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Abstract: Humidity sensing is fundamental in some applications, as humidity can be a strong interferent
in the detection of analytes under environmental conditions. Ideally, materials sensitive or insensitive
towards humidity are strongly needed for the sensors used in the first or second case, respectively.
We present here the sensing properties of multi-layered graphene (MLG) upon exposure to different
levels of relative humidity. We synthesize MLG by chemical vapor deposition, as shown by Raman
spectroscopy, Atomic Force Microscopy (AFM) and Scanning Electron Microscopy (SEM). Through
an MLG-based resistor, we show that MLG is scarcely sensitive to humidity in the range 30%–70%,
determining current variations in the range of 0.005%/%relative humidity (RH) well below the variation
induced by other analytes. These findings, due to the morphological properties of MLG, suggest
that defective MLG is the ideal sensing material to implement in gas sensors operating both at room
temperature and humid conditions.

Keywords: graphene; defects; humidity; chemical vapor deposition; sensitivity; sensors

1. Introduction

Humidity monitoring is of crucial importance in numerous applications, including industrial and
pharmaceutical production process, food safety, and ecological matters. As such, many reports have
focused on materials providing the best performance upon exposure to humidity, such as metal oxide
semiconductors (MOx), porous ceramics, polymers, ceramic/polymer, electrolytes, graphene-oxide,
carbon nanotubes and their composites [1–11]. On the other hand, among the applications concerning
the gas sensing field, e.g., for environmental monitoring, humidity behaves as a strong interferent [2,12].
Under ambient conditions, e.g., in the presence of water vapors and operating at room temperature
(RT), the signal detection can be largely influenced, leading to barely discriminative responses from
analytes and humidity. Additionally, upon lowering the operating temperature from high values, much
larger effects of air humidity are induced on the sensing performance [13,14].

Humidity is expressed as a percentage, since it is defined as a ratio of the amount of water vapor
contained in air to the maximum (saturated) moisture level that the air can hold at a same given
temperature and pressure. Existing as a ratio, it is also indicated as relative humidity (RH) [2]. Since
humidity is an unavoidable component when working under environmental conditions, it is crucial to
minimize the impact or find a route to di�erentiate the contributions of the diverse species.

The most explored approaches consist of engineering the architecture of the transducers, for instance,
incorporating a microheater [8,15,16], or using a posteriori analysis through artificial intelligence [17–20].
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A much more efficient approach could be the investigation of materials which are not particularly
affected by humidity, while being sensitive to other analytes.

In this framework, here, we demonstrate that relatively defective and rough multi-layered
graphene (MLG) is insensitive to humidity, while having previously proved that the same MLG is a
very promising sensing material upon other analytes [21–23]. In those reports, we demonstrated that
MLG shows a sensitivity up to ~6%–7%/ppm towards nitrogen dioxide (NO2). We hereby quantify
how much MLG is not sensitive in the RH range 30%–70%. This range was selected in order to mimic
humidity levels quite close to the standard ambient conditions.

Our choice of investigating MLG grown by chemical vapor deposition (CVD) upon RH exposure
is driven by some crucial considerations. Firstly, it is well known that defective carbon-based materials
are more prone to atoms and molecules adsorption which can lead to enhanced sensitivity [24–33].
Secondly, it has been shown that the response of thicker graphene films used as sensing layers can be
higher than that of single layer of graphene (SLG) [24,34]. Finally, either non-defective SLG, double
or few-layer graphene can behave di�erently among them upon water vapors, as proven by both
theoretical and experimental works regarding sensing and wettability [35–42].

Therefore, we set the boundary conditions of the experiment to maximize the interaction between
the species (humidity) and the sensing layer (MLG). In order to purely obtain more insight on the
properties of MLG towards RH, we used the simplest transduction structure, i.e., a resistor, acting as a
chemi-resistor when exposed to water vapors.

2. Materials and Methods

We synthesized MLG by CVD at ~1000 �C on pre-patterned Mo catalyst in an AIXTRON BlackMagic
Pro tool. As a carbon precursor, we used 20 sccm of methane (CH4) in Ar/H2 atmosphere for 5 min
under the pressure of 25 mbar [43].

We firstly investigated MLG through Raman spectroscopy using a Renishaw inVia Reflex
(Renishaw, Wotton-under-Edge, UK) equipment used in back-scattering configuration. The tool was
equipped with a 514 nm laser and a 50� objective with a numerical aperture of 0.50. We mapped a
sample area of 100 � 100 �m2, acquiring 100 spectra at a space interval of 10 �m. To inspect the surface
morphology of MLG, we used a NT-MDT NTEGRA SPECTRA (NT-MDT, Moscow, Russia) atomic
force microscope (AFM) and a Philips XL50 Scanning Electron Microscope (SEM) (Philips, Amsterdam,
The Netherlands). AFM operated in tapping mode with an n-doped Si NSG10 tip, acquiring images
with 512 lines and rate of 0.60 Hz. SEM operated with a beam acceleration voltage of 15 kV.

To fabricate the devices, we adopted the transfer-free process. That process, described in detail in
a prior report [43], consists of growing MLG on top of Mo layer which was previously pre-patterned
by lithographic steps and dry etching. After the growth, the catalyst layer beneath the MLG was
removed by wet etching, causing the MLG to drop on the SiO2/Si substrate on the pre-defined locations
and circumventing any transfer step of MLG to a di�erent target substrate. MLG was contacted with
Cr/Au (10/100 nm) electrodes deposited by e-beam evaporation in combination with a lift-o� process
in N-Methyl-Pyrrolidone (NMP). To analyse the electrical properties of the fabricated MLG-based
resistors, we measured the current–voltage (I–V) characteristic using a semi-automatic probe-station
equipped with an Agilent 4156C semiconductor parameter analyser.

We exposed the devices to water vapors in a customized Gas Sensor Characterization System
(GSCS) comprising a stainless-steel chamber (40 cl) placed in a thermostatic box and provided with an
electrical grounded connector for bias and conductance measurements. Temperature and pressure
were fixed at ambient conditions, (22 � 2) �C and (1.00 � 0.05) bar, while RH level was varied according
to the protocols described later. During the measurements, we biased the resistor at constant DC
voltage equal to 1 V with a Precision Power Supply TTi QL355 T. The current values were recorded by
a high-resolution pico-ammeter (Keithley 6485).

We implemented three di�erent protocols simulating the variation of RH levels.
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Test1 consisted of a cycle having three ramps of RH variation. In the first ramp, RH level was
increased from 50% up to 70%. It was followed by a ramp down of the RH level, from 70% down to
30%. In the third part, RH level returned to the initial value of 50%.

Similar to Test1, Test2 consisted of three stages, although the verse of the ramps is reversed
compared to Test1.

Test3 consisted of a double repetition of Test1 to address the reproducibility of the performances.
In all of these protocols, RH level varied with 5% step every 10 min in both ramp up and down.

3. Results and Discussion

Figure 1 displays the Raman profile of the grown material (red line) averaged from 100 spectra
(Figure S1). As a comparison, the spectrum of the graphite (GR) (black line) is reported.
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Figure 1. Raman spectra of multi-layered graphene (MLG) grown by chemical vapor deposition (CVD)
(red line) and highly oriented pyrolitic graphite (black line). Both spectra are normalized to the G band.

The most evident di�erences between the two spectra concern the band attributed to both the
disordered mode (D ~1350 cm�1) and the overtone of the D line (2D) at ~2700 cm�1 [44]. The rise
of the D-band indicates the presence of some defects in the grown material. The 2D-band in the red
profile, having FWHM(2D) ~55 cm�1, is distinctly sharp without any shoulder at lower wavenumbers,
as conversely seen in the GR’s spectrum, indicating the formation of turbostratic MLG [44,45].

Analyzing the other features of the spectra in more detail, we infer that the full-width at half
maximum (FWHM) of the C-C related line G (~1580 cm�1) passes from ~15 cm�1 in GR to ~25 cm�1 in
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the MLG. The variation of FWHM(G) suggests that the grown material di�ers significantly from GR.
The nature of the MLG as being grown is definitively assessed by the value of I(2D)/I(G), i.e., the ratio
between the intensity of 2D and G bands, being the ratio correlated to the number of layers [44,46,47].
For GR, I(2D)/I(G) ~0.6 while for MLG I(2D)/I(G) ~1.

To further address the nature of the multi-layered structures, we performed AFM and SEM
analysis (Figure 2). Figure 2a shows the AFM topography of the scanned area. Figure 2b displays the
captured SEM image.
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Figure 2. (a) Atomic force microscopy (AFM) topography of an MLG scanned area of 2500 �m2. The
step-height profiles are measured along the dashed lines vertically (white) and horizontally (grey)
drawn in the bottom-right corner of the image. (b) Scanning electron microscopy (SEM) image of MLG.

The profiles (Figure 2a) display step-heights of about 40 nm. The step value is measured from SiO2

surrounding the MLG-based bar (Figure 3). The SiO2 film, however, presents an o�-set of ~20–30 nm,
since the plasma etching used when patterning the Mo layer typically etches 20–30 nm of SiO2 due
to the limited selectivity of this etch step. The film of SiO2 is therefore thinner than the film initially
deposited (90 nm) and the thickness of MLG is lower than that was measured with AFM (Figure S2).
The estimated thickness of MLG is around 10 nm, in agreement with the results previously reported,
obtained by UV-Vis [48]. The thickness could indicate a structure more similar as thin graphite. Of
note, in other works [27,49], as well as through the Raman analysis, we have proved that the grown
material consists of MLG rather than thin graphite [50]. Figure 2a shows jagged surface of MLG with a
roughness of ~3 nm [49]. The jagged surface is further attested by the SEM image (Figure 2b). Figure 3a
reports the I–V curve of the device based on MLG, depicted in Figure 3b.

The linearity of the I–V curve testifies that the device based on MLG is a resistor. Afterwards, we
tested the resistor upon Test1 (see Section 2) and the behavior of (I � I0)/I0 is reported as a function
of time in Figure 4, where I0 and I are the values of the current recorded at the inlet and along the
exposure at the water vapors, respectively.

We observed the tendency of the conductance to be reduced (increased) while increasing (decreasing)
the amount of water vapors injected in the chamber. The oxidizing trend towards H2O is well-aligned
with the findings reported elsewhere [36,51], despite the fact, in those cases, the sensing layer was
synthetized through liquid phase exfoliation (LPE) or mechanical exfoliation, differently from the CVD
route used in this report.
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Figure 3. (a) Current–voltage (I–V) characteristic of the MLG-based resistor. (b) Schematic of the
device. The resistor consists of a bar having length and width, between the voltage probes, of 206 and
2 �m, respectively.
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Figure 4. (a) Real-time behavior of the current variation (black line) upon Test1 (blue line). (b) Close-up
of the output extracted from panel (a) while decreasing RH level (blue line). The dashed red line
represents the fit of the current variation (black line). (c) Current behavior plotted as a function of
decreasing RH level instead of as a function of time like in panel b. The scale of x-axis in panel (c) is
reversed for the sake of clarity with the graph in panel (b). Inset. Zoom on the current plot shown in
the main panel.

Under the successive H2O exposure steps (Figure 4, blue line), the signal reported as a function
of time (black line) never reaches a plateau along the exposure time of 10 min. On the contrary, the
variation of the current shows a robust linear dependency from the humidity, as proven by the value of
R2 equal to 0.98 in the range 60–30% of RH (Figure 4b). Considering the two extreme RH levels, we
could estimate the sensitivity (S), defined as the minimum input of %RH that can induce a detectable
change in the output [52]. The value 0.5 nA/% was determined as (I60% � I30%)/30%, where I60% (I30%)
is the current recorded when the RH level is 60% (30%) (Figure S3). The sensitivity expressed as a
percentage (~0.005%/%RH) (Figure 4b) suggests that MLG is rather scarcely a�ected by the adsorption
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of water molecules, di�erently from what occurs towards other analytes. In previous reports, we have
demonstrated that MLG is three orders of magnitude (~6%–7%/ppm) more sensitive towards NO2

compared to RH [23]. MLG has also higher sensitivity upon ammonia (NH3) (~0.01%/ppm) than RH,
provided that our material is not such a�ne to NH3 [22].

The scarce sensitivity upon water molecules is further strengthened by the analysis of the output
in the other two non-linear zones (Figure 4a). Increasing the RH level of 15%, from 50% up to 65% or
from 35% up to 50%, determines either the variation of only 0.04% or the substantial stationarity of the
current. We plotted the transient reported in Figure 4b as a function of RH level (Figure 4c) to better
highlight the e�ects of RH. It can be seen that down to RH = 50%, the variation is almost linear with
humidity. At lower values of RH, step-like variations of DI/I0 start appearing with heights of about
0.02%/5% (Inset).

To ensure that the achieved conclusion is not dependent on the specific executed protocol, we
conducted a measurement (Test2) which is slightly di�erent from Test1 (see Section 2). Through Test2,
once more we showed the linear dependency of DI/I0 by RH level with a correlation coe�cient R2 =

0.98 while varying RH levels from 35% up to 65%. The estimated sensitivity was equal to 0.4 nA/%
which, as a percentage, corresponds to 0.004%/%RH (Figure S4). The output, reported as a function of
RH level, showed step-like variations having maximum heights of 0.004%/%RH. The findings support
the achievements reported in Figure 4 and straightforwardly bring us to conclude that the grown
materials shows no strong response to H2O molecules.

As the executed protocol did not show any e�ect on the trend of the conductance, we finally tested
the reproducibility of the performances of MLG upon subsequent RH variations. Figure 5 displays the
transient recorded while applying Test3 (see Section 2).
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Figure 5. (a) Real-time behavior of the current variation upon exposure to Test3. (b,c) Close-up of the
output extracted from panel (a) while decreasing or increasing the relative humidity (RH) level (blue
line). In panel (b), the scale of the x-axis is reversed for the sake of clarity with the graph in panel (a).

The graph in Figure 5a provides evidence of the behavior previously described, showing reduced
(increased) conductance while increasing (lowering) the amount of the blown water vapors. Fitting
the signal during the ramps down and up of the RH levels, we observed once more the robust linear
dependency from the RH level, as confirmed by the values of R2, equal to 0.99 and 0.96, respectively
(Figure S5). From the two linear zones, the sensitivity was estimated to be roughly 0.01 and 0.008%/%RH
during the ramp down and ramp up of the protocol, respectively (Figure S5). The output, as a function
of RH levels, shows a maximum step-like variation of about 0.03%/%RH (Figure 5b,c). The values
of S as well as the step-like variations are in close agreement with the results of the previous tests,
addressing the reproducibility of the performances of MLG, as confirmed by the results obtained by a
second MLG-based device (Figure S6). More importantly, the findings definitively prove the scarce
reactivity of the grown MLG to the water vapors, in spite of the most suitable conditions used for
the humidity detection, i.e., thick and jagged material, as reported in Table 1. It can be seen that the
sensitivity upon RH increases with the thickness and defectivity of the material.
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Table 1. Sensitivity of graphene-layers upon RH exposure. Only resistive sensors were considered to
fairly compare our results.

Material Sensitivity (%/%RH) Reference

CVD SLG 0.3–1.3 [35]
CVD BLG 29 [53]

FLG 1 93 [37]
CVD MLG 7–27 [24]

PECVD MLG 2 8–35 [54]
CVD MLG 0.005 (this work)

1 FLG (Few-Layered Graphene) were synthesized by the arc-discharge method. 2 PECVD stands for Plasma
Enhanced CVD.

In a previous publication, it has been reported that the scarce reactivity to RH can be ascribed to
the high conductivity of graphene [52]. In our case, we can surely exclude this explanation, provided
that MLG hereby adopted is rather resistive, presenting Rs in the range of 1 kW/sq [55]. We also
can exclude the e�ects of the less adsorption sites due to the polymer residues originating from the
transfer of MLG to the target substrate [56]. Adopting the transfer-free process detailed in Materials
and Methods, we avoid any transfer step from the growth substrate and we typically do not observe
substantial di�erence between the Raman spectra before and after the lift-o� process.

As stated by Popov and co-workers, di�erent conductive centers contribute to the adsorption
of the water molecules [24]. Depending on the components dominating the adsorption process, the
conductivity can be enhanced or lowered [54]. In case of MLG films, a higher capture cross-section is
realized if the edge defects govern the adsorption of the water molecules. Due to the ionic conductivity,
the conductive chains are formed on the hydronium ions (H3O+). Should the chains form a percolation
network, the increase of the conductivity could be induced [11,24]. We speculate that not only a single
explanation but a combination of e�ects can be sought to justify the scarce reactivity of MLG in the
humid environment [57]. Fan et al. already proved that double layer graphene is less sensitive than
SLG upon H2O exposure, indicating that a thicker sensing material can have less reactivity towards
H2O [38]. The multi-layered and turbostratic nature of our material can also justify the increase of the
conductance compared to the opposite trend reported in ref [38].

The thickness of MLG (~10 nm) can also be responsible of other phenomena. Smith at al. have
reported that the interaction between the electrostatic dipole moment of the water and the impurity
bands in the SiO2 substrate determines the electrostatic doping of SLG, with this effect being reduced
for double layer graphene [39]. For MLG, the large electric field (in the range of 109 V/m) reported
for SLG [58] could be substantially reduced, determining none or lower interaction with the SiO2

substrate. Moreover, we have previously shown that the molecules of the analytes are adsorbed by
both edges and basal planes of the CVD-grown MLG films [27]. In that paper, the conductance of
the MLG-based device shows an overall similar trend while exposed humidity vapors, confirming
the acceptor-like nature of H2O like NO2 [36,51]. The CVD growth process can induce some intrinsic
defects, due to the reconstruction of the lattice in non-hexagonal rings, namely pentagons, hexagons and
heptagons [26,59,60]. It is very likely that such defects, known as Stone–Wales defects and intrinsically
ascribed to the CVD process, as well as edge defects are responsible of the weak and slow reactivity
upon RH, while enhancing the reactivity upon other analytes [22,23,27]. This conclusion is strengthened
by comparing the results with a previous work, where MLG was synthesized by LPE and deposited by
drop-casting or through Langmuir�Schaefer technique [51,61]. In both cases, the defects originating
from CVD were not present evidently. The material synthesized by LPE differed morphologically from
the CVD-grown one, presenting only edge defects due to the dimension of flakes, thus resulting in a
lower conductivity [62] and quite different behavior of the conductance. The binding energy at the edge
sites dominates over basal plane sites and induces the conduction through the edges. The contribution
of the edges defects can also induce an opposite behavior towards the analytes, as observed by Nufer et
al., where a p-type dopant, such as acetone, determined the increase of resistance [61].
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Using CVD-grown MLG for gas sensing applications under ambient moisture conditions
guarantees that the interaction between the sensing layer and the analyte is the main contribution,
with rather negligible e�ects provided by the humidity. Such a scarcely sensitive material upon a
strong interferent, such as water, is ideal for developing gas sensors operating under environmental
conditions, since it enables a sort of a priori discrimination of the signal based on the morphological
properties of the sensing material.

4. Conclusions

We analyzed the sensing properties of MLG upon exposure to vapors of water. We observed
the overall tendency of the water to behave as an acceptor-like analyte, inducing the lowering
(increase) of the conductance of the MLG-based chemi-resistor while increasing (decreasing) the
amount of the vapors. Along the range 30%–70% of RH, we showed a current variation as low as
0.005%/%RH, definitively confirming the scarce sensitivity of MLG upon humidity. We attributed
such low sensitivity to the thickness and morphological structure of the material. The presented
outcomes suggest interesting applications of MLG grown by CVD in gas sensing applications under
environmental conditions.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8220/20/11/3174/s1,
Figure S1: Collection of 100 Raman spectra acquired on MLG grown by CVD; Figure S2: Sketch of the plasma
etching step during the transfer-free process; Figure S3: Current behavior of MLG-based chemi-resistor upon
Test1; Figure S4: Transient behavior of DI/I0 upon Test2; Figure S5: Close-up of the transient behaviors upon Test3;
Figure S6: Transient behavior of DI/I0 upon Test3 of a second MLG-based chemi-resistor.

Author Contributions: Conceptualization, F.R.; methodology, F.R.; fabrication of material and device, S.V.; AFM
analysis, T.P.; formal analysis, F.R.; investigation, F.R.; data curation, F.R.; writing—original draft preparation,
F.R.; writing—review and editing, F.R.; supervision, P.M.S. and G.S.D. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was financially supported by the European Commission under the project Graphene Flagship
[785219, 881603] and BMBF via the ACDC project.

Acknowledgments: The authors are grateful to E. Massera (ENEA Portici, Italy) for the assistance in the use of
the sensing set-up and to the Else Kooi Lab sta� (Delft University of Technology, the Netherlands) for the support
in the fabrication process of the devices.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Zhang, D.; Chang, H.; Li, P.; Liu, R.; Xue, Q. Fabrication and characterization of an ultrasensitive humidity
sensor based on metal oxide/graphene hybrid nanocomposite. Sens. Actuators B Chem. 2016, 225, 233–240.
[CrossRef]

2. Farahani, H.; Wagiran, R.; Hamidon, M.N. Humidity sensors principle, mechanism, and fabrication
technologies: A comprehensive review. Sensors 2014, 14, 7881–7939. [CrossRef] [PubMed]

3. Su, P.G.; Lin, Y. Te Low-humidity sensing properties of diamine- and �-cyclodextrin-functionalized graphene
oxide films measured using a quartz-crystal microbalance. Sens. Actuators A Phys. 2016, 238, 344–350. [CrossRef]

4. Song, X.; Qi, Q.; Zhang, T.; Wang, C. A humidity sensor based on KCl-doped SnO2 nanofibers. Sens. Actuators
B Chem. 2009, 138, 368–373. [CrossRef]

5. Dey, A. Semiconductor metal oxide gas sensors: A review. Mater. Sci. Eng. B Solid-State Mater. Adv. Technol.
2018, 229, 206–217. [CrossRef]

6. Wang, C.; Yin, L.; Zhang, L.; Xiang, D.; Gao, R. Metal oxide gas sensors: Sensitivity and influencing factors.
Sensors 2010, 10, 2088–2106. [CrossRef]

7. Morsy, M.; Ibrahim, M.; Yuan, Z.; Meng, F. Graphene Foam Decorated with ZnO as a Humidity Sensor.
IEEE Sens. J. 2020, 20, 1721–1729. [CrossRef]

8. Korotcenkov, G.; Cho, B.K. Engineering approaches for the improvement of conductometric gas sensor
parameters: Part 1. Improvement of sensor sensitivity and selectivity (short survey). Sens. Actuators B Chem.
2013, 188, 709–728. [CrossRef]

9. Koziej, D. Water–oxygen interplay on tin dioxide surface: Implication on gas sensing. Chem. Phys. Lett. 2005,
410, 321–323. [CrossRef]

http://www.mdpi.com/1424-8220/20/11/3174/s1
http://dx.doi.org/10.1016/j.snb.2015.11.024
http://dx.doi.org/10.3390/s140507881
http://www.ncbi.nlm.nih.gov/pubmed/24784036
http://dx.doi.org/10.1016/j.sna.2015.11.034
http://dx.doi.org/10.1016/j.snb.2009.02.027
http://dx.doi.org/10.1016/j.mseb.2017.12.036
http://dx.doi.org/10.3390/s100302088
http://dx.doi.org/10.1109/JSEN.2019.2948983
http://dx.doi.org/10.1016/j.snb.2013.07.101
http://dx.doi.org/10.1016/j.cplett.2005.05.107


Sensors 2020, 20, 3174 9 of 11

10. Maier, K.; Helwig, A.; Müller, G.; Hille, P.; Eickho�, M. E�ect of water vapor and surface morphology on the
low temperature response of metal oxide semiconductor gas sensors. Materials 2015, 8, 6570–6588. [CrossRef]

11. De Luca, A.; Santra, S.; Ghosh, R.; Ali, S.Z.; Gardner, J.W.; Guha, P.K.; Udrea, F. Temperature-modulated
graphene oxide resistive humidity sensor for indoor air quality monitoring. Nanoscale 2016, 8, 4565–4572.
[CrossRef] [PubMed]

12. Yang, S.; Jiang, C.; Wei, S. Gas sensing in 2D materials. Appl. Phys. Rev. 2017, 4, 021304. [CrossRef]
13. Korotcenkov, G. Metal oxides for solid-state gas sensors: What determines our choice? Mater. Sci. Eng. B

Solid-State Mater. Adv. Technol. 2007, 139, 1–23. [CrossRef]
14. Korotcenkov, G. Gas response control through structural and chemical modification of metal oxide films:

State of the art and approaches. Sens. Actuators B Chem. 2005, 107, 209–232. [CrossRef]
15. Neri, G. First Fifty Years of Chemoresistive Gas Sensors. Chemosensors 2015, 3, 1–20. [CrossRef]
16. Capone, S.; National, I.; Rella, R.; National, I.; Italian, S.; Aging, A.; Home, A.; View, E.; Capone, S. Solid State

Gas Sensors: State of the Art and Future Activities. J. Optoelectron. Adv. Mater. 2003, 5, 1335–1348. [CrossRef]
17. Chiesa, M.; Rigoni, F.; Paderno, M.; Borghetti, P.; Gagliotti, G.; Bertoni, M.; Ballarin Denti, A.; Schiavina, L.;

Goldoni, A.; Sangaletti, L. Development of low-cost ammonia gas sensors and data analysis algorithms to
implement a monitoring grid of urban environmental pollutants. J. Environ. Monit. 2012, 14, 1565–1575.
[CrossRef]

18. Phys, A.; Shi, C. Precise gas discrimination with cross- reactive graphene and metal oxide sensor arrays.
Appl. Phys. Lett. 2018, 113, 222102.

19. Dobrokhotov, V.; Larin, A.; Sowell, D. Vapor Trace Recognition Using a Single Nonspecific Chemiresistor.
Sensors 2013, 13, 9016–9028. [CrossRef]

20. Molinara, M.; Ferdinandi, M.; Ferrigno, L.; Massera, E. An end to end indoor air monitoring system based on
machine learning and SENSIPLUS platform. IEEE Access 2020, 8, 72204–72215. [CrossRef]

21. Ricciardella, F.; Vollebregt, S.; Polichetti, T.; Alfano, B.; Massera, E.; Sarro, P.M. An innovative approach to
overcome saturation and recovery issues of CVD graphene-based gas sensors. In Proceedings of the IEEE
Sensors 2017, Glasgow, UK, 29 October–1 November 2017; pp. 1224–1226. [CrossRef]

22. Ricciardella, F.; Vollebregt, S.; Polichetti, T.; Alfano, B.; Massera, E.; Sarro, P.M. High sensitive gas sensors
realized by a transfer-free process of CVD graphene. In Proceedings of the IEEE Sensors 2016, Orlando, FL,
USA, 30 October–3 November 2016; pp. 697–699. [CrossRef]

23. Ricciardella, F.; Vollebregt, S.; Polichetti, T.; Alfano, B.; Massera, E.; Sarro, P.M. Low Temperature CVD Grown
Graphene for Highly Selective Gas Sensors Working under Ambient Conditions. Proceedings 2017, 1, 445.
[CrossRef]

24. Popov, V.I.; Nikolaev, D.V.; Timofeev, V.B.; Smagulova, S.A.; Antonova, I.V. Graphene-based humidity
sensors: The origin of alternating resistance change. Nanotechnology 2017, 28, 355501. [CrossRef] [PubMed]

25. Tammanoon, N.; Wisitsoraat, A.; Sriprachuabwong, C.; Phokharatkul, D.; Tuantranont, A.; Phanichphant, S.;
Liewhiran, C. Ultrasensitive NO2 Sensor Based on Ohmic Metal-Semiconductor Interfaces of Electrolytically
Exfoliated Graphene/Flame-Spray-Made SnO2 Nanoparticles Composite Operating at Low Temperatures.
ACS Appl. Mater. Interfaces 2015, 7, 24338–24352. [CrossRef] [PubMed]

26. Banhart, F.; Kotakoski, J.; Krasheninnikov, A.V. Structural defects in graphene. ACS Nano 2011, 5, 26–41.
[CrossRef] [PubMed]

27. Ricciardella, F.; Vollebregt, S.; Polichetti, T.; Miscuglio, M.; Alfano, B.; Miglietta, M.L.; Massera, E.; Di
Francia, G.; Sarro, P.M. E�ects of graphene defects on gas sensing properties towards NO2 detection.
Nanoscale 2017, 9, 6085–6093. [CrossRef] [PubMed]

28. Varghese, S.S.; Lonkar, S.; Singh, K.K.; Swaminathan, S.; Abdala, A. Recent advances in graphene based gas
sensors. Sens. Actuators B Chem. 2015, 218, 160–183. [CrossRef]

29. Lin, C.H.; Chen, W.T.; Huang, C.H.; Woon, W.Y.; Lin, C.T. E�ects of P-electron in humidity sensing of
artificially stacked graphene bilayers modified with carboxyl and hydroxyl groups. Sens. Actuators B Chem.
2019, 301, 127020. [CrossRef]

30. Zhang, Y.H.; Chen, Y.B.; Zhou, K.G.; Liu, C.H.; Zeng, J.; Zhang, H.L.; Peng, Y. Improving gas sensing
properties of graphene by introducing dopants and defects: A first-principles study. Nanotechnology 2009, 20,
185504. [CrossRef] [PubMed]

31. Cui, S.; Pu, H.; Mattson, E.C.; Wen, Z.; Chang, J.; Hou, Y.; Hirschmugl, C.J.; Chen, J. Ultrasensitive chemical
sensing through facile tuning defects and functional groups in reduced graphene oxide. Anal. Chem. 2014,
86, 7516–7522. [CrossRef]

http://dx.doi.org/10.3390/ma8095323
http://dx.doi.org/10.1039/C5NR08598E
http://www.ncbi.nlm.nih.gov/pubmed/26842731
http://dx.doi.org/10.1063/1.4983310
http://dx.doi.org/10.1016/j.mseb.2007.01.044
http://dx.doi.org/10.1016/j.snb.2004.10.006
http://dx.doi.org/10.3390/chemosensors3010001
http://dx.doi.org/10.1002/chin.200429283
http://dx.doi.org/10.1039/c2em30102d
http://dx.doi.org/10.3390/s130709016
http://dx.doi.org/10.1109/ACCESS.2020.2987756
http://dx.doi.org/10.1088/0957-4484/20/37/375501
http://dx.doi.org/10.1109/ICSENS.2016.7808638
http://dx.doi.org/10.3390/proceedings1040445
http://dx.doi.org/10.1088/1361-6528/aa7b6e
http://www.ncbi.nlm.nih.gov/pubmed/28644817
http://dx.doi.org/10.1021/acsami.5b09067
http://www.ncbi.nlm.nih.gov/pubmed/26479951
http://dx.doi.org/10.1021/nn102598m
http://www.ncbi.nlm.nih.gov/pubmed/21090760
http://dx.doi.org/10.1039/C7NR01120B
http://www.ncbi.nlm.nih.gov/pubmed/28443936
http://dx.doi.org/10.1016/j.snb.2015.04.062
http://dx.doi.org/10.1016/j.snb.2019.127020
http://dx.doi.org/10.1088/0957-4484/20/18/185504
http://www.ncbi.nlm.nih.gov/pubmed/19420616
http://dx.doi.org/10.1021/ac501274z


Sensors 2020, 20, 3174 10 of 11

32. Zhou, Q.; Yuan, L.; Yang, X.; Fu, Z.; Tang, Y.; Wang, C.; Zhang, H. DFT study of formaldehyde adsorption on
vacancy defected graphene doped with B, N, and S. Chem. Phys. 2014, 440, 80–86. [CrossRef]

33. Varghese, S.; Varghese, S.; Swaminathan, S.; Singh, K.; Mittal, V. Two-Dimensional Materials for Sensing:
Graphene and Beyond. Electronics 2015, 4, 651–687. [CrossRef]

34. Novoselov, K.S.; Fal, V.I.; Colombo, L.; Gellert, P.R.; Schwab, M.G.; Kim, K. A roadmap for graphene. Nature
2012, 490, 192–200. [CrossRef] [PubMed]

35. Smith, A.D.; Elgammal, K.; Niklaus, F.; Delin, A.; Fischer, A.C.; Vaziri, S.; Forsberg, F.; Råsander, M.;
Hugosson, H.; Bergqvist, L.; et al. Resistive graphene humidity sensors with rapid and direct electrical
readout. Nanoscale 2015, 7, 19099–19109. [CrossRef]

36. Schedin, F.; Geim, A.K.; Morozov, S.V.; Hill, E.W.; Blake, P.; Katsnelson, M.I.; Novoselov, K.S. Detection of
individual gas molecules adsorbed on graphene. Nat. Mater. 2007, 6, 652–655. [CrossRef]

37. Ghosh, A.; Late, D.J.; Panchakarla, L.S.; Govindaraj, A.; Rao, C.N.R. NO2 and humidity sensing characteristics
of few-layer graphenes. J. Exp. Nanosci. 2009, 4, 313–322. [CrossRef]

38. Fan, X.; Elgammal, K.; Smith, A.D.; Östling, M.; Delin, A.; Lemme, M.C.; Niklaus, F. Humidity and CO2 gas
sensing properties of double-layer graphene. Carbon 2018, 127, 576–587. [CrossRef]

39. Smith, A.D.; Östling, M.; Elgammal, K.; Delin, A.; Råsander, M.; Bergqvist, L.; Fan, X.; Schröder, S.;
Fischer, A.C.; Niklaus, F.; et al. Graphene-based CO2 sensing and its cross-sensitivity with humidity.
RSC Adv. 2017, 7, 22329–22339. [CrossRef]

40. Kozbial, A.; Li, Z.; Sun, J.; Gong, X.; Zhou, F.; Wang, Y.; Xu, H.; Liu, H.; Li, L. Understanding the intrinsic
water wettability of graphite. Carbon 2014, 74, 218–225. [CrossRef]

41. Munz, M.; Giusca, C.E.; Myers-Ward, R.L.; Gaskill, D.K.; Kazakova, O. Thickness-Dependent Hydrophobicity
of Epitaxial Graphene. ACS Nano 2015, 9, 8401–8411. [CrossRef]

42. Kozbial, A.; Trouba, C.; Liu, H.; Li, L. Characterization of the intrinsic water wettability of graphite using
contact angle measurements: E�ect of defects on static and dynamic contact angles. Langmuir 2017, 33,
959–967. [CrossRef]

43. Vollebregt, S.; Alfano, B.; Ricciardella, F.; Giesbers, A.J.M.; Grachova, Y.; Van Zeijl, H.W.; Polichetti, T.;
Sarro, P.M. A transfer-free wafer-scale cvd graphene fabrication process for mems/nems sensors.
In Proceedings of the 2016 IEEE 29th International Conference on Micro Electro Mechanical Systems
(MEMS), Shanghai, China, 24–28 January 2016; pp. 17–20.

44. Malard, L.M.; Pimenta, M.A.; Dresselhaus, G.; Dresselhaus, M.S. Raman spectroscopy in graphene. Phys. Rep.
2009, 473, 51–87. [CrossRef]

45. Lespade, P.; Marchand, A.; Couzi, M.; Cruege, F. Characterization of carbon-carbon composites by Raman
microprobe. Carbon 1984, 22, 375–385. [CrossRef]

46. Pimenta, M.A.; Dresselhaus, G.; Dresselhaus, M.S.; Cançado, L.G.; Jorio, A.; Saito, R. Studying disorder in
graphite-based systems by Raman spectroscopy. Phys. Chem. Chem. Phys. 2007, 9, 1276–1291. [CrossRef]
[PubMed]

47. Reina, A.; Jia, X.; Ho, J.; Nezich, D.; Son, H.; Bulovic, V.; Dresselhaus, M.S.; Kong, J. Large area, few-layer
graphene films on arbitrary substrates by chemical vapor deposition. Nano Lett. 2009, 9, 30–35. [CrossRef]
[PubMed]

48. Romijn, J.; Vollebregt, S.; Dolleman, R.J.; Singh, M.; Van Der Zant, H.S.J.; Steeneken, P.G.; Sarro, P.M. A
Miniaturized low power pirani pressure sensor based on suspended graphene. In Proceedings of the 2018
IEEE 13th Annual International Conference on Nano/Micro Engineered and Molecular Systems (NEMS),
Singapore, 22–26 April 2018; pp. 11–14.

49. Ricciardella, F.; Vollebregt, S.; Boshuizen, B.; Danzl, F.J.K.; Cesar, I. Wafer-scale transfer-free process of
multi-layered graphene grown by chemical vapor deposition. Mater. Res. Express 2020, 7, 035001. [CrossRef]

50. Ferrari, A.C.; Meyer, J.C.; Scardaci, V.; Casiraghi, C.; Lazzeri, M.; Mauri, F.; Piscanec, S.; Jiang, D.; Novoselov, K.S.;
Roth, S.; et al. Raman spectrum of graphene and graphene layers. Phys. Rev. Lett. 2006, 97, 1–4. [CrossRef]

51. Ricciardella, F.; Massera, E.; Polichetti, T.; Miglietta, M.L.; Di Francia, G. A calibrated graphene-based
chemi-sensor for sub parts-per-million NO2 detection operating at room temperature. Appl. Phys. Lett. 2014,
104, 1–6. [CrossRef]

52. Ali, S.; Hassan, A.; Hassan, G.; Bae, J.; Lee, C.H. All-printed humidity sensor based on graphene/methyl-red
composite with high sensitivity. Carbon 2016, 105, 23–32. [CrossRef]

http://dx.doi.org/10.1016/j.chemphys.2014.06.016
http://dx.doi.org/10.3390/electronics4030651
http://dx.doi.org/10.1038/nature11458
http://www.ncbi.nlm.nih.gov/pubmed/23060189
http://dx.doi.org/10.1039/C5NR06038A
http://dx.doi.org/10.1038/nmat1967
http://dx.doi.org/10.1080/17458080903115379
http://dx.doi.org/10.1016/j.carbon.2017.11.038
http://dx.doi.org/10.1039/C7RA02821K
http://dx.doi.org/10.1016/j.carbon.2014.03.025
http://dx.doi.org/10.1021/acsnano.5b03220
http://dx.doi.org/10.1021/acs.langmuir.6b04193
http://dx.doi.org/10.1016/j.physrep.2009.02.003
http://dx.doi.org/10.1016/0008-6223(84)90009-5
http://dx.doi.org/10.1039/B613962K
http://www.ncbi.nlm.nih.gov/pubmed/17347700
http://dx.doi.org/10.1021/nl801827v
http://www.ncbi.nlm.nih.gov/pubmed/19046078
http://dx.doi.org/10.1088/2053-1591/ab771e
http://dx.doi.org/10.1103/PhysRevLett.97.187401
http://dx.doi.org/10.1063/1.4875557
http://dx.doi.org/10.1016/j.carbon.2016.04.013


Sensors 2020, 20, 3174 11 of 11

53. Chen, M.C.; Hsu, C.L.; Hsueh, T.J. Fabrication of humidity sensor based on bilayer graphene. IEEE Electron.
Device Lett. 2014, 35, 590–592. [CrossRef]

54. Lee, C.S.; Cojocaru, C.S.; Moujahid, W.; Lebental, B.; Chaigneau, M.; Châtelet, M.; Le Normand, F.; Maurice, J.L.
Synthesis of conducting transparent few-layer graphene directly on glass at 450 �C. Nanotechnology 2012, 23,
265603. [CrossRef]

55. Bointon, T.H.; Russo, S.; Craciun, M.F. Is graphene a good transparent electrode for photovoltaics and display
applications? IET Circuits Devices Syst. 2015, 9, 403–412. [CrossRef]

56. Quellmalz, A.; Smith, A.D.; Elgammal, K.; Fan, X.; Delin, A.; Östling, M.; Lemme, M.; Gylfason, K.B.;
Niklaus, F. Influence of Humidity on Contact Resistance in Graphene Devices. ACS Appl. Mater. Interfaces
2018, 10, 41738–41746. [CrossRef] [PubMed]

57. Melios, C.; Giusca, C.E.; Panchal, V.; Kazakova, O. Water on graphene: Review of recent progress. 2D Mater.
2018, 5, 022001. [CrossRef]
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