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graphene oxide based capacitive humidity sensors were also reported. For example, three graphene oxide capacitive humidity sensors functionalized with ZnO, SnO2 and PDDA on polyimide substrates using the layer by layer self-assembly technique were reported by Zhang et al. [START_REF] Zhang | Fabrication and characterization of an ultrasensitive humidity sensor based on metal oxide/graphene hybrid nanocomposite[END_REF][START_REF] Zhang | Layer-by-Layer Self-Assembly of Zinc Oxide/Graphene Oxide Hybrid Toward Ultrasensitive Humidity Sensing[END_REF][START_REF] Zhang | Ultrahigh performance humidity sensor based on layer-by-layer selfassembly of graphene oxide/polyelectrolyte nanocomposite film[END_REF]. Ali et al. fabricated a capacitive humidity sensor based on a graphene oxide / methylred sensing layer deposited on a PET substrate [START_REF] Ali | All-printed humidity sensor based on graphene/methylred composite with high sensitivity[END_REF]. Another flexible humidity sensor on a PET substrate is proposed by Kafy et al. [START_REF] Kafy | Cellulose nanocrystal/graphene oxide composite film as humidity sensor[END_REF]. The sensor uses a drop-casted cellulose nanocrystals and graphene oxide composites layer as a sensing element. However, all the reported sensors rely on the deposition of the sensing layer on the surface of a polymeric substrate. An interesting approach is to integrate a sensing layer inside the substrate. This can only be achieved using cellulosic bare paper substrates. This type of substrate is not only low cost, but also offers a large specific area. This increases the sensitivity of the device by increasing the number of gas adsorption sites on its surface. Moreover, cellulose is recyclable, renewable and biodegradable. Cellulose based materials can also be incinerated which can facilitate the disposal of electronic waste. In addition, integrating electronic devices inside paper substrates enables several applications such as etextiles, e-dressings and low-cost disposable applications. The literature reports the fabrication of CNT based resistive gas sensors inside cellulosic paper using drop-casting, inkjet-printing, plasma jet printing and papermaking filtration as deposition techniques [START_REF] Han | Carbon Nanotube Based Humidity Sensor on Cellulose Paper[END_REF][START_REF] Han | A carbon nanotube based ammonia sensor on cellulose paper[END_REF][START_REF] Ammu | Flexible, allorganic chemiresistor for detecting chemically aggressive vapors[END_REF][START_REF] Gandhiraman | Plasma jet printing for flexible substrates[END_REF]. The sensors were able to detect humidity, chlorine, ammonia and nitrogen dioxide. This paper reports the fabrication of a capacitive humidity sensor based on self-assembled graphene oxide on the fibers of a paper. Sensors with different concentrations of graphene oxide and different immersion times in a GO suspension were fabricated. The morphology of the sensors was characterized using scanning electron microscopy (SEM). The chemical structure of the sensors was characterized using Raman and FTIR spectroscopies. The washability and the mechanical strength of the sensors were also characterized using SEM and Raman spectroscopy after washing them in water and in an ultrasonic bath. The graphene oxide conductivity was measured using a four probe testing bench. A comparative study between the fabricated sensors was conducted. Its aim was to optimize the sensing layer in terms of concentration and immersion time in the GO-suspension. This study was based on the relative change in the capacitance of the GO-coated papers under 90% RH for a frequency range of 500 Hz to 200 kHz. The optimal sensor's sensing capabilities were also tested in terms of repeatability, reversibility, flexibility, temperature dependence and reproducibility. This work presents a novel approach towards the fabrication of highly porous, water resistant, disposable, flexible gas sensors that enable new unconventional applications such as air flow monitoring and e-dressings.

Materials and methods

Device fabrication

The sensors were fabricated by self-assembly of graphene oxide around the paper's fibers (figure 1.a). A 4 mg/mL solution of graphene oxide was purchased from Graphenea and used without any further treatment. Three graphene oxide suspensions were prepared by diluting the purchased solution in deionized water with a dilution ratio of 1:1, 1:2 and 1:4. Paper substrates (purchased from Schweitzer Mauduit SWM) were cleaned using ethanol, dried at room temperature and cut into 2 cm x 2 cm pieces.

The prepared substrates were immersed in the 1 mg/mL, 2 mg/mL and 4 mg/mL graphene oxide suspensions for 10, 20, 30, 40 and 60 minutes each. The sensors were afterwards dried at room temperature. Last, aluminum interdigitated electrodes (IDEs) were deposited using thermal evaporation under vacuum. The electrodes were 500 nm thick and the space between electrodes was 500 µm (figure 1.b.). This IDEs geometry provides an effective sensing area of 1.015 cm 2 . We should note that in the following sections the immersion time of the paper in the graphene oxide suspension will be referred to as treatment time.

Characterization

The morphology of the sensing layer was observed using a Hitachi S4800 scanning electron microscope at an acceleration voltage of 20 kV. The chemical structure of the fabricated sensors was analyzed using Raman and Fourier-transform infrared spectroscopies. The Raman spectrum of the graphene oxide was observed using a Horiba Xplora Raman microscope with an excitation wavelength of 532 nm. Fourier infrared spectra was collected using an IFS66V FTIR spectrometer in Attenuated Total Reflectance (ATR) mode. Current-voltage curves were measured using a Cascade Microtech M150 four-probe tester and an Agilent technologies B1500A semi-conductor device analyzer under ambient conditions.

Measurement setup

Humidity measurements were carried out in an Espec SH-242 climatic chamber with a humidity range of 30%-90% at 22˚C. The sensors were connected to a 4192A LF impedance analyzer (5 Hz-13 MHz, Helwett-Packard) using a two probe testing device fabricated by our team (Figure 2.). Since graphene oxide best operate at relatively low frequencies [START_REF] Kafy | Cellulose nanocrystal/graphene oxide composite film as humidity sensor[END_REF][START_REF] Zhang | Fabrication and characterization of an ultrasensitive humidity sensor based on metal oxide/graphene hybrid nanocomposite[END_REF][START_REF] Bi | Ultrahigh humidity sensitivity of graphene oxide[END_REF], the sensors' response to humidity was characterized for a frequency range of [0. 5 , 200] kHz. The sensors' response towards humidity was measured for a range of [START_REF] Bi | Ultrahigh humidity sensitivity of graphene oxide[END_REF]90]% RH. All humidity tests were performed at room temperature (22˚C). The relative response towards humidity is defined as the relative change in the capacitance of the sensing layer (1):

% = ∆ ⁄ × 100 = - ⁄ × 100 ( 1 
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where Cg is the capacitance under humidity, and C0 the base capacitance under 30% RH. The sensitivity of the sensor is given by:

/% = ∆ ∆ ⁄ (2) 
The response time is the time taken by the sensor to reach 90% of its final state, and the recovery time is the time taken by the sensor to go back to its initial state after turning the target gas off.

Results and discussion

Morphology

Humidity sensors were fabricated by self-assembly of graphene oxide sheets inside the paper with different concentrations and treatment times. The morphology of the deposited layer shows several ripples and wrinkles, implicating thus the wrapping of graphene oxide sheets around the fibers. Moreover, SEM images show that the sensing layer's thickness increases with the increasing concentration of the graphene oxide suspension (figure 3.b,c,d) and with the increasing processing time in the graphene oxide suspension (figure 4.).

Thickness measurements were carried out on 4 mg/mL graphene oxide coated papers using SEM. Figure 5 shows the images of a transversal cut of three 4 mg/mL GO-coated papers with different processing times: 10, 30 and 60 min. The thickness of the 4 mg/mL graphene oxide sensing layer exponentially increases with the treatment time t in minutes (figure 6.a.):
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Moreover, standard error calculations, plotted in figure 6.a., show that the uniformity of the graphene oxide layer decreases with the increasing treatment time. Since the 1 mg/mL and 2 mg/mL sensing layers' thicknesses were small and couldn't be measured using SEM, a gravimetric analysis of all our samples was carried out. Figure 6.b represents the variations of the GO-papers weight per area. The results show a positive linear relationship between the mass per area of the GO-coated paper and the treatment time, indicating an increase in the thickness of the deposited graphene oxide layer. The increase of the graphene oxide's thickness may be ascribed to the stacking of the graphene oxide sheets around the fibers which is enhanced by the high water absorbency coefficient of the paper (115 g/m 2 ).

Raman and Infrared spectroscopy

The fabricated sensors were characterized using FTIR and Raman spectroscopy (figure 7). Raman spectrum of the bare paper versus the Raman spectrum of a 4 mg/mL coated paper are shown in figures 7.a and 7.b. The spectrum of the coated paper exhibits two peaks at 1338 cm -1 and 1580 cm -1 . These two peaks are attributed to the D and G bands of the graphene oxide. Figure 7.c. plots the FTIR spectrums of bare paper and graphene oxide coated paper.

FTIR spectrums shows a slight increase in the intensity the O-H peaks at 3300 cm -1 and 3265 cm -1 . This is mainly attributed to the remaining moisture inside the sensor. In fact, while graphene oxide sheets are being wrapped and stacked around the fibers, water molecules are stuck between the sheets, resulting in a shift in the O-H bond, and a slight increase in the intensity of its peak. The GO-paper spectrum also shows a small peak at 1750 cm -1 which is attributed to the formation of ester bonds between the paper and the sensing layer. The spectrum shows another peak at 1276 cm -1 attributed to the C-O stretching vibration of the ester bond. In order to explain this reaction, we should first note that viscose is the main chemical component of our substrate. Viscose molecules contain many hydroxyl functional groups (-OH). These groups will bond with the carbonyl functional groups (-COOH) of the graphene oxide to form a stable ester bond. A similar phenomenon is reported by J.-W. Han et al. describing the hydrogen bonding between carbon nanotubes and cellulosic paper [START_REF] Han | Carbon Nanotube Based Humidity Sensor on Cellulose Paper[END_REF][START_REF] Han | A carbon nanotube based ammonia sensor on cellulose paper[END_REF].

Mechanical strength and washability

In order to investigate the mechanical strength and the washability of the fabricated sensors, the sensors were washed and ultrasonicated in deionized water. The tests were performed on a 4 mg/mL GO-coated paper since changes are easier to spot with a scanning electron microscope for high concentrations of graphene oxide. As a result, 4 mg/mL GO-coated paper was cut into three pieces. The first piece served as a reference and was characterized using SEM (figure 8 This highlights the fact that the fibers are still wrapped with graphene oxide and the fabricated sensors exhibit good mechanical strength and good hydrophobic properties. These results are consistent with the results obtained by W.Wu et al. regarding the hydrophobicity of graphene oxide wrapped around viscose fibers [START_REF] Wu | Functional finishing of viscose knitted fabrics via graphene coating[END_REF]. In fact, W.Wu et al. demonstrated that the water contact angle increased from 18˚ for bare viscose substrates to 119˚ for GOcoated viscose.

Electrical characterization

The conductivity of the sensing layer was characterized using a four-probe station. The I(V) characteristic of sensors with different concentrations of 1 mg/L, 2 mg/L and 4 mg/L of graphene oxide and different coating times (10 min, 30 min, 1 hour) are shown in figure 10. The curves show an increase in the conductivity of the sensing layer with the increasing concentration of graphene oxide and with the increasing immersion time. Moreover, the obtained characteristics are linear implicating the formation of ohmic contacts. However, only for low concentrations of graphene oxide (1 mg/mL) the conductivity of the sensing layer decreases with the increasing immersion time. This might be due to the non-uniformity of the deposited layer and to the increase of the water content inside the paper. Even though the conductivity of the graphene oxide wrapping decreases for low concentrations, the I(V) curves show an increase in their linearity and thus a better ohmic contact between the IDEs and the GO-coated paper. Table 1 summarizes the resistances of the deposited graphene oxide layers calculated using the I(V) curves data points from figure 10.

Sensing performance 3.5.1. Sensing mechanism

The sensing mechanism between a carbon based material (CNTs, graphene and GO) and water molecules depends on the presence of hydrophilic functional groups on its surface such as hydroxyl groups. Graphene oxide is naturally functionalized with hydrophilic groups such as hydroxyl (-OH) and epoxy (=O) [START_REF] Lerf | Structure of Graphite Oxide Revisited[END_REF][START_REF] Dreyer | The chemistry of graphene oxide[END_REF][START_REF] Ruess | Über das Graphitoxyhydroxyd (Graphitoxyd)[END_REF][START_REF] Hofmann | Über die Säurenatur und die Methylierung von Graphitoxyd[END_REF][START_REF] Scholz | Untersuchungen am Graphitoxid. VI. Betrachtungen zur Struktur des Graphitoxids[END_REF]. Upon its exposure to humidity, water molecules bind with the hydroxyl (-OH) and epoxy (=O) functional groups with binding energies of 0.201 and 0.259 eV respectively, thus withdrawing electrons from the graphene oxide [START_REF] Guo | Two-beam-laser interference mediated reduction, patterning and nanostructuring of graphene oxide for the production of a flexible humidity sensing device[END_REF]. As a result, graphene oxide becomes less conductive when exposed to a reducing gas such as water. Moreover, the viscose paper substrate used in this work contains hydroxyl functional groups. This makes our substrate sensitive towards humidity the same way. As a result, the paper substrate and the graphene oxide layer synergistically detect humidity.

Optimization of the deposited layer

The sensing performance of a gas sensor is evaluated based on its relative response towards a given analyte, its fast response, its fast recovery and its reversibility. The choice of the optimal gas sensor will be therefore based on these parameters. We first investigated the sensors' response towards 90% RH for an exposure time of 1 hour under ambient temperature. Then, the sensors recovered under 30% RH. The relative change in the capacitance of the fabricated devices were calculated and plotted for a frequency range of [0.5:200] kHz.

Since the weight per area of the sensors linearly increases with the processing time with almost the same slope (figure 6.b) for all concentrations of graphene oxide, the effect of the concentration of graphene oxide on the relative response of the fabricated sensors was investigated for a fixed immersion time of 10 minutes (figure 11.a.). The 2 mg/mL sensor exhibits the highest response towards humidity. This is mainly due to two factors: the porosity and the thickness of the GO layer wrapped around the paper's fibers. In fact, the 2 mg/mL sensor is porous and the 4 mg/mL sensor is not. This results in an increase of the contact surface between the active layer and the target molecules and explains the increased response of the 2 mg/mL sensor compared to the 4 mg/mL sensor. As for the 1 mg/mL sensor, the thickness/quantity of graphene oxide deposited onto the fibers is less than the one deposited using a 2 mg/mL suspension and the fibers weren't completely covered with graphene oxide. This limited the sensing capabilities of the sensor. ). This is mainly due to the increase of the water content in the sensor, limiting thus the sensing capability of the device. In fact, the longer the sensor is immersed in the graphene oxide suspension, the more water molecules are stuck between the graphene oxide sheets and the more water is absorbed by the substrate. This phenomenon is enhanced by the high water absorbency coefficient of the paper. The trapped water molecules will interact with the functional groups of the graphene oxide and the paper substrate and thus will reduce the number of adsorption sites on the surface of the sensor. This results in a decrease of the sensitivity of the devices.

However, this is not the case of the 4 mg/mL sensors. The 4 mg/mL sensors plot (figure 11.d.) exhibits the highest relative response for a treatment time of 30 minutes. In fact, the relative response of the 4 mg/mL sensors increase with the increasing treatment time until it reaches a maximum for a treatment time of 30 min, then suddenly drops at 40 minutes. First, we must highlight that the 4 mg/mL sensors are not porous. The observed results may be explained as follows: the thickness of the graphene oxide layer increases with the increasing immersion time and so does the sensor's water content. Increasing the thickness up will result in an increase of the sensitivity of the sensor [START_REF] Zhou | A novel sensing mechanism for resistive gas sensors based on layered reduced graphene oxide thin films at room temperature[END_REF] while increasing the water content results in a decrease in the sensitivity of the device (figures 11.b and 11.c). For a treatment time less than 30 minutes (<30 min), the thickness significantly increases with little effect on the sensing layer water content. As a result, the effect of the thickness will dominate the effect of the water content on the sensor's performance so the sensor's response increases. However, when the thickness of the graphene oxide layer exceeds a certain limit, the sensitivity of the graphene oxide layer towards humidity starts decreasing [START_REF] Papamatthaiou | The Effect of Thermal Reduction and Film Thickness on fast Response Transparent Graphene Oxide Humidity Sensors[END_REF]. This is mainly due to the increase of the sensor's water content and to the fact that the sensing mechanism starts relying on bulk conductance changes instead of surface conductance changes. In fact, bulk conductance changes are slower and require more activation energy. As a result, the sensitivity of the GO-coated paper with a graphene oxide thickness exceeding 500 µm (figure 6.a.) starts decreasing.

In order to better optimize our device, we compared the sensing capabilities of the sensors that exhibit the best relative response for each concentration of graphene oxide, i.e., the 4 mg/mL -30 min, 2 mg/mL -10 min and 1 mg/mL -10 min sensors. Based on the results shown in figure 12, the 4 mg/mL -30 min sensor exhibits the highest response towards humidity. However, this sensor is not porous and has a slow response (5 min) and a 13% shift in its capacitance after recovery at 40 kHz (figure 12.b). Meanwhile, the 2 mg/mL -10 min sensor is porous and exhibits the highest response towards humidity compared to the other porous sensors. Moreover, it detects humidity faster than the other sensors (3 min) and recovers with a 2% shift in its initial capacitance. For these reasons, the optimal graphene oxide concentration and immersion time are 2 mg/mL and 10 minutes, respectively.

2mg/mL sensing response a) Operating frequency

In order to better understand the frequency effect on the sensing capabilities of our devices, the relative response of both paper and GO-coated paper towards 90% RH were calculated and plotted for a frequency range of [0,5 : 200] kHz (figure 13). The results show that both paper and graphene oxide are sensitive towards humidity. For low frequencies (≤4 kHz), bare paper and GO-coated paper have comparable sensitivities towards humidity (~200%). However, for high frequencies (>4 kHz), the graphene oxide enhances the sensitivity of the paper by three times. This shows that functionalizing our paper with graphene oxide enables its use for high frequency applications. For these reasons, the optimal sensor will be tested at 40 kHz for the possibility of its use in RFID applications with an AMS chip (SL900).

b) Sensitivity and repeatability

The sensitivity and repeatability of the 2 mg/mL-10 min sensor was tested under different relative humidity values. The sensor was exposed to the humidity for three consecutive cycles. Each cycle consists of the humidity step shown in figure 14.a. for three consecutive times. The relative response and the sensitivity of the 2 mg/mL sensor at 40 kHz are shown in figure 14.b.

The results show an increase in the capacitance of the device under humidity. The sensor exhibits a 38% relative response and a sensitivity of 5.65 fF/%RH at 40 kHz. The hysteresis of the device for different exposure cycles was also investigated (figure 15.a). The curves show an increase in the capacitance of the sensor by 0.02 pF after each exposure to humidity. This shift in the capacitance of the device is due to the slow desorption rate of the water molecules from the graphene oxide sensing layer. However, this capacitance shift did not affect the sensitivity (figure 16) and the hysteresis of the fabricated device (figure 15.b). In fact, the maximum hysteresis of 2.85% at 60% RH remained the same for all exposure cycles.

Table 2 summarizes the relative response and the sensitivity of the fabricated sensor for all exposure cycles. The relative response and the sensitivity of the device slightly decrease after the first exposure cycle and then stabilizes at the second exposure cycle. In conclusion, the 2 mg/mL (10 min) sensor exhibits a good response and repeatability at 40 kHz.

c) Flexibility

The flexibility of our device was tested for several values of the bending angle. The sensor was bent to 15˚, 30˚, 45˚, 60˚ and 75˚ using five small semi-cylinders fabricated by our team (figure 17). The sensor was afterwards exposed to a humidity step of 30% RH-90% RH.

The relative response (%) of the sensor was calculated and plotted (figure 18.a.). The results show a 10% decrease in the relative response the GO-coated paper after bending. However, the relative response is not affected by the magnitude of the bending angle. It has an average value of 31% and a standard deviation of 3.02. In order to further investigate the flexibility of our device, the ability of the sensor to be bent several times without any damage or performance loss was tested. The sensor's response was calculated at flat (0˚) and bent position (60˚) (Figure 18.b.). The results show that the relative response towards 90% RH decreases from 42% to 30% after bending the sensor for the first time. The response then stabilizes at 30% until the sensor saturated after bending the sensor for the third time. Heating the sensor at 50˚C for two days enabled a partial recovery of our device, which was able to detect humidity once again with a relative response of 20% at 60˚ bending angle. A possible explanation to this is that enlarging the pores while bending accelerated the saturation of the device and thus limited its sensibility towards humidity. We can conclude that the fabricated sensors are flexible and, once bended, their relative response no longer depends on the bending angle and the bending cycle, but only depends on the life expectancy of the device itself under ambient temperature.

d) Temperature effect

An interesting property of graphene oxide is its ability to detect humidity at room temperature. In order to further evaluate the effect of the temperature on the sensing capabilities of graphene oxide coated paper, the sensors were exposed to a humidity step of 50-90% RH for a temperature range of [15˚C:50˚C]. The response of the sensor under different values of the temperature is shown in figure 19 and summarized in table 3. The results don't show any effect of the operating temperature on the sensing capabilities of GO-coated paper. However, only for temperatures exceeding 50˚C, the desorption rate of the graphene oxide is enhanced (~0.4% capacitance shift instead of ~3%) with no effect on the relative response of the sensor. Heating the device at 50˚C increases thus the life expectancy of the GO-paper sensor with no effect on its response. This temperature independence is particularly interesting for applications in environments that require simple data acquisition and processing systems.

e) Stability

The stability of the fabricated sensors was tested under high relative humidity and at high temperature. Humidity sensing measurements were carried out under 90% RH humidity at ambient temperature. A first sensor (sensor 1), served as a reference and was characterized without any further treatment. Two other sensors (sensors 2 and 3) were placed in a climatic chamber under 85% RH at 50˚C. One of the sensors (sensor 2) was characterized at the end of the first week. The other (sensor 3) was characterized two weeks later. The sensors response towards 90% RH is plotted in figure 20. The sensors 1,2 and 3 exhibit a relative response of 34%, 37% and 32% respectively. Since the relative change in the sensitivity of our sensors is less than 5%, the sensor exhibits a good stability at high humidity and high temperature.

f) Reproducibility

The reproducibility of paper based graphene oxide humidity sensors using the proposed technique was tested as well. Ten gas sensors were exposed to 90% RH and recovered under 30% RH. The relative response of the sensors was calculated. The average response, the standard deviation and the standard error were calculated using the following formulas:
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The sensors exhibit an average response of 38% towards 90% RH with a standard deviation of 2,14 and a standard error of 0,68. Since the standard error is less than 1, the proposed fabrication technique is thus considered reproducible and reliable for the large scale production of low cost devices. Table 4 summarizes all flexible porous paper-based gas sensors and all flexible graphene oxide based humidity sensors reported in the literature. This table compares their sensing properties to the properties of the sensor reported in this paper.

Even though humidity sensors based on, or functionalized by metal oxide nanostructures and TDMCs on plastic substrates have better sensing performance in terms of sensitivity [START_REF] Balde | Fabrication of porous anodic aluminium oxide layers on paper for humidity sensors[END_REF][START_REF] Zhang | Hierarchical Self-Assembled SnS2 Nanoflower/Zn2SnO4 Hollow Sphere Nanohybrid for Humidity-Sensing Applications[END_REF][START_REF] Zhang | Fabrication of tin disulfide/graphene oxide nanoflower on flexible substrate for ultrasensitive humidity sensing with ultralow hysteresis and good reversibility[END_REF][START_REF] Zhang | Facile Fabrication of MoS2-Modified SnO2 Hybrid Nanocomposite for Ultrasensitive Humidity Sensing[END_REF] (table 4), the sensors reported in this work have several advantages in terms of flexibility, application fields and biodegradability. The sensors reported in this work are highly porous and ideal for air flow monitoring in both directions. Moreover, the fabricated sensors are washable, highly flexible and ideal for e-dressings and e-textiles. These applications cannot be covered using plastic substrates without any damage to the device. Ecologically, this work presents a green alternative for plastic substrates, metal oxides, polymers and TDMCs. In addition to the biodegradability of paper, the biodegradation of graphene oxide by microbes and enzymes has been reported [START_REF] Chen | Biodegradation of carbon nanotubes, graphene, and their derivatives[END_REF][START_REF] Kurapati | Dispersibility-dependent biodegradation of graphene oxide by myeloperoxidase[END_REF]. As a result, the proposed approach contributes to the reduction of electronic plastic and chemical waste and thus to the reduction of soil and water pollution. Last, from a technical point of view, the proposed sensors are highly flexible. Most sensors found in the literature weren't tested under strain, or their response decreased with the increasing bending angle. In this work, the sensors' response becomes independent of the bending angle and the bending cycle after bending the device for the first time. Last, our work enables the use of porous paper substrates for capacitive humidity sensing at high frequencies, with a relative response comparable to the resistive cellulosic paper-based sensors found in the literature.

Conclusion

This paper reports the fabrication of a flexible humidity sensor by integrating a graphene oxide sensing layer in a porous paper substrate using a simple self-assembly technique. The effect of the thickness, porosity and moisture content on the humidity sensing performance of the GO-paper as a function of the frequency was investigated.

Immersing the paper in a 2 mg/mL graphene oxide suspension for 10 min gave the best results in terms of porosity, relative response, response and recovery time. Moreover, graphene oxide, as a sensing element, increased the sensibility of paper by three times at 40 kHz, enabling thus its use in RFID applications. The optimal sensor exhibits a good sensing response (38%) towards 90% RH, a good repeatability, long term stability and reproducibility at 40 kHz. The fabricated sensor is highly flexible: its relative response becomes independent of the bending angle and of the bending cycle after bending the sensor for the first time. However, the performance of GO-coated paper is limited by its slow recovery, which required heating the sensor at 50˚C. An operating temperature of 50˚C speeded the recovery of the GO-paper without affecting its response towards humidity. In summary, the simple low cost fabrication technique proposed in this work combines the advantages of paper based electronics with those of e-textiles, covering thus a wide range of applications such as smart packaging, edressings, e-textiles, and even air flow monitoring.
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  .a,b) and Raman spectroscopy (figure9.a) . The second piece was washed in DI water for 10 minutes while stirring. The SEM images show little to no detachment of the graphene oxide coating around the fibers (figure8.c,d). The Raman spectrums before and after immersing the sensor in water are similar, both with a D/G ratio of 0.98 (figure9.b). The third piece of coated paper was ultrasonicated in a pulsed ultrasound bath for 5 minutes. The SEM images show a significant detachment of the graphene oxide sheets (figure8.e,f). However, the resulting Raman spectrum is identical to the spectrums of the previous sample with two peaks at 1338 cm -1 and 1580 cm -1 and a D/G ratio of 0.98 (figure 9.c).
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 11 Figures 11.b, c and dshow the effect of the treatment time on the response of the sensors. The relative change of the capacitance of the 1 mg/mL and 2 mg/mL sensors decrease with the increasing treatment time (figures 11.b., 11.c.). This is mainly due to the increase of the water content in the sensor, limiting thus the sensing capability of the device. In fact, the longer the sensor is immersed in the graphene oxide suspension, the more water molecules are stuck between the graphene oxide sheets and the more water is absorbed by the substrate. This phenomenon is enhanced by the high water absorbency coefficient of the paper. The trapped water molecules will interact with the functional groups of the graphene oxide and the paper substrate and thus will reduce the number of adsorption sites on the surface of the sensor. This results in a decrease of the sensitivity of the devices.
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 1 Figures captions Figure 1. (a) Deposition technique (b) Dimensions of the interdigitated electrodes in millimeters (c) 2 mg/mL -10 min sensor.
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 3 Figure 3. SEM images (a) paper (b) 1 mg/mL GO (c) 2 mg/mL GO (d) 4 mg/mL GO.

Figure 4 .

 4 Figure 4. SEM images of a 4 mg/mL GO coating with an immersion time of (a) 10 min (b) 30 min (c) 1 hour.
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 5 Figure 5. SEM images showing the thickness of paper immersed in 4 mg/mL GO suspension for (a) 10 min (b) 30 min (c) 60 min.
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 6 Figure 6. (a) Thickness of GO-paper as a function of the processing time in a 4 mg/mL graphene oxide suspension (b) Gravimetric measurements of GO-coated papers for different processing times in different concentrations of graphene oxide.
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 7 Figure 7. (a) Raman spectrum of bare paper (b) Raman spectrum of GO coated paper (c) FTIR spectrums of bare paper and GO-coated paper.
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 8 Figure 8. SEM images (a,b) before washing treatment (c,d) after washing treatment (e,f) after ultrasonication.
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 9 Figure 9. Raman spectrums of the sensor (a) before (b) after water treatment (c) after ultrasonication.
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 10 Figure 10. I(V) curves of (a) 1 mg/mL (b) 2 mg/mL (c) 4 mg/mL sensors with different immersion times (10 min, 30 min, 60 min).
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 11 Figure 11. Relative response of GO-coated paper as a function of the frequency and (a) of the concentration of graphene oxide (b) treatment time for a GO concentration of 1 mg/mL (c) treatment time for a GO concentration of 2 mg/mL (d) treatment time for a GO concentration of 4 mg/mL.
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 12 Figure 12. Relative response of the 4 mg/mL -30 min, 2 mg/mL -10 min and 1 mg/mL -10 min as a function of (a) the frequency (b) the time at 40 kHz.
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 13 Figure 13. Relative response of bare paper versus the relative response of GO-coated paper towards 90% RH as a function of the frequency.
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 14 Figure 14. (a) humidity step (b) Real time relative humidity in the climatic chamber.
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 15 Figure 15. (a) Hysteresis for the first exposure cycle (b) Capacitance shift as a function of the relative humidity and the exposure cycle.
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 16 Figure 16. Sensitivity curve as a function of the exposure cycle.
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 17 Figure 17. Flexibility measurement setup.
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 18 Figure 18. Relative response (%) as a function of (a) the bending angle (b) the bending cycle.

Table 4 .

 4 Porous paper-based gas sensors and graphene oxide based humidity sensors reported in the literature.
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Cg [1] =10 ppm S [2] = 35% (ΔR/R0) RT [3] R [4] =10 MΩ for 0˚≤θ [5] This work [START_REF] Farahani | Humidity Sensors Principle, Mechanism, and Fabrication Technologies: A Comprehensive Review[END_REF] Cg : concentration of the target gas [START_REF] Arena | Capacitive humidity sensors based on MWCNTs/polyelectrolyte interfaces deposited on flexible substrates[END_REF] S : Sensitivity [3] RT : Room temperature [4] R: Resistance [5] θ: Bending angle