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Abstract: Graphene has become a material of choice for an increasing number of scientific and
industrial applications. It has been used for gas sensing due to its favorable properties, such as a large
specific surface area, as well as the sensitivity of its electrical parameters to adsorption processes
occurring on its surface. Efforts are ongoing to produce graphene gas sensors by using methods
that are compatible with scaling, simple deposition techniques on arbitrary substrates, and ease of
use. In this paper, we demonstrate the fabrication of carbon dioxide gas sensors from Langmuir–
Blodgett thin films of sulfonated polyaniline-functionalized graphene that was obtained by using
electrochemical exfoliation. The sensor was tested within the highly relevant concentration range
of 150 to 10,000 ppm and 0% to 100% at room temperature (15 to 35 ◦C). The results show that the
sensor has both high sensitivity to low analyte concentrations and high dynamic range. The sensor
response times are approximately 15 s. The fabrication method is simple, scalable, and compatible
with arbitrary substrates, which makes it potentially interesting for many practical applications.
The sensor is used for real-time carbon dioxide concentration monitoring based on a theoretical
model matched to our experimental data. The sensor performance was unchanged over a period of
several months.
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1. Introduction

Carbon dioxide (CO2) sensing has important applications across various industries,
including pollution monitoring [1], hazard detection [2], smoke detection [3], room ven-
tilation monitoring [4], and personal protection. As CO2 is one of the most important
greenhouse gases, monitoring its concentration is indispensable in environmental protec-
tion, climate change monitoring [2], and carbon emissions cutting [5].

State-of-the-art CO2 detectors make use of free-space optics, which results in efficient
but bulky sensors. On-chip sensing can be performed by utilizing novel materials, such
as ceramics, polymers, carbon nanotubes, aluminum oxide, polyethyleneimine (PEI) [6],
various organic and inorganic materials and their hybrids [7], semiconducting composite
structures [8], and graphene. Graphene in particular is a good choice due to its wide
availability and ease of use.

Since the first experimental realization in 2004 [9,10], graphene has caught immense
interest throughout the scientific and industrial communities. Among other applications,
gas sensing with graphene has become an active area of research. Graphene reacts to
the presence of analyte gases by charge transfer from the substrate or electrical contacts,
which causes a change in its electrical properties, such as carrier density [11]. As op-
posed to bulk graphite, exfoliated graphene has an electron cloud in pi orbitals above the
surface, with which analytes can readily react. The reactivity of graphene to a number
of analytes has been demonstrated, such as ammonia [12–14], CO and NOx [15], water
vapor [16], acetone [17], toluene and 1,2-dichlorobenzene [18], and methane [19]. The
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number of analytes detected with graphene-based sensors has expanded throughout the
years [20–23]. Detection of CO2 with graphene makes use of different graphene-based
materials and physicochemical effects, such as graphene oxide [24], graphene-based elec-
troluminescence [25], room-temperature hydrogen plasma-reduced graphene oxide [26],
graphene/quantum dot composites [27,28], other graphene nanostructure composites [29],
CVD graphene [11,30], or simply graphene sheets obtained by mechanical cleavage [31,32].

Efficient exfoliation of graphene sheets in solution has been achieved by several dif-
ferent methods, and is widely considered to be a promising approach to high-throughput
production of graphene devices [33–37]. Nevertheless, many of these methods follow a
series of complex chemistry steps, and deposition onto substrates for device fabrication
generally requires costly and complex equipment, such as specialized printers [38]. Con-
sequently, although several research groups have reported CO2 detection with graphene,
very few have demonstrated graphene-based CO2 sensors made from solution-processed
graphene, which would have economic and processing benefits over other methods, such
as CVD [11]. Research shown to date, which makes use of widely available solution-
processed graphene, makes use of costly or complex postprocessing steps, such as plasma
treatment [26].

Here, we demonstrate graphene-based CO2 sensors made from commercially available
solution-processed sulfonated polyaniline (PANI)-functionalized graphene following facile
film deposition by the Langmuir–Blodgett method [39]. PANI functionalization dopes the
graphene, making it more sensitive to CO2. Previous works on CO2 detection with PANI-
functionalized graphene involved numerous processing steps, such as electrospinning,
UV irradiation and polymerization [40], electrospraying, pressurization, plasma treatment
and polymerization [41], nanopaper synthesis [42], and/or the use of toxic acids, such
as sulfuric, nitric, and hydrochloric acid [43]. None of the previous works made use of
Langmuir–Blodgett deposition, although the method can yield high-quality thin films [39]
of practically any size using no equipment and no chemicals apart from deionized water.
We demonstrate sensing operation at concentrations ranging from 150 to 10,000 ppm and
from 0% to 100% volume concentrations at temperatures between 15 and 35 ◦C. As such,
this work paves the way to a practical and inexpensive use of graphene for CO2 detection
after additional challenges such as gas selectivity are overcome. Selectivity strategies in a
future work may include functionalization, heterostructures, or nanocompositing [44–46].

2. Materials and Methods

Graphene was obtained from Sixonia Tech GmbH (G-DISP-NMP-CSO-2+, Dresden,
Germany). The supplier performed electrochemical exfoliation from graphite in a process
that resulted in sulfonated polyaniline (PANI) functionalization of graphene nanosheets
in a solution of N-methyl pyrrolidone (NMP) at a concentration of >2 mg/mL. We gently
dispersed the graphene solution, as obtained from the supplier, in deionized water, whereby
NMP dissolved while the graphene flakes self-assembled at the surface of the water to form
a continuous thin film. The sensor was formed by picking up the graphene film from the
water surface on an alumina substrate with two interdigitated gold electrodes (DropSens
IDEAU200-HPT-WB, Oviedo, Spain) using the Langmuir–Blodgett method [47,48]. This
substrate, although employing only two electrodes and hence yielding resistance values
that include contact resistance, is an easy-to-use standard in thin-film sensor testing. The
procedure yielded a graphene active surface area of ~5 × 5 mm2 on top of the electrodes.
Electrical connections between the electrodes and the wiring coming from the measurement
system were made with commercially obtained silver paste.

The topography of the sensors was mapped with atomic force microscopy (AFM)
using a ThermoMicroscopes AutoProbe CP. The scan area was set to 5 × 5 µm2. The film
thickness on a transparent substrate was measured with UV–VIS optical transmittance.

The sensor was inserted into a homebuilt gas sensing chamber. A Pt1000 thermometer
was inserted into the chamber next to our graphene sensor. We controlled the gas flow
through the chamber with mass flow controllers (Alicat MC-200SCCM, Tucson, AZ, USA)
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(Figure 1). The total flow was kept fixed at 190 mL/min. First, the chamber was purged
with argon, after which a controlled concentration of CO2 was injected into the flow from
a 10,000-ppm calibrated cylinder of CO2 in argon. Using a calibrated cylinder as the
source, in combination with mass flow controllers, eliminates the need for additional gas
concentration calibration. For concentrations higher than 10,000 ppm, a cylinder with a
high concentration of the gas was used as the source (CO2 3.8 from Messer). The flow of
CO2 was further diluted by mixing with a 100% argon flow in a T-shaped mixing element.
For example, for a CO2 concentration of 150 ppm, the flow of CO2 was 2.85 mL/min. The
resistance of the sensor was tracked in time with a digital multimeter (Keysight 34461A), as
the concentration of CO2 in the chamber was varied. The multimeter provides a constant
current of 1 mA and measures the voltage drop across the sensor. The experiments were
performed at temperatures ranging from 15 to 35 ◦C by inserting the gas sensing chamber
into a larger environmental chamber for controlling the temperature. All gases were dry,
meaning that the relative humidity in the gas sensing chamber was near zero.
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Figure 1. Schematic of the experimental setup. MFC 1 and 2 are mass flow controllers.

3. Results
3.1. Experimental Section

A photograph of the graphene sensor is depicted in Figure 2a. The grey area on the
left of the image is graphene, covering a pair of interdigitated gold electrodes on a ceramic
substrate. The electrodes are connected to the external measurement circuit with silver
paste, visible on the right. An atomic force micrograph of the sensing surface is shown
in Figure 2b. The active layer of the sensor is made of flakes of graphene that lie on the
surface of the substrate. The flakes have varying lateral dimensions, ranging from tens
of nanometers to several micrometers in diameter. The flakes touch or overlap, such that
together they form a continuous conductive graphene film. The film morphology is similar
to that of the previously studied films made of graphene that is obtained by ultrasonic
liquid-phase exfoliation [47]. Film thickness is about 11.5 nm on average, as measured with
UV–VIS optical transmittance and shown in Figure S1 in Supplementary Materials.

First, we tested the sensor operation at high concentrations of CO2 in order to evaluate
the overall performance and dynamic range. The gas temperature was kept at 30 ◦C during
the measurements. We plot in Figure 3 the measured two-terminal resistance across the
graphene sensor for CO2 volume concentrations ranging from 0% to 100% at atmospheric
pressure. The measured resistance increased from an initial value of 56.5 to 57.8 Ω as
the CO2 concentration was increased. Although the relative change was only 2.2%, the
signal-to-noise ratio was excellent, making the signal easily measurable with a standard
digital multimeter. Although the measured resistance includes contact resistance, due to
the two-terminal configuration that was used, measuring resistance change during CO2
adsorption yields an accurate measure of sensor response.
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Figure 3. Sensor response to CO2 across the full volume concentration range of 0% to 100%.

To evaluate the sensor performance at the environmentally and physiologically im-
portant range between 150 and 10,000 ppm, we injected a controlled amount of CO2 from a
calibrated cylinder. We performed the measurements at a range of temperatures between
15 and 35 ◦C and recorded the sensor response to varying CO2 concentrations, as shown in
Figure 4. The concentration was varied in steps of increasing CO2 concentration. Between
each step, the chamber was purged with argon. The sensor responded with a detectable
change even for a concentration of 150 ppm CO2, with the response increasing at higher
concentrations. We chose to work in a dry environment to avoid cross sensitivity with
humidity. The temperature during the measurements was constant and stable, as depicted
in Figure S1 of Supplementary Materials. A noticeable effect is the negative temperature
coefficient of resistance, TCR, which leads to a decrease in the resistance baseline with in-
creasing temperature. A negative TCR is commonly observed in single-layer graphene [10]
and in multilayer graphene materials that possess a large number of defect sites, such
as purposely introduced mechanical defects [49] or exfoliation-induced defects [50,51].
We previously demonstrated that liquid-phase exfoliated graphene, which is of similar
morphology to the material presented here, contains reactive edge defect sites that are
responsible for sensitivity to various analytes [52]. After each purging step, and before
subsequent exposure to CO2, the measured resistance returned to approximately the same
baseline value, which indicates recovery of the sensing surface, without the need for any
treatment, such as heating. Sensor recovery without treatment is a beneficial feature for
practical use of our sensor. Additionally, reversibility indicates that the interaction between
the adsorbate and the sensing layer is weak, which is typical for physical adsorption. We
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performed the same sets of measurements over a period of several months without a
noticeable change in device performance.
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To quantify the sensor response, from data shown in Figure 4 we calculated the change
in device resistance when the steady state was reached, ∆RS, defined as the difference be-
tween the steady-state resistance at each concentration of CO2 and the minimum resistance
prior to injection of CO2, RB. The change in device resistance at a steady state at different
temperatures and for different gas concentrations is plotted in Figure 5. The slopes of the
sensor response curves were highest for the lowest concentrations of CO2 (<1000 ppm),
indicating a larger sensitivity at low concentrations. The sensor was operational across the
entire temperature range.
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We use the data shown in Figure 4 to deduce the temperature dependence of the
response of our sensor. Figure 6 depicts the steady-state resistance change as a function
of temperature for seven different values of CO2 concentrations. The original values of
∆RS, as measured from the data in Figure 4 and used to plot Figures 5 and 6, are given in
Table S1 of Supplementary Materials. The origin of a weaker sensor response at higher
temperatures is in basic principles of chemistry, in which the process of adsorption is
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exothermic, whereas desorption is endothermic. According to Le Chatelier’s principle, an
increase in temperature will favor desorption over adsorption [53]. Although the sensor
response is higher at lower temperatures, the sensor is operational at all temperatures near
room conditions, which may be encountered in practice.
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3.2. Real-Time Concentration Measurement

We proceeded to establish a theoretical model of our sensor’s response. We subse-
quently made use of the model to calibrate the measured resistance change, ∆R, to the actual
concentration of CO2. We adapted the theoretical modeling approach previously devised
by one of our coauthors [54], which is based on the Langmuir theory of adsorption [55].
Following the reasoning from [54], the output signal is represented in the form

R = RB + ∆R = RB + ∆RS

(
1− exp

(
−t
τ

))
, (1)

where R is the measured sensor resistance at the moment t (t = 0 is the moment when the
sensor output signal starts to increase after injection of CO2 of a given concentration), RB is
the sensor signal before CO2 injection, ∆RS = RS − RB is the resistance change correspond-
ing to the steady-state value of signal response RS at the applied analyte concentration,
and τ is the time constant for reaching the steady state. Given that the time required for
reaching the set concentration in our homebuilt gas sensing chamber is estimated to be in
the order of 1 s (the purging time of a chamber can be estimated as tch = 3 V/Q, where V is
the chamber volume, and Q is the gas flow [56]), it is reasonable to assume based on the
results shown in Figure 4 that τ is determined by the kinetics of the adsorption–desorption
(AD) process on the sensing surface. In the Langmuir theory, τ depends on the analyte
concentration C and the parameters β and γ that characterize the AD process, according to
the expression

τ =
γ

1 + βC
(2)

The steady-state resistance change equals

∆RS =
βC

1 + βC
∆RMAX . (3)
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The maximal possible value of the resistance change, ∆RMAX, is obtained when the
sensing surface is completely covered by the adsorbed analyte molecules (i.e., when all the
surface adsorption sites are occupied). After differentiation of the function R (Equation (1))
with respect to time, and simple mathematical transformations, the following expression
is obtained:

Cβ =
∆R + γR′

∆RMAX − ∆R
(4)

where R′ = dR/dt is the time derivative of the measured resistance. Since γ depends only
on the AD process parameters, it is constant for a given temperature. Therefore, when γ
and ∆RMAX are known, the quantity Cβ can be obtained from the measured value of the
sensor resistance change and the slope of the curve R(t) for any given CO2 concentration
and at any given time.

Based on the above theory, we apply an algorithm for measuring CO2 concentration in
real time. First, ∆RMAX is determined as ∆RMAX = RMAX − RB, where RMAX, the resistance
corresponding to the maximal coverage of the sensing surface by the adsorbed molecules,
is experimentally obtained by exposing the sensor to a very high gas concentration until
resistance does not increase anymore with further increase in C, as in Figure 3. Then, from
the measured R(t) at a given C and T, ∆RS and τ are extracted and used for the calculation
of the parameter γ as

γ = τ
∆RMAX

∆RMAX − ∆RS
. (5)

τ is determined by fitting Equation (1) to the experimentally obtained time dependence
of the sensor output signal, and ∆RS from its steady-state value. The obtained value of γ is
valid for all concentrations at the given temperature. The quantity C × β is then obtained
from the measured signal according to Equation (4).

We apply the presented method to our experimental measurements. We estimate τ by
fitting Equation (1) to the resistance measured at 1200 ppm of CO2 and at a temperature
of 30 ◦C (red curve in Figure 4). Prior to fitting, we subtract the baseline. The fit is
accomplished by linearization and least squares fitting, after which we obtain τ = 13.1 s. A
plot of ∆R obtained with this time constant, overlaid with the experimental data, is depicted
in Supplementary Materials (Figure S2). In Figure 3, RMAX = 57.8 Ω. Using Equation (5), γ
is calculated to be 15.36 s.

In Figure 7, we show a plot of the measured resistance change ∆R (red curve) and the
calculated quantity C × β (blue curve, obtained from Equation (4)), for all concentrations
used in the experiment, at T = 30 ◦C. An important benefit of applying our theory to
sensor operation is that the quantity C × β reaches a steady state much faster than the
measured signal ∆R. From a practical standpoint, the theoretical model can be used to
monitor gas concentration in real time, which is not the case when the experimental data
are directly read out. We note that a simpler model, based on the time derivative of the
measured signal, has been proposed to relate the measured signal to the gas concentration
in 2D materials [57]. Although the derivative-based model is simpler, it enables a real-time
readout of the concentration only in the special case when the concentration is zero and
increasing rapidly, whereas our model enables continuous real-time monitoring of the
concentration. The time derivative of the signal during a concentration change, described
in [57], is visible in our data as well, depicted by the sharp peaks on the theoretical curve
in Figure 7 during concentration changes.

In Figure 8, we show the relationship between the product C × β and the actual
concentration of CO2. The values for C × β are read out from the blue curve in Figure 7
when it reaches a steady state at any given concentration. In practical applications, Figure 8
can be transferred to a lookup table from which the actual concentration values can be
derived. This opens the way for practical utilization of the presented algorithm for the
sensor readout procedure.
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4. Discussion and Conclusions

We have presented carbon dioxide detection with a sensor made of thin graphene films
deposited with Langmuir–Blodgett assembly. The films, made from commercially obtained
graphene in solution which is deposited with a facile Langmuir–Blodgett assembly method,
consist of nanoplatelets of graphene that are touching or overlapping, forming a continuous
film between two electrodes.

The sensors show chemiresistive behavior in the presence of CO2 gas at concentra-
tions ranging from 0% to 100%, with particular attention paid to the biologically relevant
concentrations between 150 and 10,000 ppm. We have demonstrated sensor operation at
temperatures between 15 and 35 ◦C.

The film thickness is approximately 11.5 nm. For sensing purposes, a thinner film
may be more advantageous. The key parameter regarding sensing material thickness is
the Debye screening length, which defines the material thickness at which an adsorbed
molecule interacts with all of the material in its vicinity. If the material is less thick than
the Debye length, the analyte starts to interact with the substrate as well, which decreases
sensitivity and may introduce noise. If, however, the material is thicker than the Debye
length, the analyte does not interact with the bottom layers of the material, which also
results in less sensitivity and more noise. A typical Debye screening length is in the order
of 1–3 nm [58], which indicates that graphene films produced with the use of a Langmuir–
Blodgett trough, which may be thinner, would provide better sensitivity. Alternatively,
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the film could be made more sensitive by extending the Debye length by employing
polyelectrolyte multilayers on top of the graphene [59].

The fact that the sensors are readily made, and that they operate at biologically
relevant concentrations and temperatures, makes this technology potentially interesting
for use in environmental, personal, and industrial CO2 detection. Furthermore, these
sensors can be practically of any size, made on any substrate that could be rigid or flexible,
opaque or transparent, pointing to diverse applications in wearable technology, in personal
protection, or in industries such as automotive, aviation, production, and mining. We have
also demonstrated that these sensors can be calibrated for direct real-time concentration
readout, which is important for their practical use.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/chemosensors9120342/s1, Figure S1: Optical transmittance spectrum of graphene film;
Figure S2: Temperature stability during the measurements; Figure S3: Exponential fit to experimental
data; Table S1: Original data for ∆RS.
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Self-Assembled Transparent Graphene Films by Defect Patching and Doping with UV/Ozone Treatment. Appl. Surf. Sci. 2018,
458, 446–453. [CrossRef]

53. Petrucci, R.; Harwood, W.S.; Herring, G.F.; Madura, J.D. General Chemistry: Principles and Modern Applications, 9th ed.; Pearson
Prentice Hall: Upper Saddle River, NJ, USA, 2007; ISBN 9780131493308.
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