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Abstract: Reduced graphene oxide and copper oxide multilayer structures were fabricated in a
planar configuration by deposition on both ceramic and Si/SiO, substrates with interdigitated Au
electrodes by the spray method. SEM (scanning electron microscopy), TEM (transmission electron
microscopy), XRD (X-ray diffraction), and elemental analysis investigations indicated that graphene
oxide (GO) was obtained in a form of interconnected flakes consisting of 67 graphene layers for
GO with the total thickness of ca. 6 nm and 2-3 layers for rGO with the total thickness of 1 nm.
The lateral size of one flake reached up to 10 micrometers. Copper oxide was obtained by the
wet chemical method. The number of sequential layers of the sensing structure was optimized to
obtain good sensitivity and acceptable response/recovery times in response to the oxidizing nitrogen
dioxide atmosphere. Both semiconductor partners revealed p-type conductivity. Formation of isotype
heterojunctions between both semiconductor partners was taken into account and their influence on
electrical transport explained. Optimized sensor structures revealed relative sensitivities reaching
several tens of percent and acceptable response and recovery times in NO, concentration ranged
from a few to 20 ppm. Possibility of manufacturing sensors working at room temperature was shown,
but at the cost of prolonged response/recovery times.

Keywords: graphene gas sensor; reduced graphene oxide rGO; copper dioxide;
rGO/metal oxide heterojunction

1. Introduction

Traditionally, for sensing toxic gases, chemical sensors based on metal oxides are used. However,
due the fact that these sensors work at elevated temperatures, which is connected with the consumption
of an additional amount of power, adversely affecting long-term stability and integration with
measurement electronics, there is still a need to have detectors working at possibly low temperatures
and an increase in sensitivity below 1 ppm is also expected.

Recent investigations of graphene and its derivatives (i.e., epitaxial graphene (eG), doped graphene,
graphene oxide (GO), or reduced graphene oxide (rGO)) indicate that these materials can be
used as gas sensors working in the ppb region of gas concentration [1-3] and also at room
temperature [2,4-10]. Intensive works are connected particularly with composites (hybrids) of the type
GO/metal oxide [3,8,9,11-18], where CuO is used as one of these oxides [5,6,10]. Noble (Au, Ag, Pd,
Pt) [2,7,19-22] and transition metal (Cu, Mn, Fe, Ni, and Co) [23-25] nanoparticles decorating GO due
to their catalytic effect enhance the gas sensing performance of graphene. GO and its reduced state rGO
are interesting from the point of view of sensor applications due to the presence of defect sites and many
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functional groups, interacting with the ambient atmosphere, which increases the sensitivity. On the
other hand, defects in rGO are responsible for the increase in the adsorption energy of interacting
gas and in effect, the increase in sensor recovery time. According to Zhang et al. [26], this adsorption
energy increases from —0.40 eV for NO; on pristine graphene to —3.04 eV on defective graphene.
Reduction of GO to rGO can be performed in many ways (e.g., by using a reducing agent such as
PSS (poly(sodium 4-styrenesulfonate) [27] or hydrazine [28]) and also by appropriate temperature
annealing in air, which is the most popular method. In this work, reduction was performed by using
both hydrazine and temperature annealing.

Multilayer technology of graphene/metal oxide adopted by the authors enables, on one hand,
the exploitation of the very good detection properties of the metal oxide (sensitive essentially at elevated
temperatures) and good sensitivity of rGO at low temperatures. On the other hand, the interaction
of these two layers and formation of the isotype heterojunction increased the conductivity of the
CuO layer that additionally enhanced the structure sensitivity observed even at room temperature.
Interaction of the sensor with oxidizing NO, gas is connected with the capture of electrons by adsorbed
gas molecules, which leads to the decrease in resistance of both p-type materials. It is, however,
necessary that the porosity of the multilayer will enable easy diffusion of gas molecules. Therefore in
this work, the spray deposition method was adopted.

The sample preparation procedure and measurement setup were described in the first subsections
and then the results of the films’ characterization performed with TEM, SEM, XRD, and elemental
analysis experiments are given. An essential part of the work is, however, devoted to gas sensing
measurements. The mechanism of gas sensing is described including the phenomena of gas
chemisorption by the solid state surfaces and influence of heterojunctions formed at the particle
interfaces on the transport properties. Sensitivity, response, and recovery times in different experimental
conditions were characterized. Influence of the sensor substrate (alumina or crystalline silicon) on the
sensor response was observed.

2. Materials and Methods

2.1. Sample Preparation

The samples in a form of a multilayer consisting of four layers (i.e., two layers of reduced graphene
oxide rGO and two layers of CuO) were deposited by the spray method, Figure 1.
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Figure 1. (a) Schematic of the preparation process of CuO and (b) deposition of GO/CuO multilayer
by spraying.

The deposition was performed in a sequence: rGO-CuO-rGO-CuO for four LbL structures,
which is schematically illustrated in Figure 2 (CuO is always on top of the sample).
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Figure 2. Schematic of the sample geometry illustrating the view of the upper two layers of the
multilayer structure.

Graphene oxide was prepared using the modified Hummers method, as described previously
in [29]. Graphite powder was treated with concentrated sulfuric acid, sodium nitrate, and potassium
permanganate at a temperature around 10 °C. After 60 min, the temperature was increased up to 30 °C
and was maintained under stirring for 2 h. After adding distilled water to the mixture, the temperature
was increased up to 100 °C. A small amount of hydrogen peroxide was then added after 60 min.
In order to purify the GO water suspension, the GO water slurry was filtrated and then rinsed with
distilled water until the pH of the filtrate attained 6.0. In effect, the obtained single GO flakes reached
up to six nanometers in thickness with 10 micrometers in a lateral size.

Technology of single CuO layers was similar to that described in [29]. In the case of the structure
investigated in this work, the thickness and density of CuO layers varied from sample to sample due to
the changing concentration of the CuO solution, from which the samples were prepared. In particular,
the concentration of solution for the CuO sample labeled S1 was 0.0014%, 0.014%, for sample S2,
and 0.14% for sample S3. Thickness of the GO layer was always the same. The samples were deposited
on both ceramic substrates with interdigitated Au electrodes separated by 0.3 mm and on Si/SiO,
substrates with Au electrodes separated by ca. 5 um (Figure 3).

Figure 3. (a) Ceramic substrate (BVT Technologies) with masking layer (blue) enabling deposition
of two samples in the same process and (b) Si/SiO, substrate with interdigitated gold electrodes
manufactured with the help of lithography technology.

The substrates with very low interelectrode separation were manufactured at the Institute of
Electron Technology (ITE, Warsaw) using known lithography and etching processes in semiconductor
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technology. These substrates were used in particular for deposition and investigation of high-resistance
GO samples.

2.2. Gas Sensing Measurement Setup

Assembled in the laboratory setup was used to measure the sensor signal (resistance) under
variable conditions of humidity, gas concentration, and temperature (Figure 4). The measurement
chamber of volume ca. 30 cm® was heated from an Agilent 6643A power source. The chamber
contained both investigated sensitive layers and a Pt100 temperature probe, which was connected to
an Agilent 34970A digital multimeter. Humidity was measured just before the gas inlet with Sensirion
SHT75 digital sensor (Sensirion AG, Zurich, Switzerland). As the investigated sensor resistance
varied by several orders of magnitude, an electrometer Keithley 6517 (Keithley Instruments Inc.,
Cleveland, OH, USA), working in constant voltage mode was used. All devices were controlled
from the Labview custom application by an Agilent Technologies 82357B USB/GPIB (Universal Serial
Bus/General Purpose Interface Bus) interface card connected to a GPIB bus.

Sensor OUTLET
chamber —

Keithley 6517

| = GPIB
custom MFC -

Figure 4. Illustration of a measurement setup used for determination of the gas sensing characteristics
of the investigated structures.

Investigated NO, gas and air from the bottles (Air Products) were fed into mass flow valves/meters
(model 1179 and 1459C, MKS Instruments, Deutschland, GmbH) to maintain a constant gas flow of
200 cm3/min. In order to assure stabilized gas humidity, a PID (proportional, integral, differential)
algorithm-based humidity and mass flow controller (MFC) (MKS Instruments, Andover, MA, USA)
was used together with a bubbler. In stabilized conditions, the humidity was maintained at the level of
0.1%. The required NO, gas concentration was obtained by controlling the ratio of gas to air flow rates.

3. Results and Discussion

3.1. Characterization of Thin Films

TEM, SEM, and XRD images obtained for GO, rGO, and CuO samples are shown in Figure 5.
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Figure 5. TEM images of GO (a) and rGO; (b) flakes; (c), (d) SEM images of CuO nanoparticles with
different magnifications; (e) X-ray diffraction pattern of CuO; and (f) X-ray diffraction pattern for GO
and rGO.

SEM and STEM pictures were recorded using a high resolution electron microscope HITACHI
S-5500 (Hitachi Ltd, Tokyo, Japan). The XRD patterns were obtained by using an XRD diffractometer
Bruker AXS DB Advance Cr (K 2.2910 A) (Bruker AXS GmbH, Karlsruhe, Germany) with the use of a
0.015 mm vanadium filter. Comparing the images shown in Figure 5a,b, one can note in Figure 5b
larger areas of higher transparency, which indicates a thinner sample of rGO due to the reduction
process. Both graphene oxides were composed of flakes consisting of 6-7 graphene oxide sheets with
the total thickness of ca. 6 nm for GO and 2-3 layers in a stacking nanostructure for rGO with the total
thickness of ca. 1 nm. Lateral size of a single flake reached up to 10 micrometers, as was determined in
detailed structural experiments. Within one flake, the medium can be considered as continuous.
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Elemental compositions of graphene oxides determined by the elemental analysis method using a
Thermo Scientific™ FLASH 2000 CHNS/O analyzer (Thermo Fisher Scientific, Waltham, MA, USA) are
given in Table 1.

Table 1. Elemental composition of GO/rGO.

Sample Cwt%) OWt%) NWwt%) HWwt%)  Others (wt %)
GO 45.51 47.81 0.23 2.45 4.0
rGO 85.55 9.95 3.20 1.05 0.25

Reduction led to the increase in carbon atom concentration and the decrease in oxygen atom:s,
as expected.

The copper oxide covering graphene layer was composed essentially of nanowires, which is
shown in Figure 5¢,d. CuO nanowires have diameters less than 30 nm and lengths in the range of
500-1000 nm. The XRD pattern in Figure 5e corresponds to the monoclinic crystalline phase of CuO
(a review of observed CuO microstructure morphologies and their gas sensing properties is given
in [30]). Diffraction spectra in Figure 5f enabled the evaluation of the distance between graphene layers
and the average height of stacking layers for both GO and rGO.

3.2. Gas Sensing Characteristics

Obtained samples were tested by measurements of electrical resistance in response to the ambient
atmosphere. Initial resistance of the as-prepared structures was, however, in the GQ) range and the GO
layers had to be reduced. Thermal reduction was carried out by annealing in increasing temperature
conditions, as shown for GO in Figure 6.

T T T T T T
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107 4 - 50
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Figure 6. An example of transformation of GO into rGO by annealing in atmospheric air.

All GO samples deposited onto ceramic substrates and thermally reduced, decreased its resistivity
in a similar way, as shown in Figure 6. Thermally reduced GO deposited onto the Si/SiO, substrate
revealed the initial resistance of the order of tens MQ) and similarly to the dependence shown in
Figure 6, started to decrease its value at ca. 180 °C. These observations (i.e., large decrease in resistance
of rGO in comparison to GO) can be explained as a result of a decrease in the concentration of the
oxygen functional groups attached to carbon [31-33]. The reduction process led to the decrease in the
concentration of carbonyl C=0, epoxy C-O-C groups, and water molecules, which are the surface
active defects influencing electrical transport. Removing of water additionally results in decreasing the
distance between the graphene layers.
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It should be mentioned that some parts of the samples were obtained in the reduced state by the
interaction of GO with hydrazine hydrate. These rGO samples revealed as prepared resistance of the
order tens k(2 and were not further reduced thermally.

Collected gas sensing characteristics for samples S1-S3 in interaction with oxidizing NO, gas,
the technology of which was shortly described in Section 2.1, are shown in Figure 7.
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Figure 7. Variation of resistance of a multilayer sensor structures 4LbL with measurement temperature
during interaction with NO, pulses of a concentration 4 ppm in air. Thickness of the CuO layers
increased from S1 to S3.

Change in technological conditions leading to the gradual increase in thickness of the CuO layers
for samples from S1 to S3 also caused the change of response, as is shown in Figure 8a. The response,
defined as (Ra—Rg)/Ra, where R, is the resistance in air and Ry is the resistance in a gas, increased with
the increase in the thickness of CuO layers. With increasing sensor working temperature, the response
mostly decreased (Figure 8).
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Figure 8. (a) Variation of response to 4 ppm NO; vs. temperature for multilayer rGO/CuO 4LbL
structures (51-53) with changing CuO thickness and for a single rGO sample. (b) Comparison of
responses to NO, for rGO samples deposited on both alumina and Si/SiO, substrates.

For the comparison purposes, the sensitivity of a single rGO sample is also shown in Figure 8,
indicating its lower response than these of rGO/CuO, particularly that of the S3 sample with the highest
CuO layer thickness. Use of different substrates (i.e., alumina or Si/SiO;) indicates that the response to
NO; for samples deposited on alumina is higher than for those deposited on electronic grade silicon.
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This behavior can be explained as the influence of the substrate surface roughness, which is much
higher for ceramic substrates and the sample surface exposed to interaction with the ambient gas
is higher.

Response and recovery times for all investigated samples varied with temperature, which can be
assessed from the analysis of Figure 7. The calculated recovery times were always higher in comparison
to the response times shown in Figure 9 for sample S3 with the highest sensitivity. Response and
recovery times decreased quickly, starting from a certain temperature. To explain this behavior,
one should take into account the interaction process between the semiconductor surface and a gas
molecule. Both adsorption and desorption processes depend on activation energies E4 in relation
to the thermal energy (i.e., Eo/kpT), where kg is the Boltzmann constant. In this case, an increase in
temperature caused a decrease in interaction time.
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Figure 9. Variation of response and recovery times vs. temperature for sample S3.

As can be deducted from the recent literature (see for example [3-5,20,21]), sensors based on
rGO can also work at room temperature, which is beneficial from the point of view of applications,
particularly in portable detectors.

The reproducibility of a temporal response at room temperature for multilayer sensors
manufactured in the authors” laboratory was checked, which is illustrated in Figure 10a. As can be
seen, the sensor maintained its initial response amplitude without a clear decrease. With increasing gas
concentration, the response to NO, increased, which is shown in Figure 10b. This kind of nonlinear
behavior indicating the process of sensor signal saturation was observed, for example, in [16,17].
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Figure 10. (a) Variation of resistance a multilayer rGO/CuO structure 6LbL vs. time at room

temperature in interaction with 20 ppm NO; pules and (b) change of this response with increasing
NO, gas concentration.
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Cross-sensitivity of the investigated sensors in response to the reducing atmosphere was checked
by applying pulses of carbon monoxide in air. As shown in Figure 11, in the range of CO concentrations
of the order of tens ppm and temperatures not exceeding 100 °C, the sensor was insensitive to CO.
A small increase in the baseline resistance could only be noticed for long-lasting CO pulse duration of
60 min.
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Figure 11. Change of S2 sample resistance in response to CO pulse of concentration 20 ppm at 50% RH
and at sensor temperatures of (a) 48 °C and (b) 100 °C.

A similar effect of insensitivity to CO for composites SnO,/rGO used for NO, sensing was observed
by Neri et al. [11] and Zhang et al. [14]. In some cases, however, nanocomposites based on CuO/rGO
may be very sensitive to CO, which can be ascribed to the specific sensor fabrication procedure.

Influence of the changing relative humidity on the response to the NO, atmosphere was remarkable,
as can be seen from Figure 12.
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Figure 12. Response of the 52 sample at 100 °C to 10 ppm and 20 ppm NO, with the changing relative
humidity of water vapor in air.

This effect could be expected, taking into account that the permeation of water molecules through
GO flakes and dispersed CuO particles is easy. Taking this into account, all investigations of gas
response were performed at a constant RH = 50%. In practical applications of the NO, sensor based on
presented structures and large variations of RH, some compensation of humidity influence should be
envisaged. This can be done either by the application of special membranes acting as humidity traps or
by using dedicated programming, utilizing information of the humidity level from an additional RH
sensor. In a recent publication, it was shown that graphene oxide can even play the role of a molecular
sieve in metal oxide-based hydrogen sensor [34].

3.3. Sensing Mechanism

Single rGO layers decreased its resistance under the influence of oxidizing NO, gas,
which indicates that these samples are of the p-type. Capture of free electrons by NO, caused
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the increase in the concentration of holes that manifest themselves in the decrease in rGO resistance.
Single layers of CuO were also tested, but the samples deposited by the spray method revealed very
high resistance. This resistance, similar to the rGO samples, decreased under the influence of NO,
atmosphere, indicating p-type conductivity. As shown above, for gas sensing experiments the authors
used mostly the layer-by-layer rGO/CuO structures. Oxidizing properties of nitrogen dioxide resulted
from its electronic structure. The unpaired electron is responsible for high electron affinity and in
contact with the semiconductor surface NO, attracts electrons.

In the analysis of the sensing mechanism, the temperature variations of the sensor response should
be taken into account. Increase in the sensor working temperature activates the concentration of free
carriers, which was observed as a decrease in the sensor base resistance in air. Moreover, variations in
the sensors’ working temperature influence the chemisorption reactions of ambient gases (i.e., O, and
NO,) with both rGO and CuO surfaces (influence of temperature on the response and recovery times is
discussed in the description of characteristics shown in Figure 8). The interaction of oxygen molecules
with semiconductor nanostructures is widely accepted. In this case, several oxygen adsorbates can be
formed. At temperatures below 100 °C, only one electron is absorbed and oxygen species O~ 4 is
formed. Above 100 °C, the species 207,45, and above 300 °C, 02~ 45 can be formed, which is connected
with the absorption of two electrons. Similarly, NO, molecules exhibiting high electron affinity form
surface adsorbates NO,~. As suggested in [35], NO, can also react with O?~ 45, forming the complex
NO3™ 445, which introduces the charge unbalance, and an additional electron is transferred from the
semiconductor surface generating the hole. The multilayer structure of the investigated materials
additionally enhanced the sensitivity. The pores in the layers and between layers act as additional
channels for gas diffusion and provide more active sites for the adsorption processes.

Another factor than can influence electrical transport in the discussed multilayers is the possibility
of the formation of heterojunctions at the rGO and CuO interface. This is schematically illustrated in
Figure 13. Both junction partners are of p-type, but have different work functions that cause the charge
transfer. Energetic structure of the a.m. heterojunction is illustrated in Figure 14.

Figure 13. Multilayer rGO/CuO. Possibility of heterojunction formation is shown.
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Figure 14. Isotype p-rGO/p-CuO heterojunction with a hole accumulation layer on the CuO side and a
hole depletion layer on the rGO side. @1 and &, are work functions of the junction partners, Vy; is the
built-in potential.

The work function for rGO measured by Yang et al. [36], with the help of a Kelvin prober,
equaled ®; =5 £ 0.1 eV. Energy gap Eg1 = 1 eV was evaluated from [37] for oxygen content O/C in
rGO equal ca. 10%. The work function for p-CuO nano-fibrils was determined from Fowler-Nordheim
plots to be in the range of 4.1-4.3 eV [38], and the energy gap, equal Eg, = 1.35, is given in [39].

As @, is smaller than @, electrons transfer from CuO to rGO and holes transfer in the opposite
direction. This gives a depletion layer on the rGO side and an accumulation layer on the CuO side.
In interaction with oxidizing NO; gas electrons transfer from both rGO and CuO to the adsorbed NO,
molecules. In effect, the hole concentration in the CuO accumulation layer increases, resulting in the
additional decrease in the multilayer resistance.

4. Conclusions

A reduced graphene oxide/copper oxide multilayer sensor was obtained by using the modified
Hummers method for GO fabrication and wet chemical method for CuO production. The sensor
structure was formed by sequential deposition of a selected number of layers on the substrate with
interdigitated gold electrodes. Sensitivity and response/recovery times of the sensors vs. NO, in air in
the concentration range from a few to 20 ppm were investigated. Both semiconductor partners revealed
p-type conductivity. Possibility of the formation of isotype heterojunctions between both semiconductor
partners and their influence on sensitivity enhancement was taken into account. Appropriate selection
of the multilayer composition enabled fabrication of nitrogen dioxide sensors with relative sensitivity
reaching a few tens of percent and acceptable response and recovery times.
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