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Measuring relative humidity is important for a myriad of industries, including production,
agriculture, environmental monitoring, and medicine. Thin-film, fast-response sensors are
particularly interesting for wearable applications, such as monitoring breathing. We report on
humidity sensors made from graphene deposited as a thin film by the Langmuir—Blodgett (LB)
method from three types of graphene in solution. We demonstrate humidity sensing and
respiration monitoring from graphene made by bath sonication, probe sonication, and
electrochemical exfoliation. We characterize the morphology and chemical composition of the
three film types and compare their performance as sensors. We conclude that although all three
types can be used for sensing, they each have their particular advantages and drawbacks.

1. Introduction

Knowledge of relative humidity (RH) is of crucial importance for various industries such as
production, agriculture, environmental monitoring, and medicine.(? Standard materials used
for humidity sensing are based on metal and polymers;® however, insufficient transparency,
thermal stability, flexibility, and response speed (in tens of seconds) have motivated research on
other active materials for humidity sensing, especially in wearable applications.

Graphene has excellent mechanical and thermal stabilities, high transparency, and high
flexibility, making it suitable for implementation in sensors such as humidity sensors.-%
Graphene obtained by chemical vapor deposition (CVD) and liquid-phase exfoliation (LPE) has
been reported to have applications in humidity sensing and respiration monitoring, because
water vapor is present in human breath.0~% The goal of graphene sensor research in general is to
synthesize graphene films at a low cost while retaining the material’s basic characteristics and
achieving high reactivity to the sensed gas. One of the methods of synthesis is the formation of
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graphene dispersions, which are obtained by LPE using several techniques, such as ultrasonic
exfoliation, electrochemical exfoliation, ball milling, and high-shear mixing.” After obtaining
a dispersion, one needs to deposit graphene from the solution onto a substrate to obtain solid-
state graphene. For this purpose, Langmuir—Blodgett (LB) deposition, spin coating, or drop
casting is used.(!) Both the LPE and LB methods are economical and efficient for synthesizing
graphene films.(1?)

In this paper we demonstrate three types of graphene humidity sensors, where graphene
films were obtained from three types of LPE, with the LB method used to deposit graphene from
a dispersion onto a solid substrate. The graphene films were tested as active humidity sensors as
well as real-time respiration monitors. Their morphology and chemical composition were also
characterized. We demonstrate that although there are differences in the chemical composition
of the obtained graphene dispersions and in the morphology of the deposited films that
contribute to different sensitivities to humidity, all three types of graphene exhibit humidity-
sensing behavior, showing that LPE followed by the LB method is a robust approach for
fabricating graphene-based humidity sensors.

In our previous work, we demonstrated ultrafast humidity sensing with bath-exfoliated
graphene films.!3) The novelty of the current paper is a direct comparison of the sensor used in
our previous work with other types of LPE graphene sensors. This is also, to the best of our
knowledge, the first report of humidity sensing with commercially obtained electrochemically
exfoliated graphene. First reports on in-lab electrochemically exfoliated graphene as a humidity
sensor have appeared recently.(

2. Materials and Methods
2.1 Synthesis of graphene film

The first graphene dispersion was prepared by dispersing graphite powder (Sigma Aldrich,
product no. 332461), with a concentration of 18 mg/ml in N-methyl-2-pyrrolidone (NMP) (Sigma
Aldrich, product no. 328634). Such a dispersion was sonicated for 14 h in a low-power ultrasonic
bath. After sonication, the obtained dispersion was centrifuged for 60 min at 3000 rpm to
separate non-exfoliated graphite flakes, leaving only graphene flakes in the supernatant.(!>) The
second graphene dispersion was prepared using the same graphite powder with the same initial
graphite concentration in aqueous sodium dodecylbenzenesulfonate (SDBS) (Sigma Aldrich,
product no. 289957). This dispersion was sonicated for 6 h with an ultrasonic probe of 200 W
power. Sonication was performed for 1 h, after which the solution was centrifuged for 90 min at
5000 rpm, then the sonication was continued for 5 h. The obtained dispersion was centrifuged
for 90 min at 1500 rpm, whereby the non-exfoliated graphite flakes remained in the sediment
and the supernatant contained exfoliated graphene flakes. The water-based graphene dispersion
was transferred to NMP owing to its compatibility with LB deposition at an air/water interface.
(10,12,16) For the transfer process, a mixture of 1 ml graphene dispersion in 11 ml isopropyl
alcohol (IPA) was used. The mixture was centrifuged at 10000 rpm for 90 min to separate



Sensors and Materials, Vol. 34, No. 11 (2022) 3935

graphene flakes of all sizes in the sediment. The supernatant was removed, and 2 ml cuvettes
containing the sediment were refilled to the lines. The centrifugation step was repeated with the
same parameters. After centrifugation, the described process was repeated one more time, for a
total of three centrifugations. Instead of IPA, ~120 um of NMP was poured into the final
sediment, and all the dispersions were collected in one bottle. The third graphene dispersion was
commercially obtained from Sixonia Tech GmbH (G-DISP-NMP-CSO-2+, Dresden, Germany).
This dispersion was obtained by electrochemical exfoliation in NMP.

The three types of exfoliation have distinct advantages and disadvantages over each other. An
ultrasonic bath with low-power ultrasound (around 30 W) is compatible with any solvent that is
suitable for exfoliation, without the need to consider thermal stability. For instance, N-methyl-2-
pyrrolidone (NMP) can be used as a solvent in exfoliation, from which homogeneous films can
be directly deposited onto a liquid surface.(!”) Exfoliation with an ultrasonic probe, on the other
hand, is quick, powerful, and compatible with upscaling. Nevertheless, owing to the high power
of exfoliation of up to 400 W, only thermally stable solvents can be used in exfoliation. After
exfoliation, the graphene flakes must be transferred from the thermally stable solvent to one that
can be used for LB deposition. The third dispersion is a commercially obtained graphene
dispersion formed by electrochemical exfoliation. The advantage of using a commercial solution
is that it removes the need for exfoliating in the laboratory where film formation and subsequent
experiments are performed. However, the disadvantage is the lack of control over the exfoliation
process and the final chemical composition of the material.

The LB method was used to produce the films from the above-described dispersions, in
which a small amount, between 0.1 and 1 ml depending on the dispersion, of a graphene
dispersion was carefully dripped in deionized water (18 MQ/cm). The self-assembly of graphene
flakes at the surface of the water resulted in the formation of a graphene film. This film was
deposited on a suitable substrate.(!?) Figure 1 shows photographs of all three graphene films
deposited on a ceramic substrate with interdigitated gold electrodes (DropSens IDEAU200).

2.2 Characterization

To obtain the thickness of each graphene film without damaging the surface, UV-VIS
(Thermo Scientific, Evolution 60) measurement in transmittance mode was used. Graphene was
first assembled on transparent slides and the spectrum was recorded in the range from 300 to
700 nm with an emphasis on 660 nm, where the thickness was calculated from the optical
transmittance. To measure the size of the graphene flakes and more closely examine the
topography of the films, atomic force microscopy (AFM) was used with a scan area of 5 x 5
um?. For AFM, the films were deposited on a Si/SiO, substrate. Gwyddion software was used
for the analysis of AFM images. For a clear understanding of the sensor mechanism during the
interaction with humidity, namely, with water molecules, the chemical structure of graphene
must be well known; therefore, X-ray photoelectron spectroscopy (XPS) was used. The analysis
was performed with SPECS systems with an XP50M X-ray source for a Focus 500 X-ray
monochromator and a PHOIBOS 100/150 analyzer. An AlKa source of 1486.74 eV at 12.5 kV
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Fig. 1. (Color online) Photographs of films deposited from all three types of graphene dispersions on interdigitated
ceramic substrates with gold electrodes: (a) graphene from ultrasonic bath, (b) graphene from ultrasonic probe, and
(c) commercially available electrochemical graphene. The width and length of the graphene films are ~1 cm.

and 32 mA was used for this study. Survey spectra from binding energies of 0 to 1000 eV were
recorded with a constant pass energy of 40 eV, a step size of 0.5 eV, and a dwell time of 0.2 s in
the FAT mode. Detailed spectra for the C 1s peak were recorded with a pass energy of 20 eV, a
step size of 0.1 ¢V, and a dwell time of 2 s in the FAT mode. Spectra were collected with the
SpecsLab data analysis software and studied with the CasaXPS software package.

2.3 Humidity sensing

For humidity sensing and respiration monitoring, each of the three graphene films was
assembled on a commercially available ceramic substrate with interdigitated gold contacts
(Fig. 1). Such sensors were individually inserted in a custom-made chamber made of
polytetrafluoroethylene (PTFE). A reference sensor (Honeywell HIH-4000-001) was placed
next to the graphene sensor at a distance of ~2 cm. The humidity chamber was equipped with
several valves by which gases could be injected and vented. The sensor response to humidity
was monitored with a Keysight 34461a digital multimeter (DMM) in the two-terminal resistance
mode (Fig. 2). Before the start of the measurement, the chamber was dried with nitrogen (N,)
gas through one of the valves. The lowest RH was ~10%, after which water vapor was injected
through a second valve until RH reached a maximum of ~90%, upon which the injection of
water vapor was stopped and the chamber was again dried out with N, Three cycles of such
measurement were repeated. To establish the linearity of the sensor, a repeated stepwise increase
in RH was performed.
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Fig. 2. (Color online) Experimental setup used in this study.

2.4 Respiration monitoring

Respiration monitoring was conducted in a basic experiment under laboratory conditions
(temperature ~25 °C, room humidity ~50% RH). A graphene sensor was placed on a table while
a volunteer breathed on the sensor. The sensor responded with a change in resistance. The
volunteer breathed at three different paces: fast, normal, and slow.

3. Results and Discussion
3.1 Characterization

Figure 3 depicts the UV-VIS spectrum used to calculate the thickness of each graphene film.
The thickness was calculated from the optical transmittance of the film at a wavelength of
660 nm.® The graphene film obtained from the dispersion formed with the ultrasonic bath has a
transmittance of 77%. Given that one layer of graphene absorbs 2.3% of light at this wavelength,
this type of graphene has a thickness of ~3.45 nm (10 graphene layers).(!®) The transmittance of
the film made from commercial electrochemical graphene is 33%, which indicates a thickness of
~10 nm (29 graphene layers). These two graphene sensors were easily characterized owing to the
uniformity of the films [Figs. 1(a) and 1(c)]. The films made from graphene obtained by probe
sonication are heterogeneous with different thicknesses in different regions of the film [Fig. 1(b)
and inset of Fig. 3]. The transmittance of such a film is 83%, which corresponds to a thickness of
2.55 nm (7.5 graphene layers). Although this thickness was obtained across a large portion of the
film, there are also smaller thicker parts, which are visually comparable to the other two
graphene films.

Figure 4 shows AFM images from which the average lateral sizes of graphene flakes were
determined. Figures 4(a)—4(c) depict the surfaces of graphene obtained by bath sonication, probe
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Fig. 3. (Color online) UV-VIS characterization in transmittance mode, by which the thicknesses of the graphene
films measured. Insets: photographs of the characterized graphene films. The green, black, and red curves represent
the electrochemically exfoliated graphene, bath-sonicated, and probe-sonicated films, respectively.
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Fig. 4. (Color online) Sample characterization with AFM. Different nanoplatelet sizes are visible in the images: (a)

graphene from ultrasonic bath, (b) graphene from ultrasonic probe, and (c) commercially available electrochemical
graphene.
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sonication, and electrochemical exfoliation, respectively. Lateral sizes were determined by
manually measuring the sizes of five random flakes on each image and taking the average. AFM
images for graphene obtained by bath and probe sonications [Figs. 4(a) and 4(b)] are easy to
interpret, because the flakes are small and have little overlap. Electrochemically exfoliated
graphene yields flakes that are larger and have significant overlap; thus, in Fig. 4(c), we show the
flakes that we measured, with numbered arrows that correlate with the flake sizes indicated in
Table 1. In Table 1, we also provide the average flake sizes for the three exfoliation conditions.
Bath sonication yielded an average size of 147 nm, in agreement with the values reported
earlier.!®) For comparison, probe sonication yielded flakes that are on average larger (444 nm)
but also have a wider size distribution. Electrochemical exfoliation produced the largest flakes,
with lateral sizes above 600 nm and reaching ~1500 nm.

Figure 5 illustrates the chemical properties of each graphene film obtained via surveys of
XPS spectra. Roughly, all three spectra have similar characteristics but with slight differences.

Table 1
Summary of randomly selected results measured by AFM, extracted from Fig. 4.

Average size

Ry (nm) R (nm) R3 (nm) R4 (nm) Rs (nm) (nm)
Ultrasonic bath 165 117 87 238 126 147
Ultrasonic probe 736 185 287 412 600 444
Commercial 1513 1229 847 652 1020 1052
electrochemical
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Fig. 5. (Color online) Survey XPS spectra of each graphene: (a) graphene from ultrasonic bath, (b) graphene from
ultrasonic probe, and (c) commercially available electrochemical graphene.
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All of them show the presence of C, O, and Si (from the substrate) as expected, while in Fig. 5(b),
a small peak, which originates from nitrogen appears at approximately 400 eV. The deconvoluted
XPS spectrum for C 1s, corresponding to graphene obtained from the ultrasonic bath, has two
peaks at 284.9 and 285.2 eV, which correspond to sp> and sp? hybridizations, respectively, and
another peak at 286.4 eV, which corresponds to the C—O bond [Fig. 6(a)].!” Graphene obtained
from the ultrasonic probe has slight shifts of 0.6 and 0.3 eV for the peaks for sp* and sp?
hybridizations, respectively, relative to graphene from the ultrasonic bath, where the C—C bond
is located at 284.3 eV and the C=C bond is at 285.5 eV with a O—C=0 functional group at 288.8
eV [Fig. 6(b)].2% This shift can be attributed to different levels of oxidation between the two
films. Figure 6(c) represents C 1s peaks for the electrochemically exfoliated graphene. The C—C
bond is at 284.5 eV and the C=C bond is at 285.2 eV, while the peak corresponding to the C—O
bond is located at 287.1 eV. Figure 6 indicates that the film obtained from graphene exfoliated in
an ultrasonic bath has the lowest oxidation. Both the graphene from the ultrasonic probe and the
electrochemically exfoliated graphene have higher intensity peaks related to the oxygen bond
than graphene from the ultrasonic bath. Their peaks are of similar intensity but with different
bond types, as indicated by the 1.7 eV shift in peak position between them. Graphene obtained

(a) C1s (b) C1s
3 284.3 eV sp® C-C
284.9 eV sp” C-C
\ 285.5 eV sp? C=C /

5 35 N\
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Fig. 6. (Color online) Deconvoluted XPS peaks for Cls for (a) graphene from ultrasonic bath, (b) graphene from
ultrasonic probe, and (c) commercially available electrochemical graphene.
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from the ultrasonic probe shows a stronger oxidation than graphene from the ultrasonic bath and
electrochemically exfoliated graphene, which is distinguished by having an O—C=0 group
instead of a simple C—O bond, as a result of a complex synthesis process in which several
solvents are exchanged.

3.2 Humidity sensing

Figure 7 shows the response of the graphene-based sensors to changes in humidity. The
output of the graphene-based sensors was measured in parallel to the output of a reference
sensor, which provides the exact RH in the chamber (pink line in Fig. 7). For the starting point, a
minimum of ~10% RH was established, and then the humidity was increased to a maximum of
~90% RH in the chamber. The maximum RH was chosen on the basis of the saturation point of
the particular graphene sensor, beyond which the resistance did not change significantly. The
saturation point for all three sensors occurred at around 90% RH. After reaching the maximum
RH, the chamber was cleared out with a blast of nitrogen, which produced a rapid decrease in
RH. These steps were repeated in three cycles. All three types of liquid-phase-exfoliated
graphene were distinguished by a stable baseline and repeatability. Graphene obtained by bath
sonication yielded sensors with the largest baseline drift due to chemisorption [Fig. 7 (a)].
Graphene obtained by probe sonication had the highest inhomogeneity, yielding sensors with the
largest noise, as seen in Fig. 7(b). However, the assembled film was ~2.2 nm thick, making it the
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Fig. 7. (Color online) Response over time of graphene sensors to humidity with reference to commercial humidity
sensor (Honeywell HIH-4000-001), measured in three cycles from ~10% to ~90% RH: (a) graphene sensor obtained
with the ultrasonic bath, (b) graphene sensor obtained with an ultrasonic probe, and (c) sensor fabricated from
electrochemically synthesized graphene. In (b), the data has been smoothed for clarity.
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thinnest among the three films. Figure 7(c) shows the results obtained from commercially
available electrochemically exfoliated graphene. This film had the lowest resistance among the
three films, starting at a value below 200 Q, which is a result of a thickness of ~10 nm. A
comparison of the sensitivities of the three different sensors is given in Table 2.

The sensitivity (S) of a chemiresistive gas sensor is given as

AR
§=100-——, Q)
Ry

where R is the initial resistance and AR is the difference between the given resistance and the
initial resistance. The most interesting RH range is between 30 and 80%, corresponding to the
naturally occurring range of values. Table 2 shows the average sensitivity of each type of
graphene sensor in this target range. The average sensitivities are 1% for graphene obtained with
an ultrasonic probe, 2.4% for graphene obtained with an ultrasonic bath, and 13.4% for the
commercially available electrochemical graphene. The obtained average sensitivity across the
RH range is correlated with the graphene thickness, where the thinnest graphene film has the
lowest sensitivity and the thickest film has the highest sensitivity. For a clearer view of the
graphene sensor performance, a comparison was pursued with the data obtained with different
graphene sensor types. Single- and double-layer CVD graphene films show sensitivities of 0.31
and 0.2% respectively, while the thinnest graphene film that comes from an ultrasonic probe has
a sensitivity of 1%.©2D Electrospray-printed graphene shows a sensitivity up to ~20%, which is
higher than that shown in this paper; however, the resistance for such graphene is near 200 kQ,
which is higher than that shown in this paper.(7)

Figure 8 shows the response of each graphene sensor over several cycles of increasing RH in
a stepwise manner. The original baseline drift was corrected by linear subtraction to observe the
results better. The apparent response and recovery times that could be inferred from these
graphs are actually a measure of the chamber filling and purging times, and hence do not
represent the response times of the graphene sensor, which are orders of magnitude smaller than
the chamber response times. Figure 8(d) depicts the linearity of the relative change in resistance
(S) as a function of RH at the maximum value. For a clear view of the linearity, the Pearson
correlation coefficient (r) was calculated. The correlation coefficients of the graphene sensors
from the ultrasonic bath, ultrasonic probe, and electrochemically exfoliated graphene are » =
0.97653, 0.99129, and 0.99289, respectively. All three sensors have linear behavior with high
Pearson correlation coefficient.

Table 2
Percentage change of resistance for each graphene sensor in the range 30—-80% for each cycle (ascending path) and
average sensitivity. Results taken from Fig. 7.

Cycle 1 (%) Cycle2 (%) Cycle3 (%) Average (%)

Ultrasonic bath 2.6 2.2 2.5 2.4
Ultrasonic probe 1 1 0.9 1
Commercial 14 14 12.3 134

electrochemical
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Fig. 8.  (Color online) Graphene senor response over time to rapid stepwise increase in RH: (a) sensor output from
graphene obtained from an ultrasonic bath, (b) sensor output from graphene obtained with an ultrasonic probe, (c)
sensor output from electrochemically synthesized graphene, and (d) peak response as a function of RH for all three
graphene sensors. In (b), the data has been smoothed for clarity.

3.3 Respiration monitoring

Ultrafast graphene-based humidity sensors, in addition to determining the static RH, can be
used to monitor human inhalation and exhalation, namely, respiration. Figure 9 depicts the
results of breathing on each type of graphene sensor at fast, normal, and slow paces. Graphene
sensors were placed on a table, and a volunteer exhaled and inhaled directly on each sensor in
three cycles at each of the breathing paces. For fast breathing, it can be seen that there is a sharp
peak, after which the output returns to the baseline. The signal output for normal breathing is
distinguished by plateaus of ~2, ~8, and ~8 s for graphene from the ultrasonic bath, graphene
from the ultrasonic probe, and electrochemically exfoliated graphene, respectively. The
distinguished plateaus for slow breathing are ~4, ~14, and ~22 s for the three types of graphene,
respectively (Fig. 9). All three graphene sensor types show similar trends at different respiration
rates, with different time intervals for the plateaus, which are related to the thickness and
topography of the individual graphene materials. The usefulness of such sensors for respiration
monitoring lies in their practicality of use in a basic experiment, i.e., the sensor is placed on a
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Fig. 9. (Color online) Sensor response over time while monitoring fast, normal, and slow respirations for each
graphene sensor: (a) graphene from ultrasonic bath, (b) graphene from ultrasonic probe, and (c) commercially
obtained electrochemical graphene.

desk and the volunteer simply takes breaths, directly breathing on the sensor without wearing a
mask, showing potential for further applications. The sensitivity is high at values up to ~40% for
the commercially obtained graphene.

4. Discussion

The process of obtaining graphene significantly affects the sensor performance owing to
differences in film homogeneity, thickness, and functional group, all of which may affect the
interaction of the film with water molecules in humid air. There is an evident inverse correlation
between the measured film resistance and sensitivity to changes in humidity. The sensor with
the lowest resistance has the highest sensitivity, and the sensor with the highest resistance has
the lowest sensitivity. Higher resistance stems from the inhomogeneity of some of the films,
which consist of islands of materials that do not cover the full sensor area, particularly our films
made from probe-sonicated graphene. Since for such films the area covered by graphene is
smaller than in the other two cases, the total volume reactive to gas is also smaller, resulting in
lower sensitivity. The film made from bath-sonicated graphene is continuous and thinner than
that made from electrochemically exfoliated graphene (EEG), but it also consists of smaller
flakes (Fig. 3). Although it would be reasonable to expect that a film consisting of smaller flakes
is more reactive to gases than that consisting of larger flakes because the former contains a
higher density of reactive edge sites,1222% that made from EEG is more reactive than that
made from bath-sonicated graphene. The likely reason for the higher sensitivity is the larger film
thickness, which translates to a larger total reaction volume. Thus, in future work on thin-film
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gas sensors made from liquid-phase-exfoliated graphene, care should be taken about the trade-
off between flake size (edge density) and film thickness (total reactive volume).

5. Conclusion

In this paper, we presented a comparison of three types of graphene humidity sensors, with
appropriate characterization that aids in understanding the obtained results. All graphene films
were obtained by LPE but exfoliated with different methods, which implies that the obtained
graphene films have different characteristics, with different films utilized depending on the
application. In contrast to traditional humidity sensors, which have slow response times,
graphene-based sensors are fast enough for dynamic applications such as respiration monitoring.
We have demonstrated that, regardless of the exfoliation method used, films made from liquid-
phase-exfoliated graphene and deposited by LB assembly are robust and useful for sensor
applications.
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