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ABSTRACT: To tackle climate change and reduce CO2 emissions, it is important
to measure CO2 output precisely. Even though there are many diﬀerent techniques,
no simple and cheap optical method in the visible is available. This work studies
plasmonically enhanced optical carbon dioxide sensors in the visible wavelength
range. The sensor samples are based on an inert plasmonic perfect absorber, which
can be easily and cheaply fabricated by colloidal etching lithography. A CO2sensitive polyethylenimine (PEI) layer is then spin-coated on top to complete the
samples. The samples are examined continuously by microspectroscopy during
diﬀerent CO2 exposures to track spectral changes, particularly the position of the
resonance centroid wavelength. The samples exhibit a resonance shift of up to 7 nm,
depending on the CO2 concentration and the temperature. The temperature inﬂuences the rise time as well as the sensitive
concentration range. The concentration dependence of the resonance shift overall follows the shape of a Langmuir isotherm, which
includes a nearly linear relation at lower concentrations and elevated temperatures and a saturating behavior at higher concentrations
and lower temperatures. The results indicate that a sensitivity in the full range from 100 vol % to below 1 ppm can be achieved. The
samples degenerate in a dry inert atmosphere in a matter of days but are useable over multiple weeks when exposed to humidity and
CO2. The PEI reacts very selectively to CO2, showing no response to CO, NH3, NO2, CH4, H2, and only a very small response to
O2. Overall, polyethylenimine is very promising as a CO2-sensitive material for many practical sensing applications over a wide range
of concentrations. An adjustment of the temperature is mandatory to control the sensitivity and response time.
KEYWORDS: PEI, CO2, gas sensing, optical, perfect absorber, refractive index sensing, plasmonic sensing
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The sensing scheme used in this paper is based on relatively
simple and cheap plasmonic structures that shift their
resonance wavelength upon gas exposure. This enables our
sensor to oﬀer a high CO2 sensitivity using visible light and a
small sensing volume at moderate temperatures. Furthermore,
this scheme allows a simpliﬁcation and miniaturization of the
sensor, reducing the costs signiﬁcantly.22
It was shown in the literature that it is possible to detect
hydrogen optically by using plasmonic structures such as a
perfect absorber structure incorporating palladium nanostructures on top.23,24 A plasmonic perfect absorber consists of a
metallic mirror below a dielectric spacer and a nanostructured
metal layer. The localized surface plasmons of the metal
nanostructures in combination with the spacer layer and the
metal mirror below form a cavity and create an optical
resonance where the reﬂectance decreases to nearly zero. The
resonance wavelength depends on the materials as well as on

ith a global annual emission of nearly 34 gigatons, CO2
accounts for three quarters of all greenhouse gases and
is one of the main driving forces of climate change.1 To reduce
CO2 emissions, it is crucial to run combustion processes at
conditions that emit the least CO2. Not only here but also
wherever gases occur as precursors (such as in the semiconductor industry), main products (like in the chemical
industry), or in any other way, the concentration of these gases
needs to be monitored to control the processes and keep up a
high eﬃciency and a steady quality.
In general, gas detection can be carried out by (photo)acoustic, catalytic, electrical, electrochemical, optical, thermal,
and many more methods.2,3,12,13,4−11 For most of these sensor
types, conﬁgurations for carbon dioxide are available.14−19
Optical sensing oﬀers the advantage that the sensing volume
can easily be separated from all electronics. This makes this
technology superior in areas where electronics are disrupted or
pose a safety risk like in explosive environments. Being
compliant with, for example, the ATEX directive of the
European Union is much easier if an optical sensor is used.20
Currently, optical CO2 sensing is mostly done by using its
characteristic infrared absorption values at 1.6, 2.0, 2.7, and 4.3
μm.21 This method is robust, sensitive, and, due to the
speciﬁcity of the absorption wavelengths, also very selective but
requires a large sensing volume and expensive infrared optics.
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Received: June 8, 2020
Accepted: July 22, 2020
Published: July 22, 2020

2628

https://dx.doi.org/10.1021/acssensors.0c01151
ACS Sens. 2020, 5, 2628−2635

ACS Sensors

pubs.acs.org/acssensors

Article

Figure 1. (a) Layout of the samples. PEI is spin-coated on top of an inert perfect absorber, which consists of a gold mirror, an Al2O3 spacer layer,
and gold nanodisks with an average diameter of 86 nm. (b) SEM picture of the sample without PEI coating at an angle of 15° showing the random
but even distribution of the disks. (c) SEM picture of the breaking edge of a ruptured sample, indicating the thickness of the individual layers. The
disk layer seems to be thicker than designed due to redeposition of gold during the etching process. The shadow on top of the third disk from the
left is some rarely occurring remnant of a polystyrene sphere. (d) Measured reﬂectance spectra of an uncoated perfect absorber sample and a PEIcoated sample in pure N2 and in CO2 diluted in N2. (e) Gas cell used in the measurements. The top part holds the gas inlet and outlet as well as a
glass window to read out the sample optically. The bottom part holds the sample and a Peltier element to control the temperature.

2 R1 − NH 2 F R1 − NHCOO− + R1 − NH3+

the dimensions of the nanostructures and the dielectric
spacer.25−27
The reaction of hydrogen with palladium leads to a change
in the dielectric function of the palladium and therefore to a
shift of the plasmonic resonance, which was shown to work as
a sensor.28,29 To extend this perfect absorber-based gas
detection scheme to other substances, alternative materials
that react reversibly with these other substances are necessary.
Gas-sensitive metals can be integrated directly into the
perfect absorber as the nanostructured top layer. Dielectric
materials such as metal oxides or polymers can be integrated
either as a spacer layer or, if the fabrication would degenerate
them, as an additional coating on top of the metal
nanostructures.30 While the ﬁrst two options represent direct
plasmonic sensing, the latter is termed as indirect plasmonic
sensing.31−33 Polymers containing amines are known to exhibit
a response that can be detected: all three typesprimary,
secondary, and tertiary aminesare able to bind CO 2
reversibly, which changes the refractive index of the polymer.
A polymer with a very high density of amines is branched
polyethylenimine (PEI). It is a conductive polymer, which not
only is widely known and investigated for its reversible CO2
storage capabilities but can also be used to detect CO2
electrically and in the infrared.34−36 In our conﬁguration, PEI
was added as a coating on top of an inert perfect absorber
using gold nanodisks and an Al2O3 spacer. In principle, it is
also possible to use PEI as a spacer layer, but here, the PEI
would be easily destroyed during the etching of the gold
nanodisks. A similar system using nanodisks on a glass
substrate and a PIM-1 coating was used by Nugroho et al. to
investigate adsorption energetics optically by measuring the
resonance shift.37
The primary and secondary amines in PEI react with CO2 by
forming carbamates, while tertiary amines react with a diﬀerent
mechanism and form bicarbonates.38−40

(1)

2 R1R 2 − NH + CO2 F R1R 2 − NCOO− + R1R 2 − NH 2+
(2)

R1R 2R3 − N + H 2O + CO2 F R1R 2R3 − N + HCO3−
+

(3)

While tertiary amines require water to react at all with CO2,
primary and secondary amines can use water to replace one of
the two necessary amines in reactions 1 and 2.41 This means
that the CO2 capacity and therefore the maximum resonance
shift can be drastically increased by using humidiﬁed gas
instead of dry gas.

■

EXPERIMENTAL METHOD

Sample Fabrication and Characterization. The perfect
absorber used in this paper utilizes Al2O3 as a spacer material on
top of a gold mirror and gold nanodisks as plasmonic structures. The
dimensions are based on simulations using an in-house scattering
matrix software, deﬁned as a 120 nm-thick gold mirror, a 100 nmthick Al2O3 spacer layer, and gold nanodisks with a diameter of 82 nm
and a thickness of 20 nm.42 Additionally, a PEI layer was spin-coated
on top of the perfect absorber (Figure 1a).
The gold mirror, a 100 nm Al2O3 spacer layer, and a 20 nm gold
layer for the disks were deposited on a cleaned glass substrate in one
run by electron beam evaporation. Due to the thin ﬁlm interferences,
the unstructured samples show a bright metallic pink color. The top
gold layer was then structured by colloidal etching lithography using
82 nm polystyrene spheres and an etching time of 60 s in an argon ion
beam etcher.43 This method allows us to structure large area samples
(here, 1 × 1 cm2) easily and cheaply in substantial numbers and is
therefore directly usable for an industrial scale fabrication. Afterward,
the residual polystyrene spheres were removed by oxygen plasma
etching. Due to the structuring, a plasmonic resonance at
approximately 620 nm with a reﬂectance of around 1% is present
(Figure 1d) and the sample color switches to a deep metallic green.
The resulting disks were arranged randomly with a uniform density
2629
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Figure 2. (a) Progression of the reﬂectance spectrum of a PEI-coated perfect absorber during the gas cycle shown in the bottom of panel (b) at T =
58 °C. The white line shows the centroid wavelength of each individual spectrum, and the inset on the right shows the spectra at pure nitrogen and
0.2 vol % CO2. (b) Time series of the resonance shift during the gas cycle shown in the bottom at diﬀerent temperatures. The gas cycle decreases
the CO2 concentration in N2 stepwise from 0.2 (2000 ppm) to 0.01 vol % (100 ppm) while ﬂushing with pure N2 between the individual steps.
due to the distribution of the polystyrene spheres (Figure 1b) and
possess a mean diameter of 86 nm. The rings on top of the disks result
from redeposition of gold beneath the edge of the polystyrene spheres
during the ion beam etching. These rings can be avoided by using a
sacriﬁcial layer between the gold layer and the spheres or by carefully
melting the spheres, but since they do not interfere with the sensing,
this step was omitted to keep the fabrication as simple as possible.
Pure polyethylenimine (PEI; Mw ∼25,000) was purchased from
Sigma-Aldrich and diluted in water to 10 wt % solution. To enhance
the dissolving, the mixture was stirred for 6 h on a hotplate at 60 °C.
The sample surface was ﬁrst treated by oxygen plasma before 40 μL of
PEI (60 °C) was spin-coated at 8000 rpm for 60 s on top of it. Figure
1c displays a cross-sectional scanning electron microscopy (SEM)
micrograph of the ﬁnished structure, obtained at the breaking edge of
a sample. As this image demonstrates, a PEI layer thickness of
approximately 400 nm was obtained. This layer red-shifted the
resonance wavelength of the perfect absorber structure by
approximately 60 nm and increased the minimum reﬂectance to 7%
(Figure 1c).
Measurement Setup. The coated samples were optically
characterized and studied in a microspectroscopy setup together
with a gas cell (Figure 1e). The microspectroscopy setup consists of a
Nikon Eclipse LV100 upright microscope combined with a Princeton
Instruments IsoPlane-160 spectrometer and a Pixis 256E camera. The
illumination was performed by a laser-driven white light source
(Energetiq EQ-99XFC), which is coupled into the microscope. All
measurements were carried out with a Nikon TU Plan Fluor 10×
objective and unpolarized light. Additionally, a motorized and
computer-controlled stage with a μm precision was installed in the

sample plane of the microscope to enable an automated measurement
process.
The gas cell is custom-designed to ﬁt into the sample holder of the
microscope stage. It has a thin glass window above the sample holder
for the optical measurements and is equipped with a Peltier element
coupled to a copper block but thermally isolated from the rest of the
cell to control the temperature of the sample. A Meerstetter
Engineering TEC controller was used to keep the temperature
constant with less than 0.1 °C deviation. The exact temperature at the
sample surface was continuously monitored using an NTC temperature sensor. It should be noted that this precisely tempered and
highly stable temperature is only necessary for a full characterization
of the sensor. In a real-world application, it is possible to compensate
for temperature deviations using appropriate algorithms in combination with the known temperature-dependent behavior.29
The gas inlet is connected to a bottle-fed gas mixing system
consisting of multiple Bronkhorst mass ﬂow controllers that can
regulate the gas ﬂow rate from 2 to 100% of their maximum ﬂow rate
at an accuracy of 0.01% as well as a humidiﬁer. The total gas ﬂow rate
was kept constant at 1 standard l/min (slm) during each
measurement to ensure a constant pressure inside the gas cell. The
used gases are Nitrogen 4.8, Protadur (20 vol % CO2 in N2), and two
custom-mixed test gases with 2000 and 100 ppm CO2 in N2. The
cross sensitivities were tested by using synthetic air and forming gas
(10 vol % H2 in N2). All gases were purchased from Westfalen AG.
The absolute humidity was kept constant at 0.015 g/L during all
measurements.
The entire setup is controlled by a single LabVIEW program that
automatically records the reﬂectance spectra of the sample and a
2630
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reference (usually a gold mirror) at a deﬁned interval while changing
the gas mixture according to a given gas cycle. The software also
calculates the spectral reﬂectance of the sample by dividing each
sample spectrum by their reference spectrum and then determines the
centroid wavelength of the resonance (Figure S1), which has been
shown to be more stable than tracking the minimum.44 Instead of this
complex setup and the tracking of the resonance, it is also possible to
measure the intensity change at one of the sides of the resonance,
reducing the costs of the setup immensely, as recently shown by
Herkert et al. (see Figure S7).22

Article

diﬀerent shifts at the same concentrations but diﬀerent
temperatures, it is necessary to take a closer look at the
reaction of the amines and the CO2. In a simpliﬁed form, the
reaction is
amines + CO2 F carbamates

Since the reaction is reversible, an equilibrium forms at a
speciﬁc ratio between amines and carbamates, which depends
on a number of diﬀerent parameters. The inﬂuence of a
variation of some of these parameters can be predicted by Le
Chatelier’s principle, which states that a system in equilibrium
tries to mitigate the inﬂuence of parameter changes by shifting
its equilibrium.45 In the case of a temperature increase, this
means that the equilibrium will shift to the endothermic side.
The reaction of amines and CO2 is exothermic, which means
that the equilibrium will shift to the left at higher system
temperatures and to the right at lower ones. Since the
carbamates on the right side of the reaction are responsible for
the refractive index change of PEI and therefore directly
connected to the resonance shift, this leads to a smaller
resonance shift at higher temperatures.
The same principle is responsible for the concentration
dependence: if more CO2 is added to the system by increasing
the concentration in the mixture, then the equilibrium shifts to
the right to lessen the change, which leads to more carbamates
and therefore also to a higher shift. As shown in Figure 2b, it
takes the sensor in most cases over 600 s to reach equilibrium
at T = 51 °C. At higher concentrations and lower
temperatures, this time increases even more; for instance, an
exposure of a sample to 5000 ppm (0.5 vol %) CO2 at 20 °C
did not reach equilibrium even after 40 min (Figure S5a). To
still be able to estimate reasonable data points here, a simple
model of the CO2 absorption process was developed to
extrapolate the resonance shift at equilibrium from the
beginning of the time series. This is even more important in
real applications as it is often not feasible to wait until a
complete saturation is reached. A more sophisticated model for
a hydrogen sensor presented by Teutsch et al. proves that it is
possible to estimate the gas concentration accurately from the
ﬁrst few seconds of an exposure.29 Please note that we only
consider the CO2 absorption process in our model as
equilibrium is always reached within the recorded desorption
period (see Figure 2b), making it unnecessary to extrapolate
the time series after decreasing the CO2 concentration to zero.
The resonance shift depends in the present range of change
linearly on the refractive index.46 On the other hand, it is
reasonable to estimate that the change of the refractive index
depends linearly on the amount of reacted amines.47 For
nanoporous polymers, this amount follows the shape of a
Langmuir isotherm.35,37,38,48,49 Meanwhile, according to
Henry’s law, the CO2 concentration in equilibrium is the
same in the entire PEI layer; it is determined by the diﬀusion
of the CO2 through the PEI otherwise.49 Therefore, the time
dynamics are added by using the CO2 concentration c(t) in the
polymer as the input value for the Langmuir isotherms

■

SENSING BEHAVIOR
The response of the reﬂectance spectrum, especially the
resonance centroid wavelength, is tracked during diﬀerent gas
cycles at multiple temperatures to study the CO2 concentration
and temperature dependence. The used gas cycles are being
switched back and forth between pure nitrogen and a mixture
with carbon dioxide while keeping the overall ﬂow rate
constant.
Figure 2a shows the development of the reﬂectance
spectrum during a gas cycle with periodically decreasing CO2
concentrations (shown in Figure 2b) at T = 58 °C. The
measurements exhibit a spectral shift every time the gas
mixture changes. At wavelengths below 650 nm, the reﬂectance
increases upon CO2 exposure, while it decreases at wavelengths above 650 nm. A comparison between a spectrum
recorded right before the change from pure nitrogen to a
nitrogen CO2 mixture (#1) and one right before switching
back (#2) shows that this happens due to a shift of the
resonance to higher wavelengths. The tracking of the
resonance (centroid) wavelength, which is marked by the
white line, shows that this happens at every exposure of the
sample to CO2, even for lower concentrations.
Figure 2b demonstrates the resonance shift during the gas
cycle drawn below, which alternates each 600 s between pure
nitrogen and a mixture of nitrogen and CO2. The CO2
concentration in the mixture is reduced stepwise from 2000
(0.2 vol %) to 100 ppm (0.01 vol %). All three measurements
were done on the same spot of the same sample while changing
only the temperature. A simple drift correction was applied to
the time traces to compensate for systematic drift, such as focal
drift or spatial drift of the setup during long measurement
cycles (see Figure S3). At T = 51 °C, the ﬁrst ﬁve CO2
exposures reveal nearly the same maximum shift and still a
strong slope at the end of the CO2 exposure. For a
concentration below 1000 ppm, the maximum shift indicates
a stronger concentration dependence and the system reaches a
state closer to equilibrium during the CO2 exposure. At 100
ppm, the equilibrium is reached nearly instantaneously. At
higher temperatures, a concentration dependence is clearly
visible over the entire measured concentration range and the
equilibrium is reached much faster than at T = 51 °C. The
same holds true for the relaxation after switching back to pure
nitrogen: at higher temperatures, the resonance reverts to the
base state nearly instantaneously, while this takes a couple of
minutes at lower temperatures (see also Figure S5b). The short
spikes right before and after the switching of the gas mixture as
well as the sometimes increased noise result from instabilities
of the humidiﬁer.
The diﬀerent saturation and relaxations times result from a
faster diﬀusion and an increased reaction rate due to the higher
temperatures. Please note that the absorption and desorption
of CO2 in the PEI are diﬀerent chemical reactions and
therefore also diﬀer in their dynamics.38 To explain the

Δλ ∝ Δn ∝

a ·c(t )
1 + b·c(t )

with a and b being ﬁtting parameters, t is the time, and c(t) is
given by the solution of the diﬀusion equation for a plane with
constant concentrations on the surface.50 Details can be found
in the Supporting Information.
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°C show in general a lower resonance shift but a nearly linear
behavior and therefore a constant sensitivity over the measured
concentration range. This leads to a higher sensitivity for low
concentrations at low temperatures and a higher sensitivity for
high concentrations at high temperatures, which means that it
is possible to tune the sensitive concentration range by
adjusting the temperature.
Figure 3b displays the rise time from 10 to 90% of the
maximum shift acquired from the ﬁts of our model to the
measurements. As for the resonance shift, the model does not
give accurate values above 600 s but more of an estimate of the
concentration and temperature dependence. Nevertheless, the
values ﬁt well with the experiences from the experiments.
While the rise time shows a clear concentration dependence at
51 °C, it is nearly constant at higher temperatures, which
means that the mechanism is limiting the changes. One
possible explanation is that, at higher temperatures, the
delivery of CO2 to the amines (diﬀusion) is the limiting
factor, in contrast to the reaction speed of the amines with
CO2 at lower temperatures. This would also ﬁt the two steps
(diﬀusion and adsorption) of our model.
Overall, Figure 3 reveals a strong diﬀerence in the behavior
of the system between 51 and 58 °C, which suggests a
structural change in the PEI ﬁlm and should be further
investigated in future research.
As indicated in Figure 3a, it is possible to shift the sensitive
concentration range by changing the temperature. This also
holds true for higher concentrations. Figure 4 depicts the

Even though the model is able to extrapolate the course of
the resonance shift over time upon CO2 exposure very well
(see the Supporting Information, Figure S4), it is still a
simpliﬁed model and therefore not able to predict the
resonance shift at equilibrium completely accurately. Still, it
gives a much better grasp of the behavior of the sensor than the
data points taken directly from the unsaturated measurements.
In case the equilibrium is reached, like in Figure 2b at T = 58
°C, the model matches the measurements nearly perfectly.
Figure 3a shows the mean resonance shift that is reached by

Figure 3. (a) Equilibrium resonance shift and (b) 10−90% rise time
at diﬀerent CO2 concentrations and temperatures. The data points
and error bars are calculated with our model of the CO2 absorption
using measurements of ﬁve diﬀerent samples and a total of 102 CO2
exposures. The dashed lines are ﬁts of Langmuir isotherms.

Figure 4. Resonance shift for concentrations between 1 and 15 vol %
CO2 at varying temperatures, calculated by ﬁtting our CO2 absorption
model to the measurement data.

resonance shift at equilibrium obtained by ﬁtting our model to
the measurements at higher concentrations than Figure 3a.
The other measurement parameters were kept the same as
before.
The resonance shift in this concentration range still follows
the same basic behavior as in Figure 3a and can be described
well by Langmuir isotherms, which are indicated by the dashed
lines. Even though the temperatures were increased up to T =
73 °C, still, no linearity occurs. Instead, both temperatures
display a saturating behavior similar to the 51 °C data in Figure
3a. With increasing temperature, the saturation kink smears
out stronger and the slope of the Langmuir isotherm at 15 vol
% increases, which means that the sensitivity increases in the
higher concentration range. This supports the statement from
before that the sensitive concentration range is tunable by the
temperature. Additionally, this indicates that the sensor is able
to measure up to 100 vol % CO2 if the temperature is increased
suﬃciently. Since PEI starts to decompose at 225 °C according

the ﬁtted model in equilibrium at diﬀerent concentrations and
temperatures and its standard deviation for a total of 102 CO2
exposures measured on ﬁve diﬀerent samples. The measurements were carried out by using a custom mixed test gas
containing 2000 ppm CO2 in N2 at a constant ﬂow rate of 1
slm.
As argued before, the resonance shift in equilibrium upon
CO2 absorption approximately follows a Langmuir isotherm.
This is conﬁrmed here, as illustrated by the dashed lines in
Figure 3a. The Langmuir isotherms ﬁt well to the
concentration dependence of the resonance shift, allowing
for a reliable interpolation of the resonance shift at any
concentration.
The resonance shift exhibits a saturating concentration
dependence at T = 51 °C, starting with a steep slope and
therefore also a high sensitivity, which decreases with
increasing concentration. The data points at T = 58 and 65
2632
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to distributor speciﬁcations, there is suﬃcient room to increase
the temperature to measure up to 100 vol % CO2.
On the other hand, it is possible to reach very small
concentrations by decreasing the temperature at the cost of a
slower rise time. To test very low concentrations, a custom test
gas containing 100 ppm CO2 in N2 is used. The minimum gas
ﬂow rate that can be reached with the used mass ﬂow
controllers is 0.053 slm. Therefore, a stable concentration of
1.5 ppm was reached at a total ﬂow rate of 4 slm. The
humidiﬁer was adjusted accordingly to keep the humidity
constant at 0.015 g/L. Figure 5 shows the time trace of the

Figure 6. (a) Decrease of the resonance centroid shift of samples
stored in diﬀerent environments. The measurements were done each
time with 1 vol % CO2 at T = 51 °C at a comparable position on the
sample. (b) Sensitivity of PEI-coated samples to 20 vol % oxygen and
3 vol % hydrogen in comparison to their response to 1 vol % CO2 at T
= 51 °C.

Figure 5. Time series of the resonance centroid shift at 33 °C and
0.015 g/L absolute humidity during the gas cycle varying from 10
ppm CO2 down to 1.5 ppm.

resonance shift during a gas cycle changing from 10 to 1.5 ppm
CO2 at a temperature of 33 °C. Even though the saturation
and relaxation times are quite high due to the reduced
temperature and the signal does not reach a complete
equilibrium, all concentrations indicate a clear resonance
shift. From a comparison of the Langmuir isotherm of a
previous measurement at 40 °C, which reached equilibrium
much better with its corresponding noise level, a theoretical
detection limit of 400 ppb CO2 is estimated (see Figure S6).

ment of the observed resonance shift during the diﬀerent
measurements. Since the samples were removed from the
measurement setup after each measurement, it was not
possible to measure the same position on the sample each
time. Instead, care was taken to use a position with a similar
reﬂectance spectrum each time for the individual samples.
The sample stored in nitrogen exhibits the fastest
degradation, which can be attributed to urea forming inside
the PEI due to the lack of humidity. After 10 days, nearly no
reaction at all is visible anymore. In contrast, the two samples
stored in ambient conditions show much less degradation and
are still usable after 3 weeks. Even though the sample coated
with pure PEI exhibits a stronger shift in the beginning, the
PEI/PVA-blend coated sample exhibits a slightly weaker slope
over time. It has been shown in the literature that PEI does not
react with other complex gases such as CO, NH3, NO2, and
CH4.54 Figure 6b shows a time trace of the resonance shift
during the exposure of a sample to diﬀerent gases for 600 s
each at a constant ﬂow rate of 1 slm and a temperature of T =
51 °C. While the sample shows a strong reaction to 1 vol %
CO2, it does not respond to 3 vol % hydrogen and is much
weaker to 20 vol % oxygen (all mixed with N2). The exposure
to oxygen led to a degradation of PEI and therefore to a
permanent change of the resonance position and a weaker
response to CO2. Even though the hydrogen did not inﬂuence
the sample in any way, it may be possible to trigger a
methylation of the amines using the gold disks as a catalyst.55
The peaks at 600 s result from a short instability of the gas
mixing system due to the switching of the gas mixture.

■

DEGRADATION AND CROSS SENSITIVITIES
The amines in PEI can degrade by either oxidation or by urea
formation. In the ﬁrst case, oxygen reacts with the amines and
forms stable amides and oximes. This reaction requires free
amines and therefore cannot happen if CO2 is bound to them.
In the latter case, two amines react together with CO2 to urea.
This can be prevented by adding humidity.51,52 To enhance
the degradation resistance further, Zhai and Chuang proposed
to blend the PEI with polyvinylalcohol (PVA).53
Heydari-Gorji and Sayari showed already that the CO2
uptake of PEI-containing adsorbents was stable for 300
adsorption−desorption cycles at 75 °C in humid conditions.52
To test the long-term stability of the samples, fresh samples
have been fabricated and measured repeatedly with the same
gas cycle (1 vol % CO2 for 600 s at T = 51 °C) over the course
of 3 weeks. Two of the samples are coated with pure PEI and
one with a blend of PEI and PVA. One PEI sample was stored
between the measurements in a nitrogen-ﬂooded box, while
the blended sample was stored together with the other PEI
sample in ambient conditions. Figure 6a shows the develop2633
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CONCLUSIONS
A plasmonic perfect absorber coated with a thin ﬁlm of PEI has
been developed for CO2 sensing and studied in detail. We
showed that the sensor sample reacts to CO2 by red-shifting its
resonance wavelength due to the reaction of the contained
amines with CO2. The resonance shift as well as the rise time
increase with increasing CO2 concentration and decreasing
temperature. The shape of a Langmuir isotherm can model the
resonance shift. Furthermore, it was shown that it is possible to
tune the sensitive concentration range by changing the
temperature. While the humidity is kept constant in this
paper, it is necessary to study the impact of diﬀerent humidities
in future research to fully characterize the sensor. The
minimum detected concentration was 1.5 ppm CO2 at T =
33 °C, while the lower detection limit was estimated to be as
low as 400 ppb. By increasing the temperature, a concentration
of 15 vol % (15.000 ppm) was measured at T = 73 °C, but the
system should be able to detect up to pure CO2 at suﬃciently
high temperatures. Over the course of 3 weeks, samples stored
at ambient conditions showed only a slight degradation, while
samples stored in nitrogen were unusable after 10 days. No
cross sensitivity to hydrogen and only a small cross sensitivity
to oxygen were found. This demonstrates that PEI-covered
plasmonic structures oﬀer a versatile sensor design that can
access a very broad range of concentrations.
This CO2 sensor sample can be integrated in future studies
into a single wavelength sensor such as the one shown by
Herkert et al. to reduce the complexity and cost of the
sensor.22 This would make the sensor even more interesting
for applications where carbon dioxide is mixed with an
explosive gas like in the fabrication of synthetic fuels where
hydrogen is included.56
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(46) Weiss, T.; Mesch, M.; Schäferling, M.; Giessen, H.; Langbein,
W.; Muljarov, E. A. From Dark to Bright: First-Order Perturbation
Theory with Analytical Mode Normalization for Plasmonic Nanoantenna Arrays Applied to Refractive Index Sensing. Phys. Rev. Lett.
2016, 116, 237401.
(47) Warren, J. R.; Gordon, J. A. On the Refractive Indices of
Aqueous Solutions of Urea. J. Phys. Chem. 1966, 70, 297−300.
(48) Zhu, T.; Yang, S.; Choi, D. K.; Row, K. H. Adsorption of
Carbon Dioxide Using Polyethyleneimine Modified Silica Gel. Korean
J. Chem. Eng. 2010, 27, 1910−1915.
(49) Paul, D. R. Gas Sorption and Transport in Glassy Polymers.
Ber. Bunsengesellschaft Phys. Chem. 1979, 83, 294−302.
(50) Crank, J. The Mathematics of Diﬀusion; Oxford University Press,
1975, 1267.
(51) Sayari, A.; Belmabkhout, Y. Stabilization of Amine-Containing
CO2 Adsorbents: Dramatic Effect of Water Vapor. J. Am. Chem. Soc.
2010, 132, 6312−6314.
(52) Heydari-Gorji, A.; Sayari, A. Thermal, Oxidative, and CO2Induced Degradation of Supported Polyethylenimine Adsorbents. Ind.
Eng. Chem. Res. 2012, 51, 6887−6894.
(53) Zhai, Y.; Chuang, S. S. C. Enhancing Degradation Resistance of
Polyethylenimine for CO2 Capture with Cross-Linked Poly(Vinyl
Alcohol). Ind. Eng. Chem. Res. 2017, 56, 13766−13775.
(54) Srinives, S.; Sarkar, T.; Hernandez, R.; Mulchandani, A. A
Miniature Chemiresistor Sensor for Carbon Dioxide. Anal. Chim. Acta
2015, 874, 54−58.
(55) Du, X.-L.; Tang, G.; Bao, H.-L.; Jiang, Z.; Zhong, X.-H.; Su, D.S.; Wang, J.-Q. Direct Methylation of Amines with Carbon Dioxide
and Molecular Hydrogen Using Supported Gold Catalysts. ChemSusChem 2015, 8, 3489−3496.
(56) Probstein, R. F.; Hicks, R. E. Synthetic Fuels; Dover
Publications, 2006.

2635

https://dx.doi.org/10.1021/acssensors.0c01151
ACS Sens. 2020, 5, 2628−2635

