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ABSTRACT

The light scribe (LS) technique has been applied to reduce graphene oxide
(LSGO) over a flexible substrate to be used as a humidity sensor. Graphene
oxide (GO) suspension was drop casted over Polyethylene terephthalate (PET)
substrate and then reduced inside a conventional light scribe digital video disc
(DVD). Interdigitated electrode was precisely fabricated with dimensions of the
finger length of 450 um and width of 20 um. The prepared material was char-
acterized using X-ray diffraction (XRD), Fourier transform infrared spec-
troscopy (FTIR), scanning electron microscopy (SEM), and Raman spectroscopy.
The results confirm the reduction process of GO using the LS technique.
Moreover, the humidity sensing properties of the LSGO was evaluated. Results
showed that the present light-scribed humidity sensor has many advantages
including rapid response, highly precise due to light scribe technique, and more
importantly sensors can be fabricated directly on flexible substrates which are
highly favorable for future wearable smart electronics.
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1 Introduction

Nowadays, the demand for humidity sensors has
rapidly grown day after day for industrial, medical,
and home applications [1]. They are used to measure
and monitor the amount of water present in the
surrounding air. Humidity sensors are available in
various types and operate on different principles,
such as capacitive [2], resistive [3, 4], semiconductor,

optical [5], and surface acoustic waves. Humidity
sensors use different materials, such as metal oxide
[6], carbon nanotubes [7], and graphene-based metal
oxide [8]. Till now, the commercial market has been
dominated by inorganic semiconductor-based sen-
sors due to their reliability and stability. Recently,
flexible plastic humidity sensors have great
researchers’ attention and they appeared as favorable
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candidates for the effective detection and monitoring
of various humidity levels [9-12].

The work Mechanism of Reduced graphene oxide
humidity sensor is based on its structure where
reduced GO has different functional groups on its
nanosheets surface. When the water molecule passes
through reduced GO nanosheets it will react with the
functional groups that exist on its surface. Protons
will be generated as a result of this reaction, which
leads to reducing the electrical impedance [13]. Since
the change in the electrical impedance is significant,
reduced graphene oxide can be used to detect the
humidity. This mechanism can be explained as the
conductivity increases and the relative humidity
increases. Proton conduction was proposed a long
time ago by Theodor von Grotthuss [14]. Hydrogen
ions will diffuse or tunnel into a series of water
molecules via hydrogen bonding. The rapid substi-
tution of hydrogen ions takes place between the
hydronium cation (H;O") and water molecule [1].
Although the reduced graphene oxide humidity
sensors showed promising properties such as the
sensitivity and the fast response [15], there are some
concerns about the cost and hazards during the
reduction preparation process of reduced graphene
oxide [16-18].

In 2012, El-Kady [19] and coworkers successfully
fabricated an efficient supercapacitor based on
reduced graphene oxide using the conventional DVD
light scribe drive. The as-fabricated supercapacitor
exhibited excellent specific capacitance and high
energy density. The authors found that the low-
power laser inside the DVD was able to produce
exfoliated few-layer graphene nanosheets. Recently,
laser-assisted printed sensors attracted tremendous
attention due to advantages, such as the low cost of
production, easy sample preparation, the ability to
process a range of raw materials, and their usability
for different functionalities [20, 21].

Acceptable humidity sensors should include some
requirements, such as small size, low power, high
sensitivity, quick response/recovery time, and oper-
ating at lower humidity levels [12]. To achieve these
requirements, considerable work has been done. The
careful choice of the sensing material is the crucial
factor for a good humidity sensor.

The humidity sensing properties of carbon mate-
rials at the nanoscale (humic acid) has been studied
in our previous report [22]. It has been found that the
impedance of humic acid decreases as the relative
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humidity increases. The as-fabricated humidity sen-
sor based on humic acid exhibited good sensitivity
due to the presence of hydrophilic function groups
over the surface of humic acid nanosheets. From this
point, the study of LSGO for humidity sensing as
another type of carbon nanomaterials was interested
to be investigated.

In the present contribution, a cheap and one-step
approach has been applied to fabricate a GO
nanocomposite over a flexible substrate. The infrared
laser inside the commercially known DVD writer was
applied to design straight LSGO over a flexible PET
substrate. The samples were further characterized by
typical characterization techniques such as XRD,
FTIR SEM, and Raman to collect information about
the morphology and structural characteristics of the
synthesized samples. Furthermore, the humidity
sensing response of the as-prepared LSGO was tested
and evaluated. The humidity was controlled utilizing
the saturated salt solutions at room temperature.
Based on the acquired results, the fabricated sensor
displayed a promising humidity response behavior
for both the high humidity range as well as the low
humidity range. The current finding is important and
opens the gate for future printed detectors over
flexible, lightweight, and wearable substrates for the
new generation of printed electronics.

2 Experimental work
2.1 Materials

Most chemicals and reagents were obtained from
Loba-Chemie PVT-LTD, India. Graphite, sodium
nitrate (NaNOj3), hydrogen peroxide (H,O,, 30%),
hydrochloric acid (HCl, 35%), sulfuric acid (H;SO4
98%), and potassium permanganate (KMnQOy, 99.3%).
The saturated salts are obtained from commercial
supplies and used without purification (lithium bro-
mide LiBr, lithium chloride LiCl, potassium carbon-
ate K,CO3, sodium bromide NaBr, sodium chloride
NaCl, potassium chloride KCl, and potassium sulfate
K,S0,).

2.2 Characterization techniques

The structure and crystallinity of the samples
were determined using a Philips X-ray diffracto-
meter (Model X-Pert)-utilized monochromatic
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(CuKo = 1.5406 A) radiation operated at 40 kV and
25 mA. Changes in surface chemical bonding were
characterized using Nicolet 6700 FTIR spectrometer
within the range of 400-4000 cm ™. For more inves-
tigation, Raman spectroscopy analysis was studied
using a Micro-Raman spectroscopy system (Model
Renishaw system 2000) using an Ar+ laser with a
power of 100 mW and at the wavelength of 532 nm at
room temperature. Surface morphology was investi-
gated using a scanning electron microscope (SEM
Model Quantan250 FEG) and optical micrographs
were taken with the optical microscope. All mea-
surements were done at room temperature.

2.3 Humidity sensing measurement

The specific response and recovery of the as-obtained
LSGO were measured by the LCR bridge at various
frequencies varying (50 Hz up to 100 kHz) with dif-
ferent values of relative humidity ranges (7% up to
97%). Maintaining relative humidity levels was
accomplished using the saturated solutions method.
In this method, the saturated salt solutions were
prepared in closed jars [19] to achieve the desired
relative humidity (RH) levels in a closed flask using a
saturated solution as illustrated in Fig. 1. The satu-
rated salts and the corresponding relative humidity
used in this study were LiBr, LiCl, K,CO;, NaBr,
NaCl, KCl, and K;SO4 to generate 7%, 11%, 23%, 43%,
57%, 75%, and 97% RH, respectively.

2.4 Synthesis of graphene oxide

Graphene oxide nanosheets were synthesized via
Hummer’s method as reported before [23-25].

LCR meter

Electrode I T —

sensor

(A

NaBr NaCl

Fig. 1 Illustration of humidity testing measurements using the
saturated salt solution method

Briefly, 1.0 g graphite powder was mixed with 0.5 g
sodium nitrate (NaNOs3y in 23 ml concentrated sul-
furic acid (H,SO,4). The mixture was vigorously dis-
solved using a magnetic stirrer in an ice bath to avoid
any temperature increment during the reaction. In
the next step, 3.0 g of potassium permanganate
(KMnO,) powder was added very slowly under
magnetic stirring. After about 2 h the attained mix-
ture was transferred to a warm water bath with an
adjustable temperature controller set at 35 °C, with
continuous stirring for 30 min. Afterward, 92 ml of
deionized water (DI) was gradually added, and the
solution temperature was kept at 98 °C for an addi-
tional 30 min. In the final step to terminate the reac-
tion, 140 ml of deionized water was added in
addition to 10 ml of hydrogen peroxide.

2.5 Synthesis of light scribe graphene
oxide (LSGO)

Graphene oxide 0.5 mg/ml was drop casted over the
PET substrate. A distinct pattern region of the gra-
phene oxide film was reduced to form a few layers of
graphene using low-energy infrared laser on a com-
mercially available light scribe DVD (HP DVD-R).
Laser power was 38 mW with wavelength 780 nm
and pixel resolution 600DPI, while the linear velocity
was 1.4 m/s. Sure Thing disk labeling software was
used to control and design the pattern of LSGO for
the humidity sensor. The burning time was about
15 min on average. The best resolution was selected
during the burning process. The laser-treated por-
tions changed their color from brownish to dark
black color. Finally peeling off patterned PET film
from the DVD obtaining several humidity sensors on
the PET surface. The fabrication schematic repre-
sented in the following figure is also a digital pho-
tograph of a flexible laser-scribed micro-device with
different bending angles shown in Fig. 2.

3 Results and discussion

Usually, the fabrication process of resistive-type
humidity sensors involves several steps including the
sensing material preparation and the deposition of
electrodes to be able to measure the electrical prop-
erties variation as the relative humidity changes
[1, 3]. This procedure is not only time consuming but
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Fig. 2 Schematic diagram showing the fabrication of the humidity sensor based on light scribe graphene oxide (LSGO)

also adds to the cost of the final product. In the pre-
sent contribution, the light scribe technique was used
to prepare a partially reduced graphene oxide layer
over PET flexible substrate. The sensor electrode was
patterned directly over the graphene oxide layer
using infrared laser irradiation. For comparison, two
samples have been prepared. The first sample is pure
graphene oxide over PET substrate without any laser
scribe treatment, while the second one is the GO
nanosheets over PET substrate treated by the laser
irradiation using the light scribe technique.

3.1 Characterization analysis of GO
and LSGO

The prepared samples were characterized by X-ray
diffraction to investigate the structural properties (as
shown in Fig. 3). For the GO, the XRD pattern shows
that an intensive peak has been observed at 20 equal
to 11° related to the (002) plane for graphene oxide.
This characteristic peak confirms the oxidation pro-
cess of graphite. During the oxidation process, func-
tion groups intercalated between layers of graphite
leading to an increase in the interlayer distance of
graphite, so the characteristic peak of graphite at
~ 26° shifted toward 11° and interplanar spacing
0.8 nm which is larger than d spacing of graphite ~
0.34 nm [24]. The less intensive small peak appeared

@ Springer

at 26.2° is attributed to the unoxidized (not interca-
lated) graphite (see Fig. 3A).

After applying infrared laser irradiation on GO
film, the XRD pattern is significantly changed for
LSGO. Where the characteristic peak of GO suffers
intensity decreases due to losing some functional
groups during the reduction of GO by laser the same
results obtained by Huang et al. [26] that change in
the (002) peak is shown in Fig. 3B. It is worth men-
tioning that this explanation will be confirmed
through FTIR analysis results of LSGO.

Interplanar spacing was calculated using Bragg’s
equation: nl = 2dsinf where #n is the integer number,
d is the distance between the atomic planes, and 0 is
the diffraction angle (°). The crystallite size of mate-
rials is calculated using Scherrer’s equation [27]:

K2
- pcosO (1)

where D is the average crystallite size, A is the x-ray
wavelength (1 = 0.154 nm), and f is the width of the
X-ray peak on the 20 axis, normally measured as the
full width at half maximum (FWHM). 0 is the Bragg’s
angle and K is the Scherrer constant (K =0.9). K
depends on the crystallite shape and the size distri-
bution, indices of the diffraction line, and the actual
definition used for f whether FWHM or integral
breadth [28]. Discussion on the accuracy of Eq. (1)
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Fig. 3 A XRD patterns of pure graphene oxide and light scribe graphene oxide, B zoom into the two thetas in the range from 7 to 15

showing the change in the (002) peak

can be found in the literature, for example, in [29].
Moreover, the degree of the crystallinity is deter-
mined from the calculated area under the crystalline
peaks as follows:

) Area,
X, (crystallinty) = Arca. + Area, (2)
where Area. represents the area of crystalline peaks
and Area, represents the area of the non-crystalline
peaks. The calculated XRD parameters are shown in
(Table 1).

FTIR spectroscopy analysis was done to investigate
the structure and functional groups in GO and LSGO
(Fig. 4). The FTIR spectrum of GO and LSGO shows a
broad peak between 3000 and 3700 cm™" in the high-
frequency area corresponding to the stretching and
bending vibration of OH groups of adsorbed water
molecules. The peaks at 2362 cm ™', 1581 cm™’, and
1039 cm™! were attributed to bending vibrational C—
H, the aromatic C=C, and the stretching vibration of
C-O, respectively. Therefore, it can be concluded that
the samples have strong hydrophilicity. For GO, the
characteristic peaks for carboxyl C=0O were seen at

Table 1 XRD parameters of GO and LSGO samples

1728 cm™ . The oxygen-containing groups in the GO
FTIR spectrum reveal that the graphite has been
oxidized to form GO. For LSGO the C=0 appeared at
the same position of GO spectra but showed a much
lower intensity (reduced significantly); this change
proves that GO reduced to LSGO after the laser
reduction of the GO sample. The FTIR results show
good agreement with some other reports [30, 31].
The changes in structure from GO to LSGO by laser
irradiation are also reflected in the Raman spec-
troscopy measurements, Fig. 5. Raman spectrum for
GO demonstrates a very strong D peak at
~ 1352 cm ™! with an intensity comparable to that of
the G peak at ~ 1604 cm™!, The Raman spectra of
GO indicate D and G peaks. The intense D peak along
with a large bandwidth suggests a significant struc-
tural disorder in GO [32]. The 2D peak at around
2715 cm ™ is attributed to double resonance transi-
tions resulting in the production of two photons with
opposite momentum. Unlike the D peak, which is
Raman active only in the presence of defects, the 2D
peak is active even in the absence of any defects. A
defect-activated peak called D + G is also visible at

Sample Peak position FWHM (°) Interlayer distance (d) (nm) Crystallite size (D) (nm) Crystallinity (%)
GO 11.035° 1.43386 0.801 4.4 76.5

26.248 1.40868 3.39106
LSGO 11.113° 1.39259 0.759 5.8 61.8

26.063 2.62865 3.41

@ Springer
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Fig. 4 FTIR spectra of GO and product obtained after light scribe
process (LSGO)

around 2935 cm™' The G peak is due to the bond
stretching of all pairs of sp® atoms in both the rings
and chains. It is the result of in-plane optical vibra-
tions and corresponds to the optical E2g phonons at
the Brillouin zone center. The D peak is due to the
first-order resonance which represents the breathing
mode of aromatic rings arising due to the defects
generated in the sample [33]. The D peak intensity is
therefore often used as a measure of the degree of
disorder.

It should be noted that the wavenumber position of
the G and D bands of LSGO is very similar to that
observed in the case of the as-prepared GO. During

! G-
D-band) J &-band
D+G

2D-band | GO
— ¢
=S
©
'
£
wn
S
- L.S.GO
=
]

500 1000 1500 2000 2500 3000 3500

Wavenumber (cm'l)

Fig. 5 Raman spectra of GO and LSGO
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the reduction process, oxygen and hydroxyl groups
would be removed, which is reflected by the change
in Ip/Ig ratio [34]. For light-scribed graphene oxide
Ip/Ig equals 0.9919; this value is more intense than
Ip/I of graphene oxide sheet (0.981) due to the for-
mation of a larger sp® hybrid region at high temper-
ature. The reason for this is that the removal of
oxygen atoms in the reduction process of GO was too
intense and it inevitably led to disorder [5, 35]. Using
the empirical Tuinstra—Koenig relation [36], the
crystallite size (L, ) is also calculated (Table 2).

24 x10710 x ;4
In/Ig

where 1 is the wavelength of the excitation laser (in
our case A = 532 nm).

SEM images presented in Fig. 6 show the obtained
morphology of the LSGO sample. Results indicate the
partial exfoliation of layers due to the reduction
process, and on the other hand, SEM images in
Fig. 7A and B show a thin transparent film of GO
nanosheets with relatively large sheet area and
characterized by unique wrinkles and folding sheets.
Figure 7C illustrates an optical microscope image of
LSGO that shows interdigitated finger electrodes. The
image includes GO and LSGO. The laser-irradiated
area displayed a graphene oxide brownish layer and
the color changed to dark black after laser scribed.
Judging from the width of the scribed line, the spot
size of the laser beam is approximately 20 um. Fig-
ure 7E and F shows the finger electrode of LSGO
after burning with a light scribe laser more than once.
The dark area shows LSGO sheets where the intensity
of darkness depends upon the exposure to laser
scribe radiation on the DVD many times.

L. 3)

3.2 Humidity sensing performance

The humidity sensing characteristics of the (LSGO)
sensor were evaluated in a wide range of relative
humidity (7-97%). A saturated salt of LiBr, LiCl,
K,CO;3, NaBr, NaCl, KCl, and K,SO, was placed for

Table 2 The calculated parameters from Raman spectra

Sample I Ig Ip/lg L, (nm)
GO 1580 1348 0.9919 19.06
LSGO 1577 1348 0.9809 18.857
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Fig. 6 SEM images of a thick
film of LSGO after exposure to
the IR laser beam
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48 h in some closed flasks to generate 7%, 11%, 23%,
43%, 57%, 75%, and 97% RH, respectively. Before the
actual measurements, the fabricated sensor was aged
under low and high humidity conditions for 24 h to
enhance its stability and increase the signal-to-noise
ratio. The sensor was tested by applying 1VAC at
different testing frequencies. The impedance varia-
tion of the sensor was recorded using a HIOKI-5 LCR
meter. The testing frequency is a crucial factor in
humidity sensor evaluation, as the sensing charac-
teristics of the humidity sensor rely on the testing
frequency. The sensor was tested at a frequency
varying from 50 Hz to 100 K Hz at a voltage of 1 V
for an additional 24 h. The impedance variation at
different testing frequencies is depicted in Fig. 8. As a
general trend at all testing frequencies, the impe-
dance decreases as the humidity level increases. The
maximum variation in impedance was achieved at
50 Hz. At higher frequency (100 kHz), the impedance
variation is insignificant, this is due to the inability of
water molecules unable to polarize at higher fre-
quencies [6].

Based on the above results, the sensor was further
tested at 50 Hz as the optimum testing frequency.

peg.
L yim
o

The normalized sensitivity can be obtained using the
following equation:
2727y

= Ry — Ry

(4)

where Z; is the impedance value at RH = 7% and Zy
is the impedance value at RH = 97%. The sensitivity
has been calculated to be 1.67 MQ/RH%. The
behavior of the tested sensor is described by linear
correlation as shown in Fig. 9. The Regression coef-
ficient R* is 0.99566, suggesting that the sensor has
good linearity.

The difference in the adsorption and desorption
process of the humidity sensor is evaluated via hys-
teresis (H) as expressed in Eq. (5) [37].

Zp — Za
s 5)

where Zp and Z, are the impedance values during
the desorption and adsorption procedures, respec-
tively. The humidity hysteresis is principally initiated
due to the dissimilarity between the adsorption and
the desorption of water molecules at the identical RH.
The calculations revealed that the sensor has

H:

@ Springer
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Fig. 7 Represent A, B the GO
film before exposure to the
laser beam. C An optical
microscope image of LSGO
shows interdigitated fingers
electrodes, the dark area
corresponds to LSGO, and the
light area is GO D, E, F for a
thin film of LSGO after
exposure to the laser beam
more than once

maximum hysteresis at 7% RH which reflects the
good reversibility of the sensor (Fig. 10).

The humidity sensing mechanism can be reason-
ably understood using complex impedance spec-
troscopy (CIS) measurement. The relationship
between the real part (Z,.,;) and the imaginary part
(Zimag) of impedance in the frequency range from

@ Springer

50 Hz up to 5 MHz at RH% levels of 7%, 75%, and
97% are illustrated in Fig. 11. At low humidity cir-
cumstances (7%), the CIS demonstrates a straight
line. With an additional increment in the humidity
level (43%), the CIS curve has a semicircle. At high
humidity levels (84% and 97%), the CIS curve
exhibited a line in a semicircle in the low-frequency
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Fig. 8 Impedance versus RH at different testing frequencies
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Fig. 9 Impedance versus humidity level at the optimum
frequency of 50 Hz. Good linearity was obtained with a fitted
line in red color (Color figure online)

region. It was revealed that the shape of the CIS curve
specifies the type of conduction. The semicircle is
attributed to the inherent impedance of the sensor,
while the line at low frequency is owed to the War-
burg impedance. The water molecules are physically
and chemically adsorbed layer by layer on the surface
of the sensing material. At low humidity levels, the
water molecules are chemically adsorbed on the
surface of the sensor via a double hydrogen bond,
which restricts the movement of a water molecule. At
this stage, a strong electric field is generated to form
hydronium ions (H;0O") causing ionization of water
molecule (H") [38]. With a further increase in
humidity level (75%), the ionized H' can jump

1.8x108

3.59%
5.09%

—a— Adsorption

8 .
1.6x10 —e— Desorption

1.4x108 -
1.2x10°
1.0x10°
8.0x107
6.0x107 -

Impedance (Ohm)

4.0x107 -
2.0x107 4

0.0 4

-2.0x107

0 20 40 60 80 100

Humidity level (%)

Fig. 10 Impedance versus humidity level in adsorption (black
line) and desorption (red line) (Color figure online)

between neighboring water molecules to conduct
electricity [8]. This mechanism can be described using
the following equation:

2H,0 — H;0" + OH™ (6)

H30+ ad Hzo + I‘IJr (7)

With a further increase in humidity level (97%) more
water layers are adsorbed and the surface of the
sensor tends to be saturated. At this stage, the
adsorbed water molecule forms a continuous liquid-
like network. The generated H;O" can move freely
between adjacent water molecules, leading to a sig-
nificant decrease in the impedance of the sensor
[22, 39—-41]. This mechanism is known as the Grot-
thuss mechanism and can be better described by the
following equation:

H,O + H;O" - H;0" + H,O (8)

4 Conclusion

In summary, a flexible humidity sensor based on
graphene oxide has been fabricated using a cheap
and single-step approach. The low-energy infrared
laser used in the commercially known DVD writer
was applied to design straight LSGO over a flexible
PET substrate. Interdigitated pattern electrodes were
precisely drawn by converting graphene oxide into
reduced graphene oxide nanosheets. The samples
were further characterized by typical characterization

@ Springer
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Fig. 11 The relationship between the real part (Z,) and imaginary part (Z;,,) of impedance in the frequency range from 50 Hz up to 5 MHz

at RH% levels of 7%, 75% (A), and B for 97%

techniques such as XRD, FTIR SEM, and Raman to
collect information about the morphology and
structural characteristics of the synthesized samples.
The humidity sensing behavior of the fabricated
sensors was studied in the humidity range from 7%
up to 97% RH. Based on the obtained results the
humidity sensor exhibited a sensitivity of 1.67 MQ/
RH%. The fabricated sensor demonstrates a low
hysteresis of 0.3% at a relative humidity of 84%. The
fabricated sensor displayed a promising humidity
response behavior for both the high humidity range
as well as the low humidity range. The current
finding is important and opens the gate for future
printed detectors over flexible, lightweight, and
wearable substrates for the new generation of printed
electronics.
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