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Abstract— Graphene oxide (GO) is a promising material for 

H2O vapour sensing. However, H2O sensing mechanisms are still 

under investigation especially in the case of thermally reduced 

GO. To this purpose, planar devices were fabricated by spin-

coating graphene oxide on glass substrates. Ultra high response 

to H2O was recorded but poor repeatability and stability over 

time were also noted. Three different degrees of thermal 

reduction were applied to improve material stability. An inverse 

change of resistance was observed for reduced graphene oxide 

compared to pure graphene oxide upon interaction with H2O. 

The sensing mechanisms that govern GO and reduced GO 

behaviour were studied based on DC measurements. In the case 

of GO, strong ionic conductivity was proposed whereas in the 

case of reduced GO mixed electronic/ionic with the leading 

mechanism affected by H2O percentage in air, degree of material 

reduction and sensor working temperature. Finally, it was found 

that by promoting one sensing mechanism over the other, 

improved operating humidity range of the sensor can be 

achieved.  

 
Index Terms— Reduced graphene oxide, relative humidity 

sensor, thermal reduction, ionic conduction, electronic 

conduction, activation energy 

 

I. INTRODUCTION 

N the past years, significant advances in semiconductor gas 

sensors have been announced [1], [2]. The detection of gas 

molecules is vital for various applications ranging from 

environmental and chemical warfare protection to medical 

diagnostics and industrial manufacture [3]-[5]. Relative 

humidity (RH) measurement is one of the most important 

issues in the above-mentioned areas of applications [6]. The 

amount of water vapor that is present in the air can affect not 

only personal comfort but can also affect various 
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manufacturing processes at industrial applications. For 

instance, in the semiconductor industry, moisture or humidity 

levels must be accurately monitored and controlled to ensure 

proper wafer processing. Humidity control is also important 

for incubators, respiratory equipment, sterilizers and 

biological products. In addition, the presence of water vapor 

may also influence various other chemical, biological and 

physical processes. More than that, the interest for low 

consumption, fast response and highly sensitive humidity 

sensors is ever-growing considering energy demanding 

applications in harsh environments like portable, wearable 

devices used outdoors.  

Nano-scale materials are considered to be remarkably 

promising for gas sensing applications thanks to their unique 

electronic and physical properties. Their high surface to 

volume ratio potentially offers high sensitivity and low 

detection limit because the number of the available molecular 

binding spots is in the order of magnitude of the sensing 

material molecules. Carbon based nanomaterials, especially 

graphene and carbon nanotubes have attracted most of the 

interest and compete for the dominance against other 

nanomaterials exhibiting advantages like transparency, 

flexibility and most notably low working temperature [7]-[9]. 

Graphene oxide (GO), a functionalized form of graphene, has 

demonstrated a major potential for humidity sensing owing to 

the abundance of hydrophilic groups. It is generally accepted 

that GO’s poor electrical conductivity is mainly governed by 

adsorbed-water-induced ions, while it presents poor electronic 

conductivity [10]-[13]. This explains the resistance decrease 

upon interaction with humid environment [10], [12]. 

Nonetheless, mixed electronic/ionic behaviour was reported 

[14], [15]. However, GO humidity sensors face long-term 

stability problems and poor repeatability, as it has been 

suggested in previous works [12], [16]-[18]. Alternatively, 

reduced or partially reduced graphene oxide (rGO) could be a 

sufficiently stable material for RH sensing [16], [17], [19]. 

According to studies [19]-[21], the resistance of rGO, being a 

p-type semiconductor material, increases when it is exposed to 

humid environment as water generally acts as electron donor. 

The reduction of oxygen functional groups leads to decreased 

ionic conductivity and the simultaneous recovery of sp
2 

structure assists the electronic conductivity. 

It has to be stressed that the task of this paper is to investigate 
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the influence of the sensing mechanisms to the behaviour of 

the DC-operated devices and explore methods enabling the 

control of this influence. Examination of the H2O sensing 

behaviour based on DC-measurements, without the aid of AC 

complex impedance spectroscopy, was also reported by Popov 

et al. [22] and Smirnov et al. [23] for devices which exhibited 

mixed ionic/electronic conduction. Our devices demonstrate 

low power consumption (e.g. 3.5 μW/cm
2 

against more than 

40 mW/cm
2
 for commercial ones) making them ideal for 

battery powered applications, whereas AC mode operation 

would compromise this advantage and introduce complicated 

signal processing circuits. Herein, we suggest controllable 

relation between ionic and electronic conductivity for 

thermally reduced GO by varying the extent of reduction and 

the device working temperature. Thus, we propose a technical 

approach to promote the dominance of a single conduction 

mechanism for improved sensor performance. 

II. MATERIALS AND METHODS  

GO films were deposited by spin coating on glass 

substrates, and aluminum contacts were evaporated on top of 

the GO through a metal mask in order to form a planar 

resistive device as Fig.1 (b) shows (ITO was grown in a 

previous work for a transparent, alternative version [16]). 

Atomic Force Microscopy revealed film thickness of 85±15 

nm. Once the device was prepared, three different thermal 

reduction steps under forming gas (H2/N2: 5/95) were 

performed at different samples as follows: one sample was 

lightly annealed up to 180 °C for 10 min (rGO1), another was 

mildly annealed up to 180 °C for 120 min (rGO2) and finally 

another one was highly annealed up to 500 °C for 30 min 

(rGO3). More details on the fabrication and process 

parameters are presented elsewhere [16]. The experimental 

setup is illustrated in Fig.1 (a). Electrical measurements were 

executed in a vacuum test chamber in alternating rough 

vacuum (3  10
-2

 mbar) and laboratory’s humid air 

environment (13-65% RH) at variable temperature (23 °C - 

127 °C) using an integrated hot plate. Dry air flow was used to 

create a controlled low RH environment (<30%) in the 

vacuum test chamber with the aid of a mass flow controller 

(Tylan 2900). We have to note that both dry air flow and 

vacuum were tested to create a dry environment inside the 

chamber (similar to the experiments reported by Smith et al. 

[24]) resulting in remarkably similar device behaviour 

between the two recovery methods. This strongly indicates 

that it is the humidity that is sensed and there is no pressure 

influence. However, vacuum was preferred over dry air due to 

the faster recovery time, as Fig.1 (c) shows. In order to 

monitor the RH, a commercial humidity sensor (Honeywell’s 

HiH-4000-3) was set up along with our device. For testing the 

devices at high RH conditions, they were exposed to high RH 

(>85%) for at least 450 s using a cool mist ultrasonic air 

humidifier (Capriccio T-253). The electrical behaviour of the 

fabricated devices under RH exposure and vacuum conditions 

was tested by applying a constant bias voltage of 7 V and by 

monitoring the current with a source-meter unit (Keithley 

2450). DC-operated humidity sensors have been reported 

using a bias voltage of higher than 7 V [22], [25]. For our 

case, a DC voltage of 7 V was necessary for the highly 

resistive GO. The same bias voltage was applied to rGO for 

consistency reasons, even though a lower value of 1 V was 

also tested exhibiting the same sensing behaviour. It has to be 

noted that linear current-voltage (I-V) curves were extracted 

exhibiting good ohmic behaviour and no current drift is 

observed upon voltage application for all cases, indicating no 

interference from polarization effect. The sensing response of 

the fabricated devices to RH is defined as (R-R0)/R0 (%), 

where R represents the real-time device electrical resistance in 

the vacuum test chamber and R0 is the device electrical 

resistance at a reference RH level (specified for each case). In-

house software was used to control the experimental setup and 

to acquire the data. 

III. RESULTS AND DISCUSSION 

A. Physical/electrical characterization 

X-ray photoelectron spectroscopy (XPS) was conducted to 

GO and rGO2 devices in our previous work [16] confirming 

the successful reduction of the material as the C-C bonds 

represent 50% and 90% of the total C- bonds for GO and 

rGO2 respectively. The removal of oxygen groups restores the 

π-network and the conductivity is recovered. Sheet resistances 

of GO and rGO were extracted under vacuum (23 
o
C) by 

sweeping the DC-voltage and recording the current. In all 

cases, ohmic behaviour was observed. GO is the most resistive 

of the four devices with 1.86  10
7
 MΩ/sqr. RGO1 follows 

with 89.65 MΩ/sqr whereas rGO2 and rGO3 are less resistive 

with 10.88 MΩ/sqr and 4.72 MΩ/sqr, respectively. Since the 

sample sheet resistance values inversely scale with the thermal 

reduction temperature and duration, it can be considered that 

the extracted sheet resistance is a straightforward indication of 

the reduction level of the rGO layer. 

 

B. RH sensing with GO 

It has been shown that upon interaction with humidity GO 

resistance decreases [10], [12], [26]. This behaviour was also 

observed in our GO devices for both medium and high RH 

level. Fig.2 shows the evolution of GO resistance when 

exposed to low-to-mid and high RH level. The sensing 

response of GO from vacuum (resistance of 7  10
5
 MΩ) to 

35% RH (resistance of 6  10
3
 MΩ) is more than 10

4 
% 

whereas the response from vacuum to 95% RH (resistance of 

52 MΩ) is more than 10
6
 %, rendering it the most sensitive 

resistive GO humidity sensing device using DC measurement 

in the literature: 4.6  10
4
 % for a RH change of 84% in [10] 

and 35.5% in [17] for a RH change of 95%. It has to be 

highlighted that the GO sensor signal fully recovers after high 

RH exposure and no permanent water absorption was detected 

that would require possible heating cycles to revert. 
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Fig.  1. (a) Schematic layout of the experimental setup, (b) sensor schematic (L = 0.9 mm, W = 24 mm) and (c) resistance versus time for rGO2 sensor during dry 
air flow and pumping down to vacuum. Similar behaviour was observed in all tested devices. 

 

It is known that the decrease of the GO resistance upon 

exposure to RH is due to ionic or protonic conduction induced 

by the interaction of H2O molecules with the GO flakes [10], 

[12]. GO acts as an electronic insulator due to its disrupted sp
2
 

bonds. However, the oxygen functional groups (i.e. 

carboxylic, hydroxyl, epoxide) which are present in GO 

behave as hydrophilic sites that play a substantial role to ionic 

conductivity. It can be considered that as soon as GO comes in 

contact with humid air, H2O molecules are chemically 

adsorbed (chemisorption) at the oxide surface forming a layer 

of hydroxyls [6], [27]. Consequently, the additional water 

molecules that will approach form the first physisorbed layer 

on the available sites. These physisorbed water molecules are 

relatively hard to move due to the double hydrogen bonding 

created between the water molecule and the hydroxyls and 

ionic conductivity is minimal [6], [26]-[29]. With further 

increase of adsorbed water molecules at the material, single 

bonding of water to hydroxyls takes place and forms the 

second and succeeding physisorbed layers of water while 

hydrogen bonds are also formed between water molecules. 

These water molecules become mobile and thus the less-

ordered structure starts to resemble more a liquid-like rather 

than an ice-like of the first layer. From this point and as RH 

reaches high levels, apart from the proton and hydroxide (OH) 

hopping transfer (Grotthuss proton and hydroxide transfer 

mechanism) [30] , hydronium (H3O
+
)

 
charge transfer becomes 

dominant due to the substantial amount of accumulated water 

molecules (H2O+H2OH3O+OH
-
), which in return will 

dissociate into H2O passing the proton to an adjacent H2O 

molecule (H3O
+
+H2OH2O+H3O

+
). This significantly 

decreases sensor’s electrical resistance [27]. More than that, 

the interlayer penetration of water molecules in the GO will 

further facilitate the hydrolysis of more functional groups and 

the generation of water channels among the GO layers (taking 

advantage of the increased interlayer distance of the GO [31]). 

Thus, this mechanism leads to the aforementioned extreme 

sensing response at high RH [26].  

Even though the GO device exhibits huge response to RH, it  

lacks long-term stability and repeatability. GO seems to 

diminish its ability to sense water vapours over a short period 

of time (less than a week) after fabrication. Moreover, an 

inconsistent sensing behaviour regarding the magnitude of the 

response at back-to-back sensing cycles can be observed in  

 

 

Fig.2 (a). These two drawbacks are crucial for a gas sensor 

and the deficiency of them makes any sensor unreliable and, 

thus, undesirable for use. Similar behaviour of material 

instability was also observed at previous works [12], [17], 

[18], [32]. A reasonable explanation for the compromised 

sensing response over time, which is also supported by the 

 
Fig.  2. Resistance variation for GO sensor at 23 °C (a) in alternating vacuum-
air environment (35% RH) and (b) before, during and after high relative 

humidity exposure.  

 

fading response at successive sensing cycles, is the destructive 

role that the adsorption and desorption of water molecules 

play to the structural properties of the GO sheets. It has been 

found that the stacking of the GO sheets provokes a hostile 

environment for the creation of water channels as the 

interlayer distance decreases [33]. It could be assumed that the 

adsorption and desorption of water molecules may influence 



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

 

4 

mechanically the GO weakening its structure. Indeed, 

continuous cycling of water molecules through GO may 

escalate the material stacking  leading to minimised interlayer 

distance for water adsorption and decreased response to RH. 

In order to improve the stability of the sensor, thermal 

reduction was applied. 

 

C. RH sensing with rGO  

The resistance evolution of the three rGO devices when 

exposed to selected RH levels in alternating air-vacuum 

environment is shown in Fig.3. The resistance is decreased for 

all reduced devices as soon as vacuum is created, in contrast to 

the GO’s aforementioned behaviour. It is clear that the 

resistance recovers its previous value when RH is returned to 

humid air after vacuum on all three devices indicating 

sustaining sensing behaviour regarding stability and 

repeatability. This behaviour applies to all tested levels of RH 

up to 65%. Moreover, the sensing responses of rGO1 and 

rGO2 are not increased upon raising the H2O concentration in 

air. For rGO1, a sensing response of 23% is noticed at 32% 

RH whereas a sensing response of 5.5% is observed at 55% 

RH. Similarly, rGO2 decreases its response from 17.5% to 

16% at 48% RH and 56% RH, accordingly. However, the 

sensing response of the highly reduced sensor (rGO3) does not 

follow this behaviour, as it increases from 5.3% at 32% RH to 

7.5% at 57% RH. The calibration curves of the three rGO 

devices are shown in Fig.4. It is seen that the response scales 

inversely with the reduction level of the rGO up to 40-45 % of 

RH. However, this does not apply for higher RH exposures. 

Indeed, the calibration curve for lightly reduced rGO1 sample 

reveals a declining response pattern for increasing RH levels 

over 40%, which is not observed for the other two samples 

(rGO2 and rGO3). For mildly reduced rGO2, a declining 

response pattern can be observed for RH levels greater than 

48%, displaying also a more gradual downward inclination 

than rGO1. Interestingly, highly reduced rGO3 does not seem 

to exhibit similar behaviour, instead a wider sensing range is 

achieved. 

From the above observations, it can be suggested that the 

dominant sensing mechanism of rGO to water vapours is the 

electron transfer induced by the interaction of the analyte and 

the sensing material. From previous works [19]-[21], it has 

been proven that thermally reduced GO act as a p-type semi-

conductive material. In our case, by using the hot-probe 

method [34], it was found that all devices, independently of 

the reduction method, exhibited p-type semiconductor 

behaviour. Since water is a poor oxidizing and reducing agent, 

it behaves accordingly to the surrounding environment. Water 

generally serves as electron donor upon its interaction with 

rGO [19], [20]. Hence, the donated electrons from water 

decrease rGO hole-dominated current. In addition, it is also 

clear that this interaction is correlated to the oxygen groups of 

graphene oxide. Indeed, it was seen that devices with lower 

content of oxygen groups exhibit lower sensing response. 

Thus, we believe that the oxygen groups act like trapping sites 

for the water molecules.   

 
Fig.  3. Resistance variation in alternating air-vacuum environment at 23 °C 
for rGO (a) lightly reduced (180 °C for 10 min, rGO1), (b) mildly reduced 

(180 °C for 120 min, rGO2) and (c) highly reduced (500 °C for 30 min, 

rGO3). 

 
Fig.  4. Resistance variation for rGO (square: lightly reduced (rGO1), circle: 

mildly reduced (rGO2), triangle: highly reduced (rGO3)) sensors monitored 

versus relative humidity at 23 °C. Ro is the resistance at vacuum.  

 

In order to further investigate the rGO behaviour regarding 

the steep and the moderate direction change of the calibration 

curve for rGO1 and rGO2 respectively, all reduced devices 

were exposed to high RH levels. Fig.5 (a)-(c) shows the 

response of the three rGO devices before (ambient 32% RH 

and vacuum), during (>85% RH) and after (ambient 32% RH) 

high RH exposure. It has to be noted that the reference 

condition represents ambient RH. Originally, material’s 

resistance is stable as the RH is maintained at 32%. As soon as 

vacuum is created the resistance is decreased for all reduced 

devices, as expected from the previously described behaviour 

in Fig.3. Lightly reduced rGO1 exhibits 22% sensing response 

between vacuum and 32% RH environment, whereas the more 

heavily reduced devices exhibit lower response, i.e. 13% for 

mildly reduced rGO2 and 5% for highly reduced rGO3. 
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Fig.  5. Evolution of resistance at 23 °C for rGO sensor (a) lightly reduced (180 °C for 10 min, rGO1), (b) mildly reduced (180 °C for 120 min, rGO2) and (c) 

highly reduced (500 °C for 30 min, rGO3) before (ambient and no humid environment), during and after high relative humidity exposure; (d) evolution of 
resistance for rGO2 as a function of time in alternating ambient-human exhale (10 cm distance from the device) environment. Left axis represents rGO resistance 

variation and right axis the relative humidity level in the test chamber. Ro is the resistance at ambient conditions (before the high relative humidity exposure).

 

However, when sensors are exposed to higher than 85% of 

RH, a complex behaviour is observed, similar for all tested 

devices. Initially, sensor resistance is sharply decreased, 

demonstrating opposite behaviour than the one observed 

during medium RH exposure. Then, after certain duration, it 

starts to increase and abruptly reaches a maximum value 

which remains unchanged even when the devices are brought 

back to environmental RH values.  

More particularly, during the first phase upon high RH 

exposure, the resistance is decreased at most by 73% for 

rGO1, 54% for rGO2 and 5% for rGO3 after 77 s for rGO1, 72 

s for rGO2 and 35 s for rGO3. We have to note that the above 

values seem to scale with reduction level of the rGO. During 

the second phase, while sensors remain exposed to high RH, 

the resistance on all three devices is increased by 85% (rGO1), 

110% (rGO2) and 165% (rGO3) compared to their initial 

values. This behaviour to high RH is attributed to absorbed 

water molecules which could possibly affect carrier mobility 

(water swelling effect [35]) and/or carrier concentration. 

An identical behaviour to high RH was observed when the 

devices were exposed to human exhale (saturated with water) 

10 cm from the device lasting 3 s and 4 s for the first and 

second attempt respectively. Fig.5 (d) shows the abrupt 

resistance decrease of rGO2 (14% for a 3 s exhale and 27% 

for a 4 s exhale) when the exhale is performed followed by a 

permanent increase (24% after the first exhale for 3 s and 8% 

further increase after the second exhale for 4 s). 

From the above results, it can be deduced that the oxygen 

groups play a significant role to the dominant sensing 

mechanism (electronic versus ionic conductivity) especially 

when the devices are subjected to high RH conditions. This 

becomes evident when the RH is increased over 85% and the 

resistance of all tested devices is abruptly decreased in 

agreement to GO’s behaviour shown in Fig.2, designating 

high ionic conductivity induced by the physisorbed water 

molecules. The resistance change for the most reduced device 

(rGO3) is lower compared to the less reduced one (rGO1) and 

this can be attributed to the corresponding oxygen groups that 

facilitate ionic conductivity. This is further supported by the 

fact that the rGO samples exhibit similar behaviour to the GO 

samples only when they are exposed to high RH. Therefore, it 

can be assumed that the ionic conductivity is enhanced by the 

presence of oxygen groups through hopping mechanism. It has 

to be noted that the abrupt resistance decrease upon high RH 

exposure may originate not only by the increase of ionic 

conductivity but also by simultaneous decrease of electronic 

conductivity due to the insulating effect of water layers to the 

electron transport between adjacent sheets [36]. 

Finally, when the samples are brought back to ambient RH 

conditions (32%), the dissimilarity of the permanent resistance 

increase between the three devices due to the swelling effect 

may be caused by the increased material defects. Defects are 

created when carbon backbone is consumed by releasing CO 

and CO2 at high reducing temperatures [37]. These defects are 

expected to be more numerous in the highly reduced sample 

(rGO3) and could be significant in allowing the interlayer 

trapping of water molecules that leads to permanent swelling 

effect. 

Regarding the behaviour under human exhale, Fig.5 (d) 

highlights the suitability of rGO for applications that require 
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sensing of short bursts of water saturated air since the 

resistance is decreased abruptly and the effect of swelling is 

not capable to hamper the response in such a short duration of 

exposure.  

Considering these findings, the declining response pattern 

for rGO2 but mainly for rGO1 after a certain RH level in Fig.4 

could be explained by the competition between electronic and 

ionic conductivity which is affected by the reduction level 

(and thus the oxygen group content) of the GO. As previously 

discussed, ionic conductivity is enhanced by the oxygen 

functional groups and RH level of the environment. After a 

certain RH level, ionic conduction is considerable enough to 

create an inverse response (resistance decrease) compared 

with the response due to electron donation (resistance 

increase). Therefore, in the case of rGO1, the ionic conduction 

mechanism is enhanced, steering the balance between ionic 

and electronic conduction towards the former at the low-to-

mid RH range. It is remarkable that rGO1 response is lower 

than rGO3 at 55% RH due to the competition of these two 

conduction mechanisms. For further reduced samples (rGO2 

and rGO3) where the oxygen groups are diminished, the 

sensing response to RH decreases as the material becomes less 

favourable for H2O trapping but the competition between the 

two conduction mechanisms becomes less pronounced, as 

rGO2’s calibration curve exhibits a decrease for higher %RH 

level than rGO1, whereas no such behaviour is seen for 

rGO3’s. The opposite response to low-medium RH between 

GO and rGO sensors and the maximum range of operating 

range for each sensor are highlighted in Table 1. 

 
TABLE I 

THE MAXIMUM VALUE OF OPERATING RANGE FOR EACH DEVICE AND THE 

DEPENDENCE OF SENSOR RESPONSE SIGN ON THE DEGREE OF MATERIAL 

THERMAL REDUCTION AND RELATIVE HUMIDITY. 

 
 

In order to further study the kinetics of both conduction 

mechanisms and their dependence on the temperature, we 

performed electrical measurements at a temperature range 

between 27 °C and 127 °C under humid and non-humid 

environment as displayed in Fig.6. The devices were heated up 

to 127 °C and their electrical resistance was monitored by 

cooling down to room temperature at 10 °C interval steps.  It 

has to be noted that the devices were maintained at every 

temperature step for a sufficient time in order to obtain a 

stabilized resistance value. It is clear that two temperature 

ranges can be distinguished: one where the response sign from 

humid air (35% RH) to vacuum is positive and one where this 

sign turns to negative. In both regimes edges, the response 

value corresponds to the degree of the material reduction: 

highest for rGO1 (35% @ 27 °C and -53.3% @ 127 °C), 

lowest for rGO3 (8.3% @ 27 °C and -6% @ 127 °C) and 

rGO2 in the middle (16% @ 27 °C and -41.8% @ 127 °C). It 

is also interesting to note the temperature at which the 

response sign changes from positive to negative. For both 

rGO1 and rGO2, the sign changes after the two lower 

temperature steps, between 37 °C and 47 °C. However, in 

rGO3 case the sign changes after the fifth step, between 67 °C 

and 77 °C. 

 
Fig.  6. Resistance variation for rGO sensor (square: lightly reduced (rGO1), 

circle: mildly reduced (rGO2), triangle: highly reduced (rGO3)) in alternating 

air (35% RH)-vacuum environment, monitored versus temperature. 

 

Based on the above observations, positive response sign at 

the low temperature region is explained by the previously 

described electron donation from water to rGO. Yet, it is noted 

that the sign of the response at elevated temperatures changes 

to negative. This is similar to the change of the response sign 

at high RH that is discussed in Fig.5 and the compromise of 

the response after a certain level of RH for rGO1 and rGO2 in 

Fig.4. Thus, it is attributed to the enhancement of the ionic 

conductivity from the increase of temperature, which is 

consistent with the results reported by others [14], [38], [39] 

resulting from the enhanced motion of ions and water 

molecules. This influence of temperature to the ionic 

conductivity and consequently to the dominant conduction 

mechanism is affected by the degree of reduction and 

therefore by the amount of oxygen functional groups in the 

material which are responsible for the interaction with H2O 

molecules. Similarly, the shift of the temperature point at 

which ionic conduction dominates over electronic (response 

sign becomes negative) is affected by the degree of reduction 

as, in a more reduced material, ionic conduction requires more 

temperature boost to dominate. This working temperature 

dependency could be beneficial from the sensor perspective 

because depending on the temperature region that the sensor 

works, electronic (low temperature region) or ionic conduction 

(high temperature region) will be promoted and the 

competition between them will be alleviated expanding the 

RH sensing range. 

Finally, for further investigation of ionic conductivity at this 

temperature range, ln(R) was plotted against 1/T for vacuum 

and humid air (35% RH) and Arrhenius equation was used to 

calculate EA from the slope of the linear fitting function. As 
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Fig.7 shows, it was found that EA decreases with reduction at 

the same environment conditions as 0.0823 eV for rGO1 is 

decreased to 0.0276 eV for rGO3 and 0.1927 eV for rGO1 is 

decreased to 0.0423 eV for rGO3 at vacuum and humid air, 

respectively. In addition, EA is increased at humid air 

compared to vacuum for all reductions. 

 

 
Fig.  7. Arrhenius curves with the activation energies for lightly (rGO1), 

mildly (rGO2) and highly reduced (rGO3) devices at vacuum and humid (35% 

RH) environment. 

 

It can be assumed that EA at vacuum is mostly related to the 

electronic conduction as practically no interaction with air 

molecules is possible [14]. Reduction alters the material to a 

more electronically conductive material and for this reason the 

EA at vacuum is decreased with reduction. The fact that EA at 

humid air is greater than EA at vacuum indicates that there is a 

contribution of ionic conductivity to this sum, taking into 

account that EA for ionic conductivity is expected to be higher 

than EA for electronic [14]. More than that, EA at humid air for 

rGO1 and rGO2 agrees well with reported values for ionic 

conductivity ruled by Grotthuss mechanism [14], [39]. 

Additionally, the percentage of EA attributed to electronic 

conductivity, to the total EA at humid air, increases with the 

degree of reduction from 42.7% for rGO1 to 47.2% for rGO2 

and 65.2% for rGO3 designating the inverse relationship of 

ionic conductivity with reduction. 

IV. CONCLUSION 

In summary, three different degrees of thermal reduction 

were applied to GO devices in order to improve the 

repeatability and stability over time. Mixed electronic and 

ionic conductivity in rGO is proposed to explain the increase 

and decrease of resistance upon exposure to different RH % 

levels. Temperature dependency of the dominant conduction 

mechanism was presented and activation energies in the range 

of 127 °C to 27 °C were calculated for humid and non-humid 

environment acting as a further proof of mixed 

electronic/ionic conductivity. The degree of reduction and the 

working temperature of the sensitive devices define the 

dominant conduction mechanism at a certain RH % level. 

Finally, even though rGO’s sensitivity is compromised, it can 

be considered as an alternative material for ambient RH 

sensing applications on account of the low power consumption 

and transparency.  
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