the microﬁber (Figure 3f). Further, the top inset of Figure 4a
shows the Raman spectra of the microﬁber, GQDs, and the
composite of GQD/microﬁber, where the D, G, and 2D peaks
of the GQDs emerge on the ﬂuorescent peak of the PAH
microﬁber, conﬁrming the attachment of GQDs on the
microﬁber.
Electrical measurement on the GQD-microﬁber device
(shown later) suggests assembly of GQDs’ percolating network
linked via PAH molecular junctions (GQD-PAH-GQD
junctions). Under the inﬂuence of an electric ﬁeld, the
electrons tunnel through the PAH barrier from one GQD to
the next. These measurements were conducted by connecting
the chip-electrodes with probes linked to a Keithley source
meter to measure the tunneling current versus voltage and the
transient response with respect to humidity and pressure
(Figures 4a,b and 5a). All of the devices prepared by the above
process were electrically annealed (applied a potential of 10 V
for 10 min) prior to the measurements. The electrical annealing
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Figure 5. (a) The response of the electrical current in the percolating GQD-PAH-microﬁber device at 2 V bias with the change in pressure (square
points) is shown for a typical device. The model representing the combination of the Fowler−Nordheim electron tunneling and water transport via
Henry’s law ﬁts the data with a regression of 0.9 (red curve). The model parameters obtained were used to plot the change in tunneling distances as
a function of pressure (blue curve). (b) The inﬂuence of temperature on the electrical currents in the percolating-GQD device was studied. The
current−voltage (I−V) curves were obtained at 80, 120, and 200 K, where the voltage increases from 0 to 50 mV. (Top, inset) The decrease in
conductivity with decrease in temperature was also plotted with the Arrhenius ﬁt (red curve) (data points = 80, 100, 120, 140, 160, 180, and 200 K).
The data suggests an activation energy of 3 meV.

changing the local humidity around the device. This was
achieved by replacing humid air with He gas. Figure 4b shows
the increase in conductivity of the device during intervals of He
exposure at three diﬀerent voltages. The helium dehumidiﬁed
chamber was maintained for 30 s intervals. The normalized
response of the device (dividing the current with the average
base current values) in Figure 4a, bottom inset, shows that the
response is linearly scaled with voltage. The increase in current
with the onset of helium exposure to the end of the interval
indicates diﬀusion-limited process kinetics; while the helium
concentration increases inside the chamber, the microﬁber’s
water content still needs to desorb and diﬀuse out of the
microﬁber. Similar results were observed for exposure to argon
and nitrogen as well.
Here, the change in the water volume (due to change in local
water-vapor pressure) in the microﬁber translates into a change
in the tunneling distance between the GQDs: a/a0 = (1 +
HP)1/3, where a and a0 are the average tunneling distances at
any point and at zero water-vapor pressure, respectively. The
current values are governed by Fowler Nordhiem electron
tunneling:37 I = I0 + T exp(−(2(2mϕ)1/2/ℏ) a0(1 + HP)1/3),
where T, m, and ϕ are tunneling proportionality constants,
mass of an electron, and tunneling barrier height.
To further quantify the system and to study the response of
the device under direct inﬂuence of water-vapor pressure,
another GQD-PAH device was connected to a vacuum probestation. Figure 5a shows the response of the device currents to
the change in pressure for a typical GQD microﬁber device and
the associated data-ﬁt curve (Henry’s law and Fowler
Nordhiem ﬁt with regression = 0.9). The vacuum was allowed
to increase slowly, and the complete measurement was
conducted over an hour to negate mass-transfer limitations.
Based on the tunneling barrier of 5.11 eV for the PAH
polymeric junction,37 a tunneling distance of 0.58 nm for
waterless microﬁber was calculated (from data ﬁt; Figure 5a).
This value, along with the Henry’s constant of 0.215 Torr−1
(also from Figure 5a), suggests that from 25 to 2 Torr the
average tunneling distance decreases by 0.36 nm (Figure 5a),
while the conductivity increases by 43-fold. Figure 5a also
shows the calculated change in the electron-tunneling distances
with pressure, based on the model ﬁt.
To eliminate the possibility of water-doping induced
conductivity-modulation, we studied the response to pressure

was important to allow the GQDs on the device to reach an
equilibrium position. Once the equilibrium is reached, the
device conductivity and response becomes robust. After
annealing, the current−voltage (I−V) characteristics of the
device having PAH microﬁber-GQD composite across the
electrodes were generated using a two-point conductivity
measurement and a voltage ramping from 0 to 0.9 V with a step
size of 50 mV (Figure 4a).
The IV exhibits a nonlinear behavior, more explicitly shown
in the diﬀerential current (dI/dV) curve. This is an indication
of 2D Coulomb blockade eﬀect,32−34 where the combined and
nonsynchronous electrostatic charging/discharging occurs to
transport the charges between neighboring GQDs with ﬁnite
capacitances. The increase in currents reduces the electron
residence time and thus the repulsive force on the upstream
electrons, thereby increasing the rate of current-increase (dI/
dV) with voltage. This process is modeled via the 2D Coulombblockade theory by Likharev: I ∝ (V/VT − 1)ζ.35 To study this,
we conducted an IV measurement with a four-point probe
setup (to eliminate contact resistance) at 77 K. The Likharev
ﬁt35 produced a blockade threshold voltage for our GQDdevice of 8 meV (at 77 K (6.4 meV)) and a geometry factor, ζ,
of 3 (Supporting Information, Figure S7). The geometry factor,
ζ, of 3 is consistent with reduced-graphene-oxide modeled as a
GQD network, where ζ is 3.1−3.4.34 Also, a quantized
Coulomb staircase is not observed due to nonsynchronous
electrostatic charging/discharging based transport through 2D
GQD network with diﬀerent sizes and capacitances (CGQD)
with low charging energy (for example, EC = e2/CGQD = 3.5
meV for 180 nm GQD36). The activation energy of our device
was measured to be 3 meV (shown later).
The total conductivity of the device is directly proportional
to the probability of electron tunneling, which is exponentially
and inversely proportional to the tunneling distance. Since the
PAH microﬁber is hygroscopic and at positive humid
environment comprises of an additional volume of fused
water, the change in relative humidity or water vapor pressure
changes the volume of the water in the microﬁber following the
Henry’s law, Vw/Vf = HP, where Vw and Vf are the volume of
water and polymer in the microﬁber, while H and P are the
Henry’s constant and water-vapor pressure, respectively).
To demonstrate the sensitivity of the device to humidity, we
show the transient response of the current at a ﬁxed voltage by
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of a device with only GQDs and no PAH ﬁber (Supporting
Information, Figure S8). From 25 to 2 Torr, the GQD-only
device exhibited a negligible change in conductivity in
comparison to the 43-fold increase shown by the GQD-PAH
device. This indicates that the device response is not due to
water adsorption and doping. Further, the graphene-dopingbased humidity-detection produces <6-fold change, in the
reverse direction, and requires large humidity (60−90%
rH),19,20 while in the current device the humidity range is
<40% rH (<0.007 kg/kg with highest conductivity at lowest
humidity). Further, only a PAH ﬁber device was also tested and
exhibited a six-order-of-magnitude lower conductivity and a
reverse response to humidity (i.e conductivity reduces at lower
humidity). This is expected for ionic conductivity and further
implies that the PAH is hygroscopic and must absorb/desorb
water (leading to modulation of tunneling barrier width in our
device). Therefore, ionic conductivity and its response is six
orders of magnitude lower than conduction through the GQD
network. These control experiments indicate that the primary
cause of conductivity modulation with humidity in the GQDPAH device is the change in the tunneling-distance between
GQDs. The experiments also show that the device functions
very sensitively to humidity when both GQDs and PAH are
present.
To ensure that the device undergoes electron-tunneling
process, we studied the dependence of the device conductivity
on (cryogenic) temperatures (at 1 mTorr vacuum). Figure 5b
shows the current−voltage (I−V) characteristics of the device
(GQD network on PAH microﬁber) across the electrodes 10
μm apart with a voltage ramping from 0 to 50 mV at 80, 120,
and 200 K. The inset shows the (I/V) values plotted against 1/
T to ﬁt the Arrhenius plot: (I/V ∝ exp(−Ea/kBT)). The
activation energy, Ea, is found to be 3 meV, which is
signiﬁcantly less than the kBT at room temperature (= 25
meV), indicating that the mode of electron transport at room
temperature is electron-tunneling, and not thermionic emission.
In summary, we demonstrate (a) the mechanism of edgeroughening and sequential oxidative-cleavage of GNRs into
GQDs, (b) the characterization of their structural properties,
(c) their selective assembly on a polyelectrolyte microﬁber to
produce percolating network exhibiting e-tunneling transport
and Coulomb blockade, (d) functioning of GQD-based
electronic humidity and pressure sensors, and (e) theoretical
model explaining the relationship between water-mass-transfer
from the polymer and electron-transport through the GQDs.
The Raman (ID/IG) and DLS (size distribution) show
progressive reduction in GNR size with the propagation of
the cleavage reaction. The GQDs deposited on hygroscopic
polymer microﬁber functions as an electrically percolating
device, where electrons transport from one GQD to another via
PAH molecular junctions. We show that 0.36 nm reduction in
tunneling barrier width between GQDs increases the
conductivity of the device by 43-fold. We envision that a
control on electron-tunneling through GQDs on smart,
responsive polymer ﬁlms or ﬁbers will lead to development
of a wide range of sensors, devices, and GQD system.
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