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ARTICLE INFO ABSTRACT

Keywords:

In this work, graphene quantum dots (GQDs) were prepared from Graphitic waste. The resulting GQDs were

GQDs evaluated for the potential application for resistive humidity sensors. The resistive humidity sensors were

Humidity sensor
Response and recovery times
Hysteresis

fabricated on the pre-patterned interdigital ITO electrodes using the three different concentrations (2.5, 5.0, and
10 mg) of GQDs in DMF. The GQDs films were deposited using the spin coating technique. The GQDs (10 mg/ml)
based impedance sensors showed good sensitivity and lowered hysteresis as compared to the other ratios (2.5

and 5 mg) of the GQDs. The maximum calculated hysteresis of the GQDs (10 mg) based humidity sensor is around
2.2 % at 30%RH, and the minimum calculated hysteresis of the GQDs (10 mg/ml) based humidity sensor is
approximately 0.79 % at 60 %RH. The response and recovery time found to be 15s and 55, respectively. The
interesting humidity-dependent resistive properties of these prepared GQDs make them promising for potential

application in humidity sensing.

1. Introduction

Typically, the humidity sensors are fabricated by utilizing a wide
range of materials, such as; polymers [1], clays, and ceramics [2],
nanomaterials [3], and hybrid composites [4] that functioned as active
sensing films. Although composites layers predominantly comprised of
hydrophobic polymers, and these sensing components detects humidity
from their surrounding through the alteration of electrical conductivity
upon adsorption of vapor molecules. Recently, carbon-based humidity
sensors [5] have managed to capture substantial attention by their
economical, easy-processing, and flexibility-accommodating attributes
[6]. Among the different allotropes of carbon, graphene has attracted
the attention of many researchers in the emergent materials field [7].
With the extraordinary chemical and physical properties such as excel-
lent electrical and thermal conductivity, excellent resistance to corro-
sion and stability, high strength, graphene-based materials became the
researcher’s first choice when it comes to sensor fabrication [8].

Different dopants added to the graphene to support the alienation of
adsorbed water into hydrogen and hydroxyl ions [9]. The bulk resistivity
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is decreased by the hydroxyl ions, which can later be considered as an
AC impedance. The water, which is captivated into the film due to
diffusion through the capillary or bulk transport of water into the film’s
pores, variations in conductance or capacitance, can be calculated.
Improvement in humidity response measurements of the sensors has
been observed using graphene quantum dots (GQDs), particularly in
terms of sensitivity of the devices towards change in different relative
humidity [10]. The term “graphene quantum dots (GQDs)” is used to
describe the minuscule fragments, limited in size, or domains, of
single-layer to tens of layers of graphene (the typical size of the most of
the GQDs is in the range of 3-20 nm). The shape of most GQDs is circular
& elliptical, but there are triangular, quadrate, and hexagonal dots as
well [11]. Their reduced size induces a shift of the electronic excitations
to higher energy, concentrating the oscillator strength into just a few
transitions, conferring unique quantum-confined photonic and elec-
tronic properties. Quantum dots based materials have been widely used
in different domains; biomedical [12], agriculture [13], energy con-
version [14], optoelectronics [15], and more recently in sensing appli-
cations [16,17]. However, quantum dots materials were found to be
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very toxic [18,19] and relatively expensive. Therefore, researchers are
more interested nowadays in developing suitable low cost and non-toxic
alternatives, namely carbon and graphene quantum dots (GQDs). The
GQDs latter’s attracted many researchers because of their unique and
outstanding properties such as easy preparation [20], low cost, and
toxicity [21,22], photoluminescence, and bandgaps [23,24]. GQDs have
been prepared by a different route, mainly by chemical [25],
ultrasonic-assisted [26], microwave-assisted [27], plasma-assisted, and
laser-assisted methods [28]. These methods use expensive carbon
sources such as carbon nanotubes [29] and carbon nanofiber [30],
however more recently, the trends are using lost cost carbon sources,
especially carbon wastes materials, to prepare (GQDs) for added value
applications [31].

In this work, we describe a cost-effective and facile way to prepare
highly photoluminescent GQDs, using graphite waste as a carbon source.
The morphology and physio-chemical properties of the obtained GQDs
were assessed by X-ray photoelectron (XPS), Raman, Fourier-transform
infrared (FTIR), X-ray diffraction (XRD), atomic force microscopy
(AFM), and electron microscopy (SEM and TEM). The optical properties
were explored using Fluorescence and U.V./Vis spectroscopy (U.V./Vis).
The hydrophilicity of GQDs based sensing film is studied by the contact
angle measurement method. Interestingly, it is observed that the con-
centrations of GQDs can alter the wettability of the sensing film. The
resulting GQDs based sensors were evaluated as a novel low-cost
impedance humidity sensor.

2. Experimental
2.1. Materials and chemicals

Graphite wastes were obtained from Qatalum (Doha, Qatar). Sulfuric
acid (99.9%), nitric acid (70%), ammonia (99.9%), and sodium hy-
droxide (99.9%) were obtained from Aldrich.

2.2. Synthesis and purification of GQDs

4 g of graphite waste in powder form was first dissolved in HySO4/
HNOs; (200/60ml) for 12h and at 120°C; after that, diluted and
neutralized using ammonia as following, 10 ml of the material was
dissolved in water (0.1 mg/mL) under vigorous stirring, then mixed with
3ml of ammonia and sonicated for 20 min; the resulting material was
then heated at 180 C for 12 h using an autoclave. The supernatant was
then filtered then dialyzed (3500 Da MWCO) membranes, yielding a
deep yellow supernatant N-GQDs.
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2.3. Preparation of humidity sensor based GQDs

Three different concentrations of GQDs (2.5, 5, and 10 mg) solutions
were prepared by dispersing in DMF. The GQDs solution is deposited on
the ITO/glass electrode substrate by using a spin coating technique. The
interdigitated ITO electrodes (S161) were purchased from Ossila UK. The
thickness of ITO on the glass substrate was 100 nm., The dimensions of
the substrates were (20 mm x 15 mm). It consists of the 5 ITO based
interdigitated electrodes, while each interdigitated electrode consists of
three channels with a dimension of 30 mm x50 pm. First, the ITO elec-
trodes were cleaned for 10 min, under sonication, and using soap water
then washed by distilled water. After that, the ITO electrodes were son-
icated in acetone, distilled water for 10 min each, and then dried under
nitrogen gas. During the deposition of sensing film, an optimization
process was conducted for rotation speed and rotation time to achieve an
even equilateral distribution of the solution. The rotation speed and
rotation time was set to 5000 rpm and 50 seconds. Fig. 1 (a) shows a
graphical presentation of the preparation process of the GQDs based
humidity sensor. The humidity sensing response of GQDs based imped-
ance sensors was carried out in a controlled humidity chamber. The hu-
midifier (model HM3000) was used to increase the humidity level inside
the sealed humidity chamber. The Drierite based desiccant was con-
nected to the humidity chamber through an inlet valve to decrease the
humidity level inside the chamber. The RS-6109 humidity meter was used
as a reference humidity sensor placed inside the humidity chamber to
observe the humidity level. The impedance response of the GQDs based
humidity sensor was measured by MS5308 LCR meter. Fig. 1 (b) dem-
onstrates the humidity sensing measurement setup used in this study.

Here it is important to note that We performed our experiment
within the sealed chamber, where ambient air was used to increase and
decrease the relative humidity levels. A humidifier has been connected
to the sealed chamber by an inlet valve, which flows humid air into the
sealed chamber to raise the moisture levels. Drierite based desiccant was
to circulate the moist air to reduce the humidity level within the sealed
chamber. As the scope of this study was limited to the test the explore
the potential of the N-S co-doped graphene quantum dots (GQDs) for the
humidity sensing in the open atmosphere, hence we did not perform the
cross-sensitivity of the different gases in this work.

2.4. Characterization

To track the morphological changes of used materials and sensing
films, scanning electron microscopy (SEM, FEI NOVA Nano-450, and the
Netherlands), transmission electron microscopy (TEM, FEI, TALOS
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Fig. 1. (a) Schematic presentation of GQDs based humidity sensor fabricated by the spin coating method. (b) A humidity sensor setup was used during this work.
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Fig. 2. Schematic illustration summarizing the preparation of N and S co-doped GQDs from graphite waste.

F200X, USA), and atomic force microscopy (AFM, MFP-3D, Asylum
Research, USA) machine, were used. The X-ray diffraction (XRD) mea-
surements were performed using a PANalytical instrument (model
X’PertPRO) with Co Ka (1.789 A) radiation. FTIR analysis was carried
out using the FTIR Frontier (Perkin Elmer, Frontier, USA) instrument,
from (4000 to 500 cm™). X-ray photoelectron spectra (XPS) were ob-
tained using an Axis Ultra apparatus (Kratos, Manchester, UK) instru-
ment fitted with a monochromatic Al Ko X-ray source. Water drop
contact angles were measured Data physics apparatus (OCA 35, Ger-
many); the drop volume was 5 pL. Characterization. To track the optical
properties, sample characterization was carried out on a Shimadzu UV-
3600 spectrophotometer, FLS920 P fluorescence spectrometer (Edin-
burgh Instruments), PL decays were recorded using picosecond pulsed
diode lasers (Edinburgh Instruments EPLED-320 320 nm, 5mW and
EPL-405 405 nm, 5mW). The decay data were deconvoluted with the
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instrument response function and fitted with a multiexponential fit to
derive fluorescence lifetimes by taking the weighted average of expo-
nential components. An integrating sphere from Edinburgh Instruments
was used to measure the absolute PL QYs.

3. Results and discussion
3.1. Synthesis and purification of GQDs from graphite waste

Graphite wastes were collected from the Qatalum Qatar industry
then crushed to obtain a fine powder. The latter was then dispersed into
concentrated HySO4/ HNO3 solution under sonication, then heated
under constant stirring at 120 C for 12h. After cooling at room tem-
perature, the resulting mixture was, filtered, diluted, and then dialyzed.
A GQDs solution with yellowish color was acquired, displaying green
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Fig. 3. XPS survey regions of Graphite waste, N-GQDs, high-resolution (b) C1s, (c) N1 s region, and (d) S2p of the obtained N-GQDs.
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Fig. 4. Raman spectra (a) and FTIR spectra (b) of graphite waste and N-GQDs derivate.
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Fig. 5. AFM image (a), the height distribution (c), and the height profile is corresponding to the AFM image (b) of N-GQDs from graphite waste on the ITO

glass substrate.

emission under UV light (360 nm).

The as-prepared GQDs material was then treated with ammonia for
20 min using a hydrothermal process to obtain N and S co-doped GQDs,
yielding a deep yellow solution, with a blue-green emission when
excited at 365 nm UV light, as shown in Fig. 2.

3.2. Chemical structure of Graphite waste and the prepared N-GQDs

The surface chemical composition of the graphite waste and the as-
prepared GQDs was explored first using the XPS surface analysis
technique. As shown in the XPS general survey (Fig. 3.a), one can note
the presence of C1 s and O1 s only for the graphite sample. However,
the prepared GQDs showed N1s, S2p, Cls, and O1 s, indicating the

successful formation of GQDs enriched with N and S; moreover, a
significant increase was noted in both Cls and O1s peaks of GQDs
compared of graphite waste, confirming the high oxidation degree of
the carbon surface. The C1s XPS high-resolution spectra of the N-
GQDs, shown in (Fig. 3.b), can be fitted as follows; C-C at 284.9 eV, C-N
and C-O at 286.1 and 286.5 eV respectively [32].

N 1s of the prepared N-GQDs, shown in Fig. 3(c), was fitted into
three main peaks at 398, and 402 and 403 eV, attributed mainly to
pyrrolic N and graphitic N. The successful nitrogen doping induces
redshift in the GQDs PL spectra as detailed in the next section, caused
by an electron-doping effect, reducing the magnitude of the electronic
gap. The S2p Fig. 3(d) doublet is fitted with two peaks, ascribed to
S2ps3,2 and S2p; 2 in the 2:1 ratio.
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Fig. 6. (a-c) SEM of GQDs on ITO substrate and (d, e) TEM of GQDs at different magnifications, (f) XRD patterns of GQDs.
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Fig. 7. (a) UV-Vis and PLE absorption spectrum with a digital photograph of fluorescent GQDs under 365 nm UV irradiation, (b) PL excitation-dependent emission

spectra of GQDs.

In Fig. 4 (a), the Raman spectra of Graphite waste and N-GQDs are
presented. For N-GQDs, the G-band appears at 1593 cm™ and the D-band
at 1363 cm™. The ID/IG value represents a measure of disorder in gra-
phene structure, for graphite waste is 1.36, while for graphite waste, this
ratio is 1.06, also suggesting, more disordered carbon structure because
of the nitrogen doping effect, blue shifts of D and G bands can be seen,
which is consistent with the results reported before [33]. The FTIR
spectra of pristine and the as-prepared N-GQDs were displayed in Fig. 4
(b) for graphite and their derivate N-GQDS respectively. One can note
two small peaks at 2919 and 2858 cm™, assigned to —CHj groups vi-
bration, the band at 3442 cm™ is assigned to ~OH group, the peaks at
1608 and 1764 cm™! assigned to C=0 groups stretching vibration in
carboxylic moiety, the 1440 cm™ peak is due to C-H stretching vibra-
tion, while the 1128 cm™ peak could be attributed to C-O stretching
vibration. Peaks situated around 1384 and 3153 cm™ are assigned to
C-N and N-H stretching vibrations, respectively [34].

Fig. 5 shows the AFM image of N-GQDs derivate from graphite,
shows a uniform film (Fig. 5a), the average height of N-GQDs was
roughly 2 nm (Fig. 5b), in a range of 1-10 nm, confirming the graphene-
like structures in the N-GQDs, as previously described for other GQDs

made from carbon sources [35]. The average topographic height was
estimated to 0.5 nm (Fig. 5¢).

Fig. 6 shows, SEM, TEM, and XRD of the as-prepared GQDs, The
SEM of the N-GQDs coated of ITO substrate. The TEM has shown in
Fig. 6(d—e) confirmed a monodispersed and uniform spherical struc-
ture, high yield, and regular shape and size of the prepared GQDs, with
an average size of 10 + 0.5 nm. The SEM images Fig. 6(a—c) show large
particles were grown over the surface of a silicon wafer coated sub-
strate with a spherical shaped and average diameter of grain
about100 nm. It was also observed that the GQDs nanoparticles might
be converted into bigger clusters due to the agglomeration of a large
number of GQDs. The microstructure consists of numerous thin ag-
gregates that are interconnected with each other to form hierarchical
displayed uniform surface morphology with spherical shaped grains; as
shown in TEM images, it was previously revealed that the Vander
Waals forces of solvents caused aggregation of GQDs (between carbon
precursors and/or carbon intermediates) and its agglomeration [36,
37]. The XRD analysis of GQDs (Fig. 6f) exhibited a diffraction peak at
26 at around 27 C, which confirms the graphitic like carbon, facets of
the prepared GQDs as previously described [38].
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Fig. 8. (a) Contact angle measurements GQDs films using the three different concentrations 2.5 mg, 5 mg, and 10 mg in DMF, (b) XPS spectra of pristine (a), modified
GQDs based ITO sensing films(b,c and d), corresponding to 2.5, 5 and 10 mg of added GQDs respectively, (c) AFM image of GQD-ITO 2.5mg, 5mg and 10 mg.

3.3. Optical properties of GQDs

UV-vis, PLE and PL spectra of GQDs aqueous solutions were recorded
in order to investigate their optical performances (Fig. 7a). From the
UV-Vis absorption of the prepared GQDs, one can note two absorption
peaks (230 and 320 nm), assigned to n—x* transition of C = C and n—»n*
transition of C= 0O, as previously reported for graphene quantum dots
based materials [39].

The digital photo of the -prepared GQDs under 365 nm UV light
(inset of Fig. 7a), exhibit blue-green color [40]. From the UV data
displayed in Fig. 7(a), the bandgap energy of GQDs, was deduced using
the equation [avh = A (vh — Eg)l/ 2], where a, v, h, A, and Eg are the
absorption coefficient, light frequency, blank constant, constant, and
bandgap energy, respectively. The bandgap of the as-prepared GQDs
was increasing to 4.97 eV. This bandgap originated from the doping
effect of N and S atoms, as previously reported [41,42]. The
Excitation-dependent PL behavior of GQDs using 10 mg concentrations
of N-GQDs observed in Fig. 7(b), as previously reported for fluorescent
carbon materials prepared from wastes [33]. As shown in Fig. (7b), it
was found that with increasing excitation wavelength the intensity of
the corresponding emission peak appeared to rise and then to decrease
for excitation wavelength larger than 340 nm. The emission with the
highest intensity was noted at 437 nm (excited at 340 m). Moreover,
the emissions were significantly red-shifted. This phenomenon could
be correlated with the aromatic C=C bonds and surface defects
resulting from C-OH, C-O, C-S and C-N groups in the GQDs, as pre-
viously reported [43]. a blue-green solution with photoluminescence
quantum yields PL QY of 28.7% (320nm excitation) is obtained
(320 nm excitation), see Table SI1, in Supplementary information, as
previously reported[1]

3.4. AFM,XPS and Contact Angle measurements of GQD-ITO with
different concentration

Ultrapure water drops were gently deposited on the sensing film
surfaces and their contact angles were measured by the sessile drop
technique. Fig. 8(a) reports water drop contact angles on GQDs based
sensing film, prepared using different GQD concentrations. The contact
angle of N-GQDs (2.5mg) is 29.2° shows, obviously its hydrophilic
nature. As the concentration of GQDs increases, the hydrophilicity of
the sensing film decreases but remains within the hydrophilic regime;
the contact angle of N-GQDs (5 mg) sensing film increased to 41.1°
whereas that corresponding to N-GQDs (10 mg) was measured to be
57.9°. The contact angle of 10 mg GQDs film shows that the sensing film
remains hydrophilic since the rule of thumb implied that a surface is
categorized hydrophilic for water contact angle < 90°. This means that
water drops probe both hydrophilic and hydrophobic sites of the sur-
face; the relative global hydrophilic character is in line with enhanced
sensitivity of humidity sensors. It is to note that upon addition of GQDs
there is hysteresis loss as compared to other used concentrations of N-
GQDs (Fig. 8). As we further increase the concentration of GQDs
(15 mg), the contact angle measurement shows that sensing film surface
becomes more hydrophobic (see Supplementary Material, Figure S1).
Hydrophilicity of the as-prepared GQDs based films is due to rich hy-
drophilic groups such as nitrogen and carboxylic-containing functional
groups. Hysteresis significantly decreased for higher initial concentra-
tion of GQDs used to make the sensing films. The surface is probably
heterogeneous, and ITO XPS signals (Fig. 8b), (In3d and Sn3d core
electron level peaks) were detected. Although AFM image in Fig. 8c
shows continuous coatings, XPS suggests possible occurrence of In and
Sn at the outermost surface due to some sites not fully coated by the dots
but which could not be probed by AFM. Further addition of GQDs fills in
the voids in the sensing films, hence the complete disappearance of
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hysteresis. This phenomenon is thus probably due to a combination of
morphology and composition. Possible voids induce hysteresis, and
hydrophilic functional groups borne by GQDs induce hydrophilic
character at any initial concentration of the GQDs.

3.5. Potential humidity sensor application

The N-GQDs based impedance humidity sensors were prepared with
different concentrations of N-GQDs (2.5mg, 5mg, and 10mg). The
performance of the N-GQDs based impedance humidity sensors was
thoroughly investigated. Fig. 8 demonstrates the impedance response of
the N-GQDs based resistive humidity sensors, with respect to change in
humidity level 10 % RH- 90 % RH. As the humidity level increases
within the humidity chamber, more water molecules formed on the
surface of the sensing film hence the conductivity of the sensing film also
increases. The as-made GQDs with graphene-like structures are rich in
oxygen; therefore, water molecules and oxygen radicals would form a
strong hydrogen bond; this will increase the hydrophilicity and proton
conductivity of the sensing film [44]. Figs. 9a-c show the hysteresis
response of the 2.5mg GQDs, 5mg GQDs, and 10 mg GQDs based
impedance humidity sensors. Hysteresis loss is a significant parameter to
evaluate the sensor’s performance and sensor stability. The Hysteresis
loss can be defined as the maximum shift in impedance when the sensor
is subjected to change in relative humidity level from a lower RH level to
a higher RH level (absorption process) and higher RH level to lower RH
level (desorption process). It was observed from Fig. 8 that at a lower
concentration of GQDs (2.5 mg), the impedance humidity sensor shows
a higher hysteresis loss. At lower concentrations of GQDs (2.5 mg),
sensing film is super hydrophilic; hence the desorption process is slow;
therefore, it has higher hysteresis value. As the concentration of GQDs
increases, the sensing film becomes less hydrophilic; thus the desorption
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Table 1
Comparison of the performance and sensing ranges of different carbon-based humidity sensors.
Material Experimental details Sensing Response/Recovery Reference
Range time
Carbo Carbon Nanotube e carbon nanotubes are modified with carboxylic groups. 10-95%RH  65-120s [51]
o the cellulose used as substrate was coated with COOH-functionalized
Carbon Nanotube
Reduce graphene oxide/polymer e Chemically reduced graphene oxide 11- 97 %RH 94 5-133 s [52]
nanocomposite o flexible polyimide used as a substrate
o Sensing films were prepared using a layer-by-layer approach
Graphene quantum dots (GQDs) o Graphene quantum dots (GQDs) were prepared via nanotomy of graphite 0 — 40 %RH NA [53]
e GQDs were interfaced with polyelectrolyte microfiber forming
electrically percolating network
Graphene quantum dots (GQDs) prepared e Easy hydrothermal method 40-90%RH  15s-55s This work

from waste

using graphite waste as a carbon source

process becomes relatively faster, which reduces the hysteresis value.
The hysteresis value for the first two concentrations is a bit higher;
however, in the case of the third concentration (10 mg), the maximum
hysteresis for the GQDs based impedance humidity sensor is 2.2% at 30
% RH. This value is with the acceptable rage of 3% for the real-life ap-
plications of the humidity sensors. The hysteresis value was calculated
using the formula given in reference [45].

In order to evaluate the performance of the sensors, response, re-
covery times, and stability are also considered as essential parameters.
The humidity sensor response time has been well described as the time
taken by the sensor to reach 90 % RH (in the current study, 40-90 %RH).
The recovery time is defined as the time a sensor is required to achieve
the initial humidity level (in this case, 40 % RH) from 90 % RH. Fig. 10
illustrates the response and recovery curve of the GQDs (10 mg) based
impedance humidity sensor; the curve shows a repeatable and stable
response. The response and recovery times of the N-GQDs (10 mg)
impedance humidity sensors calculate to be 15s and 55 s, respectively.
Stability test of 10 mg GQDs based impedance humidity sensor (per-
formed over three months). Figure SI2 shows the performance of the
sensors with respect to change in humidity levels. The impedance
response of GQDs humidity sensors remains stable over the tested time
of three months

Indeed, the large surface areas and abundant active N and S sites
present on GQDs films can significantly enhance the adsorption and
desorption of water molecules [46]. Amino and sulfuric doping groups,
present on the surface of GQDs prepared films, introduced nitrogen and
sulfur defects [46]. Figure SI3 depicts the adsorption of water molecules
on the GQDS based sensing film; at low humidity level, water molecules
are first chemisorbed on the sensing film. When the relative humidity
level increases, the physisorption of water molecules happens on the
chemisorbed surface [47]. Thus more water molecules are physically
adsorbed on the two adjacent hydroxyl groups through hydrogen
bonding, forming multi-layer water [48]. Due to the presence of amino
and sulfuric groups, more hydrogen bonds are generated in the process
of continuously binding with water molecules, which is more conducive
to the adsorption of water molecules, and the adsorbed water molecules
will create protons. Besides, the amino groups are also protonated, and
proton hopping is more likely to occur between adjacent water mole-
cules [49]. According to the Grotthuss mechanism, the proton ions can
move freely on the GQDs sensing film surface, enhancing the sensing
film’s ionic conductivity, which increases the sensing film’s sensitivity
at higher RH levels [50]. Table 1 shows the comparison of our work with
previously described carbon-based Humidity sensors. Our newly syn-
thesized material has shown significantly improve the response and
recovery times as compared to the previous study.

4. Conclusion

In conclusion, GQDs was successfully prepared from graphite waste
via a hydrothermal process in the presence of ammonia. The as-made

GQDs with graphene-like structures are fluorescent, rich in oxygen, ni-
trogen, and sulfur groups, have a uniform size and excellent water sol-
ubility. The latter GQDs were used to prepare a resistive humidity sensor
using of GQDs. We achieved improved hysteresis (maximum 2.2% at 30
% RH) and stable response. The response and recovery time of the GQDs
(10 mg) impedance sensors calculated to be 15s and 55 s, respectively.
This work offers a new way of producing high-quality GQDs from
graphite waste to fabricate solid-state materials as an efficient humidity
sensor.
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