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ABSTRACT: A relative humidity sensor was produced by carbon laser patterning
of a carbon precursor ink on a ﬂexible substrate. Citric acid and urea, both
inexpensive and naturally abundant molecules, are used as initial precursors to
obtain a porous carbon foam after CO2 laser irradiation. The laser-patterned
material is characterized by electron microscopy, Raman spectroscopy, and vertical
scanning interferometry. An intrinsic p-type semiconducting behavior was
conﬁrmed by thermoelectric and Hall measurements. The resistance of this
porous, metal-free material is sensitive to atmospheric variations, namely,
temperature and relative humidity (≈5 Ω·%). Under dry atmosphere, the sensor
acts as a thermometer with a linear relationship between temperature and relative
variation of resistance (0.07%·K−1). The evolution of the sensor resistance at diﬀerent relative humidities and temperatures is studied
by electrical impedance measurements. The kinetic transitory regime of water desorption from the carbonaceous surface of the
sensor is analyzed using Langmuir’s model. The equilibrium constant of adsorption Kads has been determined, and the standard
enthalpy of adsorption of water on the sensor surface is estimated at ΔadsH° = −42.6 kJ·mol−1. The simple and inexpensive
production and its high, stable sensitivity make laser-patterned carbon interesting for humidity sensing applications, and the method
allows for the large-scale production of printed sensor arrays.
KEYWORDS: humidity sensor, carbon laser patterning, laser carbonization, carbon semiconductor, laser-induced graphene, sensing

■

INTRODUCTION
The development of new lab-on-a-chip sensors is essential to
move toward miniaturization of devices, realization of sensor
arrays, and their applications for on-site analysis.1 Various
ﬁelds could beneﬁt from such progress, especially public
health, with the sensing of volatile organic compounds or
biomolecules for disease diagnosis.2−4 Such future sensors have
to be inexpensive, easily producible, simple to integrate into a
device, and based on ecologically sustainable precursors. The
ﬂexibility is another desired characteristic, which can assure a
larger versatility of use of these lab-on-a-chip sensors.5
In terms of humidity sensing, the most common commercial
materials used today are based on metal oxides or porous
silicon.6 To reach the above-mentioned speciﬁcations of a
sensor, however, metal-free materials and, in particular,
conductive carbon materials are prime candidates.7 In recent
years, carbon materials, such as graphene and carbon
nanotubes, were subject to detailed investigations as active
materials for humidity sensing.8,9 Their high electronic
mobility at room temperature and small dimensions make
graphenes, carbon nanotubes, and their derivatives extremely
sensitive to molecules present in their environment.10,11
Advantages in terms of simple production, miniaturization,
eco-friendliness, and economical fairness were targeted. The
carbon nanoallotropes served as excellent test beds for
© 2020 American Chemical Society

mechanistic studies; however, their real-world application is
still impeded by the tedious production and resulting high
costs. Here, use of bio-based carbon provides a signiﬁcant
advantage in terms of production costs. 12 Moreover,
production techniques for realizing sensor array arrangements
are in demand, as these help to reduce measurement errors,
cross-interference, and the issue of normalization.13,14
In the past years, printed carbon foams have been shown to
be very promising as sensors due to their high speciﬁc surface
area.15,16 A hurdle to the development of new devices is the
diﬃculty to process and integrate such carbon foams into
electronic circuits. High-temperature treatments in ovens and
puriﬁcation steps with hazardous solution are often used
during their syntheses.17 Within the last decade, a simple
processing technique for carbon foams has been developed:
direct laser writing of carbons, also referred to as laser-induced
carbons.18−20 In general, this strategy of laser fabrication has
many advantages such as on-spot production, low energy
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Figure 1. (A) Digital micrograph of the sensor platform obtained by laser patterning with the programmed laser pattern overlaid (red); (B) vertical
scanning interferometry of the selected part of the digital micrograph; (C) height proﬁle of the sensor platform on a line perpendicular to the laser
pattern; (D) scanning electron micrograph of the sensor; and (E) sensor in the atmospheric chamber with gas inlet and outlet to control the
relative humidity.

resistance with temperature is thoroughly studied, followed by
systematic testing of the change of resistance under diﬀerent
atmospheric conditions, namely, temperature and relative
humidity. Finally, the interaction between water molecules
and the sensor surface was characterized by calculating the
thermodynamic constants of adsorption equilibrium and the
standard enthalpy of adsorption of gaseous H2O on the surface
of the sensor. These results can be used to calibrate the sensor
platform for quick quantitative on-spot measurements.

consumption, and high precision. Furthermore, laser patterning is compatible with roll-to-roll techniques, which allow a
scalable production of such devices, and allows for the
production of array patterns.20,21
Typical precursors of laser-patterned carbon foams are
graphene oxide (GO) or polyimide (PI)22 and also other
precursors like phenolic resin,23 paperboard,24 wood,25 coconut,26 and lignin27 have been studied. Recently, an alternative
route to obtain laser-patterned carbon from molecule-based
inks was introduced.28−31 Carbon-rich nanoparticles were
synthesized via thermal treatment of organic molecules.32
These particles act as a carbon network forming agent (CNFA)
in an ink, which is used to make ﬁlms on various substrates.
Laser patterning of the carbonaceous precursor ﬁlm leads to a
porous foam of carbon, while the unexposed ﬁlm is simply
rinsed oﬀ the substrate. A major advantage of this technique is
the possibility to directly print carbon foams on any chosen
substrate from rigid conductive silicon to ﬂexible insulator
plastic, which is fundamental for the production of future
sensor arrays.32 Moreover, nitrogen functionalities are easily
incorporated into porous carbon networks to provide additional binding sites for polar gases.
In this work, we used laser patterning of our in-housedeveloped carbon precursor ink to design a relative humidity
sensor. Laser patterning of chemiresistors made of carbon foam
is realized over a small area (2.5 mm2) on a ﬂexible
poly(ethylene terephthalate) (PET) substrate. First, the sensor
platform is characterized by electron microscopy and Raman
spectroscopy. Their intrinsic electronic properties, such as
carrier density and mobility, are determined using thermoelectric and Hall measurements. The variation of sensor

■

RESULTS AND DISCUSSION
Materials Characterization. The use of carbon-rich
particles as precursors for laser-induced carbonization to
obtain porous carbon foams was discussed in a previous
study.32 Brieﬂy, citric acid and urea are precarbonized in an
oven at 300 °C for 2 h under an inert atmosphere. A black
powder (CAU300) composed of carbon-rich particles and
molecular side products was obtained. To eliminate the side
products, the solid mixture was thoroughly washed in hot H2O
(see the Experimental Section). The dry product from the
washing process, referred to as CAU300p, was used as the
carbon network forming agent (CNFA).
The transmission electron microscopy image of CAU300p in
Figure S1B shows aggregated carbonaceous particles of
diameters between 50 and 200 nm. A peak at 2Θ = 27.4°
(Cu Kα) in the X-ray diﬀraction pattern is characteristic of the
presence of graphitic layers (Figure S1A).
The ink used for laser patterning is composed of 48 wt %
CAU300p (CNFA), 44 wt % ethylene glycol (solvent), and 8
wt % of polyvinylpyrrolidone (ﬁlm forming agent (FFA)).
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Despite the high carrier density of 7.7 × 1019 cm−3, the
material shows low mobilities of 0.12 cm2·(V·s)−1. This is in
line with the presence of a large number of defects and sp3
carbon concluded from the Raman and XPS data. Similar
observations have been noted for graphene where defects
introduced during the nitrogen doping process are recognized
to function as scattering centers that hinder the electron/hole
transport.38,39 The reproducibility of these data was veriﬁed in
several samples. For example, an average conductivity of 1.74
± 0.29 S cm−1 was obtained for 30 sensor platforms.
To test the principle sensing properties of the laserpatterned carbon, the resistivity of the platform was measured
upon variation of temperature and humidity. To this end, the
platform was placed in a chamber (Figure 1E), where its
resistance was monitored by measuring the electrical
impedance. Two electrodes separated by 5 mm ensured the
electrical contact through the windows of this chamber. The
relative humidity inside this chamber was controlled by a
humidity generator with a ﬂow of 1.3 L·min−1. The volume of
the chamber is ∼0.1 L, ensuring that a complete change of the
atmosphere is achieved in about 5 s. This system was
contained and thermalized in an environmental chamber so
that the relative humidity and the temperature of the sensor
can be varied independently.
Resistance in Dependence of Temperature. Before
changing the relative humidity inside the chamber, the
resistance of the sensor was studied as a function of
temperature at a constant humidity (Figure 2). To this end,

Films of thickness between 20 and 30 μm (manual digital
micrometer measurement) were prepared by doctor blading on
PET foil, and ethylene glycol was evaporated after 10 min at 80
°C.
The sensor platform was laser-patterned into the ﬁlm to
obtain laser-patterned carbon (LPC). To maximize the contact
area with the atmosphere, the pattern is composed of ﬁve
parallel lines of 5 mm length distributed on 0.5 mm width. The
sensor has a geometric area of 2.5 mm2 (Figure 1A). At both
ends of these line assemblies, three concentric circles were
printed to ensure good electrical contact to the electrodes for
impedance measurements. The nonprinted ink around the
laser pattern was rinsed oﬀ with distilled water, and the sensor
platform was dried under airﬂow.
After laser irradiation, the Raman spectrum of the LPC
(Figure S2) shows a characteristic pattern of a turbostratic
graphitic material: D and G vibration bands localized at 1337
and 1565 cm−1 and the G′ band localized at 2665 cm−1 with a
full width at half-maximum of 84 cm−1.33 This pattern, in
particular, the pronounced D and D′ bands, indicates the
presence of large amounts of defects in the graphitic lattice.
The appearance of a semicrystalline porous structure is
conﬁrmed by transmission electron microscopy (Figure
S2B). The morphology of the LPC sensor platform, probed
by vertical scanning interferometry (Figure 1B,C), shows high
roughness with a mean height of approximately 30 μm (Figure
S3). A more detailed overview image of the LPC sensor
platform is given in the scanning electron micrograph in Figure
1D, which shows that the LPC has a foam-like porous
morphology. The presence of micropores (Figure 1D) and
mesopores (Figure S2B) indicates a high surface area. The
methylene blue adsorption method (Experimental Section) is
well suited to determine the surface area of small quantities
(∼0.1 mg) of carbonaceous samples. A surface area around
238 m2·g−1 was determined for the sensor material with
reference to activated carbon (1269 m2·g−1), which is a
prerequisite for good sensing properties. The elemental
composition was analyzed by combustion analysis of the
collected laser-patterned material. The composition of 68% C,
13% N, 2% H, and 16% O demonstrates the heterogeneity of
the sensor material in the bulk. The same composition (72%
carbon, 13% nitrogen, and 14% oxygen), is also reﬂected in the
results of the powder XPS analysis shown in Figure S4. The ﬁts
of the XPS data reveal that the majority of the carbon in the
LPC is sp2-hybridized (57%) and ∼18% of the carbon is sp3hybridized. Therefore, we describe the morphology of the LPC
as rather amorphous or semicrystalline. The nitrogen is
predominantly incorporated in the form of pyridinic/pyrrolic
or graphitic nitrogen.34,35 Notably, the bulk composition shows
a strong deviation from the surface composition of 97% C and
3% O measured by energy-dispersive X-ray analysis (EDX),
which is due to the top-to-bottom energy input by the laser.
To obtain insights into the fundamental electronic properties of LPC ﬁlms, thermoelectric and Hall eﬀect measurements
were carried out. Both experiments yielded positive values of
Seebeck and Hall coeﬃcients (Figure S5), indicating an
intrinsic p-type character of the material. Notably, the values of
both factors are relatively small, that is, +2.3 ± 0.5 μV·K−1 and
+0.099 ± 0.043 cm3·C−1 for Seebeck and Hall coeﬃcients,
respectively. Such small positive Seebeck and Hall coeﬃcients
are not uncommon even for highly nitrogen-doped graphite or
graphene materials due to unintentional doping with environmental water and oxygen molecules at room temperature.36,37

Figure 2. Relative variation of resistance in the temperature range
between 20 and 100 °C. The linear regression (red) is in good
agreement (r2 = 0.9967) with the experimental data.

a commercial humidity generator was used, in which dry and
moisture-saturated airstreams are mixed via speciﬁcally
designed humidity-resistant mass ﬂow controllers. Dry air
was ﬂushed into the chamber, while the temperature inside the
chamber was increased from 20 to 100 °C in steps of 10 °C.
After reaching thermal equilibrium, the resistance of the sensor
was measured. The frequency and the current amplitude of the
electrical impedance measurements were ﬁxed at 1000 Hz and
0.05 mA, respectively, for every measurement. The relative
variation of the resistance is deﬁned by eq 1, where R20 and RT
are the resistance values at 20 °C and the tested temperature T,
respectively
R − R 20
ΔR 20 = 100* T
R 20
(1)
The resistance−temperature relationship exhibits a decrease of
resistance with increasing temperature. Although the commonly applied models follow an ∝e1/T dependence for
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thermally activated transport in a semiconductor,40−42 the
weak temperature dependence suggests that it would be
diﬃcult to distinguish between these models for this material
system over the tested temperature regime. However, the
observed linear trend allows simple calibration of the
temperature-dependent resistance of our humidity sensor.
The relative resistance decrease of 0.07% per Kelvin (K)
corresponds to an absolute variation of approximately 2 Ω·K−1.
Similar behavior is observed in other conductive organic
materials such as single-walled carbon nanotubes or conducting polymers.42 The variation of resistance as a function of
relative humidity in the following part is realized at constant
temperatures.
Resistance in Dependence of Relative Humidity. As a
ﬁrst experiment to study the variation of resistance with
changes in relative humidity (RH), the sensor temperature was
ﬁxed at 40 °C. The resistance was monitored during cycles
between dry air and air with a relative humidity of 70% in the
sensor chamber (Figure 3). The cycles of humid air were

Article

To study the environmental sensitivity of the sensor
platform in depth, experiments were performed by varying
the relative humidity and temperature (Figure 4). In a typical
experiment, 10 min cycles between dry air and diﬀerent
relative humidities (RH = 30−100%) at ﬁxed temperatures
(10, 20, 30, and 40 °C) were run.50 At 30 and 40 °C, 10 min of
desorption was enough to reach equilibrium, but at 10 and 20
°C, 20 min of desorption is necessary. Adsorption was
observed to be much faster than desorption on the sensor:
the resistance reached its equilibrium value faster during the
water adsorption, leading to quasi-squared shape curves.
At each temperature, the relative variation of resistance ΔR
is calculated as a function of relative humidity (Figure 5) using
eq 2, where R(%RH, T) is the sensor resistance in an
atmosphere at temperature T containing a given percentage of
relative humidity
ΔR(%RH, T ) =

R(0, T ) − R(%RH, T )
R(0, T )

(2)

For a given temperature, the variation of resistance with
relative humidity has a classic shape of an isotherm curve.
These calibration curves allow us to use the sensor as a
hygrometer at a given temperature. The sensitivity S in (Ω·%)
of the sensor is deﬁned as the variation of resistance for a 1%
variation of the relative humidity. This sensitivity depends on
the operating temperature of the sensor and on the relative
humidity and is given by eq 3
S=

ΔR(%RH + 10, T ) − ΔR(%RH, T )
10

(3)

The diﬀerent values of sensitivity are listed in Table 1. These
sensitivity values are in the same range as other carbon-based
materials, such as graphene, graphene oxide, etc., reported in
the literature.51
Calculation of Thermodynamics Constants: Langmuir’s Model. To access the thermodynamic constants, we
decided to model the kinetic transitory regime using
Langmuir’s model to describe the interaction between water
molecules and the sensor surface. The hypotheses of this
model are the following: a simple monolayer of adsorbed
molecules without interaction between each other is present at
the sensor surface in equilibrium with gaseous molecules.
Although multilayer adsorption or island formation cannot be
ruled out, we did not see any indications for processes besides
single-layer adsorption, and the ﬁtting based on Langmuir’s
model yielded high accuracies. The equilibrium constant of
adsorption Kads is deﬁned as the ratio between the rate
constants of adsorption kA and desorption kD. At a given
temperature, the fraction of occupied sites on the sensor
surface is named θ. The variation of θ is given by eq 4, where
PH2O is the partial pressure of water in the gas phase

Figure 3. Variation of resistance during cycles between dry air and air
with a relative humidity of 70% at 40 °C. The resistance values in the
red squares (50 s intervals) are used to calculate the equilibrium
average resistances ⟨R0⟩ and ⟨R70⟩ under relative humidities of 0 and
70%, respectively.

chosen to be shorter (5 min) than those of dry air (10 min),
because the equilibrium is reached slower for desorption than
adsorption onto the sensing platform, suggesting a moderate
hydrophilicity of the material. The resistance decreases in the
presence of gaseous water in the chamber, consistent with
previous observations of conductivity increase in the presence
of water vapor in diﬀerent carbonaceous materials like carbon
nanotubes,43 carbonized bamboo,44 carbon quantum dots,45
N-doped carbon sphere,46 and graphene oxide.47 Such an
increase could be explained by two phenomena: charge transfer
from the water molecules to the carbon materials, increasing
the number of charge carriers,43 or the occurrence of ionic
conductivity in the water-ﬁlled pores of the materials for high
humidity.48 Here, we postulate the presence of nitrogen and
oxygen functional groups in the sensor material (13 wt %) as
polar binding sites for the adsorption of water molecules on
the sensor surface even at a relatively low relatively humidity.49
Despite the lack of heteroatoms on top of the material, its
porous nature allows for the penetration of gases in the
environment to penetrate deep into the material and interact
with functionalities. To ensure reproducible data treatment, an
average of resistance values at the equilibrium was taken during
the 50 s before a change in relative humidity for all of the
cycles (red squares in Figure 3).

ij dθ yz
jj zz = kA*PH2O*(1 − θ ) − kD*θ
k dt { T

(4)

The expression of θ is given by solving the preceding equation,
with M as a constant
θ(t ) = M *e−(kA * PH2O+ kD) * t + kA*PH2O

(5)

Furthermore, we observe a change in resistivity when water is
adsorbed on the surface of the sensor. The last hypothesis
consists of the proportionality between the resistance R(t), or
4149
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Figure 4. Variation of the sensor resistance during cycles of 10 min between dry air and diﬀerent relative humidities at diﬀerent temperatures. For
each dataset, the relative humidity increases by 10% steps from 30 to 100% in steps of 10% (at 10 °C: from 40 to 100%). At 10 and 20 °C, the
desorption cycles are 20 min long to completely reach the equilibrium.

θ(t ) = α*R′(t )

(7)

An example of the transitory regime of the corrected
resistance R′ during desorption is given in Figure 6 (black

Figure 5. Relative variation of resistance ΔR with relative humidity at
10 (black squares), 20 (red circles), 30 (blue triangles), and 40 °C
(green triangles).

Table 1. Sensitivity S (in Ω·%) of the Sensor at Diﬀerent
Temperatures for Diﬀerent Intervals of Relative Humidity
(%RH)
%RH

10 °C

20 °C

30 °C

40 °C

30−40
40−50
50−60
60−70
70−80
80−90
90−100

0.39
3.15
2.91
9.84
4.51
5.29

6.00
3.23
4.37
3.98
11.50
11.51
6.11

3.81
1.75
2.24
3.18
5.63
21.86
15.22

4.89
4.72
2.30
3.90
0.66
7.81
23.75

Figure 6. Kinetic transitory regime of the corrected resistance R′
between two equilibrium states (black). At t = 0 s, the sensor is in
equilibrium in an atmosphere with 80% relative humidity and the
chamber is ﬂushed with dry air. The temperature is ﬁxed at 40 °C
during the entire experiment. The black curve was ﬁtted based on the
Langmuir model (red).

curve). At the beginning of the experiment, the sensor is in
equilibrium at an atmosphere of RH = 80% and T = 40 °C. At t
= 0 s, the chamber is ﬂushed with dry air, which causes the
desorption of water molecules from the sensor surface. The
resistance increases to reach a new equilibrium value in dry
atmosphere. The corrected resistance R′ is modeled (red
curve) with an exponential law according to eq 5. The rate
constants kA and kD were determined from the model
parameters to calculate the equilibrium constant Kads. All of
the desorption curves at diﬀerent relative humidities and
diﬀerent temperatures from Figure 4 were modeled by this
approach. All values of ﬁtted parameters and rate constants are

more precisely, the corrected resistance R′(t) deﬁned in eq 6,
and the fraction of occupied sites by water on the surface. The
proportionality coeﬃcient between R′ and θ is named α (eq
7).
R′(t )%RH,T = R(t )T − R(%RH)T

(6)
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available in Tables S1−S8. Notably, the response time of ∼100
s is on the order of typical carbon-based materials but still
rather slow compared to other materials, such as, e.g.,
Mxenes.52−54
The evolution of the equilibrium constant Kads for diﬀerent
relative humidities at 10, 20, 30, and 40 °C is represented in
Figure 7. For all of the tested atmospheric conditions, Kads < 1,

Article

A resistive humidity sensor has been fabricated using carbon
laser patterning on a ﬂexible substrate (PET) of our in-house
developed carbon precursor ink. After laser irradiation,
electronic microscopy (SEM and TEM), vertical scanning
interferometry, Raman spectroscopy, and X-ray photoelectron
spectroscopy show a porous foam-like morphology consisting
of heteroatom-rich turbostratic graphitic carbon. This metalfree porous structure is conductive and shows semiconductorlike behavior with low positive Hall and Seebeck coeﬃcients
typically observed for carbon materials. All of these features
entail temperature- and environment-dependent resistivity,
making laser-patterned carbon suitable as a sensor platform.
A signiﬁcant change in relative resistance of this small-scale
sensor upon changing the relative humidity was measured with
a high sensitivity between 1 and 10 Ω·%RH−1 depending on
temperature and relative humidity. The sensor is usable under
classical atmospheric conditions between 10 and 40 °C and in
a broad range of relative humidity from 30 to 100%. Finally,
the kinetic transitory regime of water desorption has been
studied at diﬀerent temperatures and relative humidities. The
equilibrium between gaseous and adsorbed water molecules is
described with a simple Langmuir model, and equilibrium
constants were calculated under diﬀerent atmospheric
conditions. The standard enthalpy of adsorption of water on
the sensor carbonaceous surface is estimated at 42.6 kJ mol−1.
Selective incorporation of Schottky junctions into the materials
to improve the charge transfer kinetics and reduce the sensor
dimensions is currently under investigation.

Figure 7. (A) Evolution of equilibrium constants Kads with relative
humidity at diﬀerent temperatures. (B) Plot of the logarithm of Kads as
a function of temperature at diﬀerent relative humidities to determine
the standard enthalpy of adsorption ΔadsH.

Chemicals and Substrate. Citric acid (99.5% for analysis) and
urea (certiﬁed AR for analysis) were obtained from Fisher Scientiﬁc
GmbH. Ethylene glycol (≥99.7%, AnalaR Normapur) was obtained
from VWR Chemicals. Polyvinylpyrrolidone (average mol. wt,
10 000) was obtained from Sigma-Aldrich. Melinex sheets (PET
substrates, d = 175 μm) were obtained from Plano GmbH and used as
received.
Synthesis of the Carbon Network Forming Agent. Citric acid
(2.5 g) and urea (2.5 g) were dissolved in 10 mL of distilled water in a
crucible. The water was evaporated under vacuum to obtain a
homogeneous mixture of solid citric acid and urea. The crucible was
then heated to 300 °C under nitrogen for 2 h (1h30 ramp time to
reach 300 °C) to obtain a black solid. This black solid was ground to a
ﬁne powder, dispersed in water, and stirred at 95 °C for 4 h. The
supernatant was removed by centrifugation. The washing process was
repeated four times to fully remove free molecular species. The
remaining black solid was dried under vacuum.
Ink and Film Preparation. A 200 g·L−1 solution of PVP (wt
10 000) in ethylene glycol was prepared. This solution (200 μL) and
CAU300 (200 mg) were mixed in a 4 mL vial and stirred for at least 1
h to obtain a homogeneous black slurry. A homogeneous ﬁlm of this
ink was prepared by doctor blading on PET, and the ethylene glycol
was evaporated at 80 °C on a hot plate.
Laser Patterning of the Sensor. Laser irradiation was realized
with a Trotec Speedy 100 printer equipped with a 60 W CO2 laser
(10.6 μm wavelength). The laser was operated at 1 W and 17.6 mm
s−1 in a pulsed mode at 1000 Hz. These settings correspond to a
ﬂuence of 0.567 J cm−1. A typical resistive sensor platform was
prepared as ﬁve 5 mm long lines separated by 0.1 mm and three
concentric circles (0.3, 0.5, and 0.7 mm diameter) at both ends of the
lines to ensure electric contact with silver ink (Figure 1A).
Combustion analysis of the laser-patterned material was performed
by removing the laser-patterned material from the substrate and
subsequent washing in basic H2O.

explaining why desorption is slower than adsorption (Figure 4,
in particular, for 10 and 20 °C). For atmospheres containing
more than 70% of relative humidity, the equilibrium constant
tends toward a constant value diﬀerent for every temperature.
This evolution suggests that the sensor surface begins to be
saturated with H2O and the adsorption is slowing down. At a
constant relative humidity, Kads decreases with temperature.
This eﬀect is well known and generally used to clean catalyst
surfaces with high-temperature treatments.
Finally, it is possible to determine the standard enthalpy of
water adsorption on the sensor surface according to the Van’t
Hoﬀ equation (eq 8)
d(ln K ads)
Δ H°
= ads 2
(8)
dT
RT
Figure 7B shows the variation of the logarithm of Kads with
temperature at diﬀerent RH values. In this temperature range,
straight lines are observed with the same slope (see Table S9
for details of linear regressions). An average value of the slope
is used to determine the standard enthalpy of adsorption ΔadsH
using eq 8. Thereby, ΔadsH was estimated at −42.6 kJ·mol−1.
The sign of the standard enthalpy is negative because the water
adsorption is favored on the sensor, explaining why 20 min of
desorption is required at 10 and 20 °C compared to only 10
min of adsorption to reach the equilibrium. This value is in
good agreement with those reported in the literature.55,56
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Surface Area Measurement. The active surface area of the
sensor was determined by the methylene blue adsorption
method.57−59 A laser-patterned carbon ﬁlm of size 2 × 1 cm2 was
printed on PET sheets. The laser-patterned ﬁlms were scratched oﬀ
and collected, and their masses were determined with a microbalance
(∼0.3 mg). The powder was then dispersed in 9.5 × 10−5 M solutions
of methylene blue in polypropylene vials and stirred for 24 h. The
solutions were centrifuged, and the amount of adsorbed MB was
determined by measuring the absorbance of the supernatant with
respect to a reference solution. An area of 1.35 nm2 per molecule MB
is assumed. As a reference, the same mass of activated carbon was
used (1269 m2·g−1).
Humidity Sensing. The sensor was placed in a custom-built
chamber with a gas ﬂow inlet (Figure 1E). This chamber was
thermalized in an ESPEC SH-641 environmental chamber from
ATEC. The humidity ﬂow was controlled by a humidity generator
HUMIgen-04 from Dr. Wernecke GmbH. The gas ﬂux was 80 L·h−1,
and the relative humidity was controlled with a precision of ±3%.
Electrical characterizations were performed on a Solartron 1287
potentiostat in combination with an SI 1260 impedance unit. The
frequency was ﬁxed at 1000 Hz, and the current intensity is 0.05 mA
for all measurements.
Instrumental Section. Scanning electron microscopy was performed on a Zeiss LEO 1550-Gemini system (acceleration voltage:
3−10 kV). Transmission electron microscopy was performed using an
EM 912 Omega from Zeiss operating at 120 kV. Raman spectra were
obtained with a confocal Raman microscope (alpha300, WITec,
Germany). The laser (λ = 532 nm) was focused on the samples
through a 20x objective. The laser power on the sample was set at 1.0
mW. X-ray dif fraction was performed on a Bruker D8 Advance
diﬀractometer in the Bragg-Brentano mode at the Cu Kα wavelength.
Vertical scanning interferometry was performed with a vertical scanning
interferometer smartWLI compact (GBS mbH, Germany) with the
software smartVIS3D 2.28 Tango and visualized with MountainsMap
8. Hall measurements were carried out at room temperature in an
Accent HL5500PC using a magnetic strength of 0.3 T. The samples
were fabricated in a cloverleaf geometry, and the pins contacted the
ﬁlm via indium pads. After checking the ohmic response of the
contacts, all of the measurements were done with the current source
set for AC operation under vacuum. The entire Hall measurement
was conducted ﬁve times, and the average value was sent to the result
area. The whole procedure was repeated four times. The Seebeck
coeff icient was determined using a custom-built apparatus designed to
implement the method of four coeﬃcients.60 The Seebeck voltage is
measured at four diﬀerent temperature gradients, all near 298 ± 3 K.
The thermopower is determined via linear ﬁt on a plot of Seebeck
voltage vs. temperature diﬀerence and is corrected for the built-in
thermopower associated with the indium pads and copper blocks. The
reported value is the average of four measurements. X-ray photoelectron spectra were recorded using a Kratos Axis Ultra DLD
spectrometer equipped with a mono-spectra calibrated using carbon
tape (Ted Pella) with a chromatic Al Ka X-ray source (hn 1/4 1486.6
eV). The high-resolution C1s binding energy is 284.6 eV. Raw data
were processed using CasaXPS software (version 2.3.23). C 1s spectra
were ﬁt using Gaussian−Lorentzian line shapes for all spectral
components.
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