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Inspired by the CO2-induced reversible activation mechanism of the slow anion channel 1 (SLAC1) in plant

stomatal guard cells during plant photosynthesis, we designed and prepared a CO2- switchable H+/OH− ion

channel (CSPH ion channel). A high-performance chemiresistive room temperature CO2 sensor has been

prepared based on this CSPH ion channel. The obtained CO2 room temperature sensor g-CD-MOF@RhB

exhibits high sensitivity (Rg/R0 = 1.50, 100 ppm), excellent selectivity, good stability (less than 5% reduction

in 30 days response value), and 99.96% consistency with commercial infrared CO2meter. The practical limit

of detection (pLOD) of the g-CD-MOF@RhB sensor reaches 10 ppm at room temperature toward CO2,

which is the lowest for reported MOF-derived chemiresistive room temperature CO2 sensors so far. Ion

conduction mechanism studies have shown that the CSPH ion channel behaves as a CO2-switchable

H+/OH− ion channel with a switching point of approximately 60 000 ppm CO2. As an application

attempt, the fabricated low pLOD CO2 sensor has been used for human exhaled CO2 detection to

compare CO2 concentration in the breath of individuals before and after exercise and COVID-19. It was

also logically indicated that the average concentration of human exhaled CO2 after COVID-19 recovery

is different for undiseased subjects.
Introduction

The content of carbon dioxide (CO2) in air is about 400 ppm,
and when the CO2 content in indoor air exceeds 1000 ppm, it
can cause discomfort to the human body.1 Therefore, CO2
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sensors are widely adopted to monitor CO2 concentrations in
enclosed spaces, such as indoor rooms, space stations, and
submarines.2,3 On the other hand, CO2 is present in large
quantities in human exhaled breath (4%, approximately 40 000
ppm), and the fractional exhaled carbon dioxide (FeCO2)
contains a wealth of physiological information that can be used
to monitor human health.4,5 Hence, it is signicant to detect
CO2 below 100 000 ppm for both indoor air monitoring and
human exhaled breath medical tests.

In clinical practice, the use of monitoring end-tidal CO2

(EtCO2) is increasing in emergency situations, such as
mechanical ventilation, programmed sedation, analgesia, lung
disease, heart failure, shock, metabolic disorders, and
trauma.6,7 Recent publications have reported that carbon
dioxide output (VCO2) is an important index of cardiopulmonary
exercise testing (CPET) for the follow-up assessment of cardio-
pulmonary function aer COVID-19 rehabilitation.8–10 However,
these assessments usually need long operating times (>30 min),
bulky spectra equipment, and professional analysis, which is
inconvenient for outdoor FeCO2 detection. The traditional
detectionmethods of CO2 include infrared spectroscopy,11,12 gas
chromatography,13 photoacoustic spectroscopy,14 and uores-
cence method.15,16 All these methods are restricted for real-time
and on-site outdoor exhaled CO2 detection due to the high cost,
complex operation, and poor portability of their instruments.
Therefore, a different low-power, miniaturized, low-cost, and
J. Mater. Chem. A, 2023, 11, 21959–21971 | 21959
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convenient CO2 sensor is still urgently demanded for human
exhaled CO2 detection.

Recently, the chemiresistive CO2 sensor has attracted the
attention of researchers because of its portability, miniaturiza-
tion, and low energy consumption. As we know, CO2 sensing
material is the core of a chemiresistive CO2 sensor. Most CO2

chemiresistive sensing materials are currently metal oxide
semiconductors (MOSs), which not only have poor stability and
sensitivity but also require high operating temperatures (typi-
cally >100 °C), causing high energy consumption and safety
risks.17,18

Different from MOSs, metal–organic frameworks (MOFs)
have been found as a potential CO2 sensing material owing to
their high-porosity structure, excellent physical adsorption
ability, and diverse structures. In 2010, Stoddart et al. reported
that g-cyclodextrin-MOF-2 (g-CD-MOF-2) could be used for CO2

electrochemical sensing,19–21 which provides a new strategy for
the design and fabrication of ion conduction-based CO2

sensors. Unfortunately, due to the nature of proton conduction
in g-CD-MOFs, it remains challenging to detect CO2 with
concentrations below 100 000 ppm.22 It is because proton
conduction in g-CD-MOF depends on the CO2-induced
blockage of the triangular-shaped b-windows in the g-CD-
MOF,22,23 which will hardly happen when CO2 concentration is
below 100 000 ppm. Hence, a different ion conduction mecha-
nism must be employed for the detection of CO2 with concen-
trations below 100 000 ppm.

It is well known that a mechanism exists in plant photo-
synthesis to reversibly activate the slow anion channel 1 (SLAC1)
in stomatal guard cells via CO2 induction.24–26 Inspired by this
different ion conduction mechanism, the low-concentration
CO2 detection is expected to be achieved using g-CD-MOF to
construct SLAC1-mimic articial anion channels. To construct
such an articial anion channel, encapsulation of a guest ion
source molecule in the cavity of g-CD-MOF is a reasonable
strategy to increase anions. Herein, rhodamine B (RhB) is
selected as an ideal anion source, considering that the tertiary
amine of RhB will react with water and release a large amount of
hydroxide ions.27 More importantly, the hydroxide ion can
reversibly interact with CO2, implying its potential for building
a CO2-switchable ion channel.28 Therefore, it is proposed in this
study that SLAC1-mimic articial CO2-switched anion channels
could be constructed via encapsulating RhB in g-CD-MOF and
utilized to realize low-concentration room temperature CO2

sensing.
As proposed above, in this study, RhB was rst encapsulated

in g-CD-MOF by the host-guest supramolecular interaction,29,30

then a bio-inspired switchable H+/OH− ion-conducting channel
(CSPH ion channel), that is, a SLAC1-mimic articial hydroxide
ion-conduction channel of g-CD-MOF@RhB was constructed
for room temperature CO2 sensing. CO2 is used as a switch to
control the opening and closing of the H+/OH− ion channel.
Subsequently, the CSPH ion channel was integrated into the
interdigital electrodes (IDEs) to obtain a room temperature CO2

sensor (CSPH ion channel-based sensor). The CSPH ion channel
CO2 sensor has been successfully applied to assess cardiopul-
monary function for humans by detection of exhaled CO2. The
21960 | J. Mater. Chem. A, 2023, 11, 21959–21971
CO2 sensing mechanism of the CSPH ion channel has also been
systematically investigated. This work provides a deeper
understanding of SLAC1 in plants and offers a new strategy for
developing room-temperature chemiresistive CO2 sensors
based on bionic articial CO2-switched ion channels.
Experimental section
Preparation of g-CD-MOF, g-CD-MOF@RhB, g-CD-
MOF@TMRM, and g-CD-MOF@FL

g-Cyclodextrin (99%) and rhodamine B (RhB, 99%) were
purchased from Innochem, tetramethyl rhodamine methyl
ester (TMRM, 98%) was purchased from TCI. Fluorescein (FL,
99%) was purchased from Macklin, and potassium hydroxide
(KOH, 99%) was purchased from Sigma-Aldrich. In order to
prepare g-CD-MOF, the reportedmethod is adopted and slightly
improved.19–21 First, add an appropriate amount of g-cyclodex-
trin and potassium hydroxide (1 : 8 molar ratio) in a 20 mL glass
bottle containing 5 mL of deionized water and lter the
undissolved impurities with 0.45 mm lter membrane aer
30 min of ultrasound. Then, place the glass vial in a larger
beaker containing 20 mL of methanol and steam diffusion for
14 days to obtain g-CD-MOF solid particles. Then, lter out the
mother liquor and wash it with methanol three times before
vacuum drying. The obtained cubic nanoparticles are used for
characterization.

For g-CD-MOF@RhB, g-CD-MOF@TMRM, and g-CD-
MOF@FL, the co-crystallization method is adopted.29–31 First,
add an appropriate amount of g-cyclodextrin and potassium
hydroxide (1 : 8 molar ratio) into a 20 mL glass bottle containing
5 mL of deionized water, add a certain proportion of RhB,
TMRM or FL, and lter the undissolved impurities with a 0.45
mm lter membrane aer 30 min of ultrasound. Then, place the
glass vial in a larger beaker containing 20 mL of methanol and
steam diffusion for 14 days to obtain g-CD-MOF@RhB, g-CD-
MOF@TMRM, or g-CD-MOF@FL solid particles. Then, lter
out the mother liquor and wash it with methanol three times
before vacuum drying. The obtained cubic nanoparticles are
used for characterization.
Sensor fabrication and performance measurements

The preparation process of the CO2 sensor is similar to our
previous report.31–34 Briey, 5 mL of sensing material dispersion
(0.1 mg mL−1) was drop-coated on interdigital electrodes (IDEs)
and dried at 50 °C for 30 min. The resistance change of the
prepared sensor was recorded with a Keithley 2450 source meter
(Tektronix, USA). 1 000 000 ppm dry CO2 target gas is purchased
from Dalian Special Gas Company. A 1 L sealed test chamber is
used as the test environment, and the humidity control
dynamic gas distribution system (DGL-III, ELITE TECH. China)
is used to congure a certain humidity background gas (5–70%
RH, N2) for the sealed test chamber. All measurements are
conducted at room temperature (25 ± 2 °C). During the test,
IDEs are placed in a sealed test chamber containing nitrogen
with a certain humidity. Aer the baseline is stabilized,
different volumes of dry CO2 are injected to obtain the
This journal is © The Royal Society of Chemistry 2023
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resistance changes of the sensor under different concentrations
of CO2. Then, IDEs are placed in another test chamber con-
taining nitrogen with a certain humidity for recovery. Volatile
gases such as ethanol and acetone can be produced by heating
the corresponding volatile compounds in the heating plate.
Here, the response value is dened as R = Rg/R0, where Rg is the
resistance value aer injecting the target gas, and R0 is the
baseline resistance value. Response time and recovery time are
dened as 90% of the time of a full response or a full recovery,
respectively.

Characterization of materials

The crystal structure of the prepared material was characterized
by a powder X-ray diffraction instrument (XRD, D8 Advance,
Bruker, Germany) with Cu as the incident radiation. Fourier
transform infrared spectrophotometer (FT-IR, Vertex 70,
Bruker, Germany) is used to identify the chemical groups of
materials. The uorescence spectrum (FL, RF-6000, Shimadzu,
Japan) is used to measure the content of uorophore (RhB,
TMRM, FL). The element content was determined by X-ray
photoelectron spectroscopy (XPS, AXIS Supra, Shimadzu,
Japan). The morphology and energy dispersive X-ray spectrum
(EDX mapping) of the prepared samples were analyzed by eld
emission electron scanning microscopy (FESEM, Quanta 250
FEG, USA). The samples were pretreated for 12 h under vacuum
at 50 °C using the standard degassing station on the Mac
instrument, and then the samples were subjected to nitrogen
adsorption–desorption test using a 4-station fully automated
Specic Surface Area Analyzer of the Micromeritics APSP 2460
model of the U.S.A. under the condition of 77 K. The nitrogen
adsorption–desorption isothermal curves were obtained when
the instrument had nished analyzing the samples to obtain
the total specic surface area of the materials by the BET
method.

Measurements of proton conductivity (s) for MOF sheet

The proton conductivity of the material was measured by the
electrochemical impedance spectrometer. Briey, the g-CD-
MOF@RhB solid was powdered and then pressed into
a circular sheet. The diameter and thickness of the circular
sheet are measured by a digital caliper (diameter d= 12.36 mm,
thickness l = 0.72 mm). Next, the two sides of the circular sheet
are connected to the electrodes of the electrochemical imped-
ance spectrometer and placed in a thermostatic oven. The
frequency of impedance spectrum test conditions is 0.01 Hz–1
MHz, the amplitude voltage is 0.05 V, and the test temperature
is 30–60 °C.

Measurements of electrodynamic force (EMF) for MOF sheet

Before EMF is measured, it is heated at 80 °C for 5 h and then
connected to the electrochemical workstation. Blow in dry
nitrogen on one side of the circular sheet and humidity gas on
the other side. At this time, the open-circuit voltage is the EMF
value. The second step is to put the sheet in a 1 L sealed test
chamber and blow in the CO2 gas stream for 15 min (50
mL min−1). Then, the EMF of the CO2-treated sheet can be
This journal is © The Royal Society of Chemistry 2023
measured. Finally, dry the sheet at 80 °C for 60 min and
measure the EMF again to obtain a complete simulation of the
CSPH ion conduction channel.

Comparison with commercial IR meter and measurement of
human exhalation

The commercial IR CO2 meter (AZ7755, Hengxin, Taiwan,
China), with an accuracy of ±50 ppm ± 5%, is placed in a 5 L
sealed test chamber. Calibration is required in a 5 L test
chamber before testing. When different concentrations of CO2

are injected, the corresponding readings are displayed, and the
response time is about 13 min.

As for the detection of human exhalation, rst of all, human
exhalation is collected in a 1 L aluminum foil gas collecting bag.
In order to avoid the inuence of humidity, exhalation is
injected into a drying device containing blue silica gel before
measurement (50 mm × 100 mm, YuXin, China) and conrm
whether the water absorption capacity of silica gel reaches
saturation by observing the color. Then, the dried exhaled gas is
used for CO2 measurement.

Results and discussion
Fabrication of gas sensing materials and sensors

Fig. 1 shows the preparation process of the CSPH ion channel
chemiresistive sensor. Briey, a certain amount of RhB, g-
cyclodextrin, and potassium hydroxide is added to the vial
containing deionised water, and the g-CD-MOF solid cubic
nanoparticles loading the RhB in the g-CD cavity (g-
CDMOF@RhB) can be generated by the co-crystallisation
method. Under the inuence of the size effect, both the g-CD-
MOF cube void and the g-CD cavity can be loaded with RhB,
while g-CD-MOFs loaded with RhB only in the g-CD cavity can
be obtained using the in situ co-crystallisation method, which is
attributed to the strong host–guest interaction between the g-
CD cavity and RhB.29 Subsequently, g-CD-MOF@RhB was inte-
grated into the interdigital electrode (IDE) by the drop-casting
method, resulting in a chemiresistive sensor based on the
CSPH ion channel. To verify the positive effect of external RhB
in g-CDMOF@RhB, g-CD-MOF@TMRM (tetramethylrhod-
amine methyl ester) and g-CD-MOF@FL (uorescein) were also
prepared by a similar method.

Characterization of gas-sensing materials

As shown in Fig. 2a–d, scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) show the cubic
morphology of g-CD-MOF before and aer encapsulation by
RhB. High-angle annular dark-eld scanning transmission
electron microscopy (HAADF-STEM) was used to analyse the
detailed composition and morphology of the material (Fig. 2e).
The TEM elemental mapping results show a uniform distribu-
tion of C, N, O, and K in the material and also indicate a low
loading of RhB (Fig. 2f–i). Powder X-ray diffraction (PXRD) data
showed that the g-CD-MOF@RhB, g-CD-MOF@TMRM, and g-
CD-MOF@FL retained the original structure of g-CD-MOF
(Fig. 3a). Fourier transform infrared spectroscopy (FT-IR) was
J. Mater. Chem. A, 2023, 11, 21959–21971 | 21961
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Fig. 1 Preparation process of the chemiresistive sensor.

Fig. 2 (a and b) SEM images of g-CD-MOF and g-CD-MOF@RhB. (c and d) TEM mages of g-CD-MOF and g-CD-MOF@RhB. (e) HAADF-STEM
images of g-CD-MOF@RhB, and (f–i) TEM elemental mapping images of g-CD-MOF@RhB.
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Fig. 3 (a–c) PXRD pattern, FT-IR plots and fluorescence spectra of g-CD-MOF, g-CD-MOF@RhB, g-CD-MOF@TMRM, and g-CD-MOF@FL. (d)
XPS survey spectrum of g-CD-MOF, g-CD-MOF@RhB, g-CD-MOF@TMRM, and g-CD-MOF@FL. (e and f) C 1s, O 1s high-resolution XPS spectra
of g-CD-MOF. (g–i) N 1s, C 1s, O 1s high-resolution XPS spectra of g-CD-MOF@RhB.
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used to characterize the chemical bonds before and aer the
RhB, TMRM, and FL were encapsulated into g-CD-MOF (Fig. 3b
and S1†). The band at about 3300 cm−1 is attributed to the
stretching vibration of –OH. Aer loading RhB, this vibration
shis to a shorter wave number, indicating the existence of
hydrogen bonds.35 The C–O–C stretching vibration peak of g-
CD-MOF is located around 1024 cm−1.36 More importantly, the
absorption peak around 1590 cm−1 is assigned as the COO−

asymmetric stretching vibration of RhB, TMRM, or FL in g-CD-
MOF. The weak absorption peaks around 1695 cm−1 are
attributed to the C]O stretching vibration of RhB, TMRM, or
FL, and the weak absorption peaks around 1710 cm−1 are
attributed to the C]N stretching vibration of RhB or TMRM,
which indicates the low load of RhB, TMRM, and FL in g-CD-
MOF.37 As shown in Fig. S5,† the N2 adsorption–desorption
This journal is © The Royal Society of Chemistry 2023
isotherms of g-CD-MOF and g-CD-MOF@RhB indicated the
presence of strong adsorption of N2 at low relative pressure (P/P0
< 0.05), suggesting that they are type I adsorption isotherms and
have microporous structures. In addition, the BET surface area
of the composites decreased from 1145.78 m2 g−1 to 1119.60 m2

g−1 aer RhB loading, and the pore size distribution remained
at 0.4–0.8 nm, which further indicated that the composites have
a microporous structure (Fig. S5b†). As we know, when RhB is
loaded into g-CD-MOF, its nitrogen adsorption–desorption BET
surface area decreases,35 so the above results of the experiment
are consistent with this regularity. In conclusion, the decrease
in the nitrogen adsorption–desorption isotherm is attributed to
the occupation of the cavity of g-CD-MOF aer loading RhB. The
uorescence spectrum was measured as shown in Fig. 3c and
S6,† which shows that the corresponding uorophores are
J. Mater. Chem. A, 2023, 11, 21959–21971 | 21963
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loaded in g-CD-MOF. (The excitation wavelengths of RhB,
TMRM, and FL are 556 nm, 549 nm, and 478 nm, respectively.
The emission wavelengths of RhB, TMRM, and FL are 573 nm,
571 nm, and 516 nm, respectively.) Further, in order to verify the
actual load of uorophores in g-CD-MOF, the uorescence
curves and calibration curves of RhB, TMRM, and FL are shown
in Fig. S7–S9.† Subsequently, the uorescence curves of
composites with different feeding ratios are shown in Fig. S7f,
S8f, and S9f,† which can estimate the actual load of RhB,
TMRM, and FL in g-CD-MOF according to the calibration curve
(Table S1†). High-resolution X-ray photoelectron spectroscopy
(XPS) was used to verify the chemical composition of the
materials. As shown in Fig. 3d, the XPS survey spectra of g-CD-
MOF@RhB and g-CD-MOF@TMRM display obvious N 1s
absorption peaks compared to bare g-CD-MOF and g-CD-
MOF@FL. Meanwhile, O 1s and K 2p peaks are present in all
samples. The K–O absorption peaks of g-CD-MOF, g-CD-
MOF@RhB, g-CD-MOF@TMRM, and g-CD-MOF@FL were
observed at around 293 eV, indicating that K+ formed coordi-
nation bonds with the hydroxide ions of g-cyclodextrins. For g-
CD-MOF@RhB, there were three absorption peaks at 284.80,
287.35, and 288.95 eV in the C 1s spectrum, which are respec-
tively attributed to the C–C, C–O (epoxy carbon), and O–C–O
bonds of g-CD-MOF, while the absorption peak at 285.85 eV was
attributed to the C–N bond of RhB (Fig. 3h), which was not
found in the bare g-CD-MOF (Fig. 3e).38–40 Compared to the bare
g-CD-MOF, the N 1s and O 1s spectra of g-CD-MOF@RhB show
the presence of C–N, C]N, C]O, and C–O bonds at 398.80,
399.73, 531.41, 533.73 eV, respectively, also indicating the
successful loading of RhB (Fig. 3f, g and i).41,42 In addition, the
C–O peak is shied to 287.35 eV aer RhB is encapsulated,
which further suggests the possible presence of hydrogen bond
interactions. The XPS data of g-CD-MOF@TMRM (Fig. S3a–c†)
and g-CD-MOF@FL (Fig. S4a and b†) are also consistent with g-
CD-MOF@RhB, indicating successful loading of TMRM and FL.
Gas sensing performance

As shown in Fig. 4a, the response of g-CD-MOF toward 1000 ppm
CO2 was as low as 1.1 times (Rg/R0) in a relatively dry environ-
ment (5% RH, N2) due to the dramatic reduction of conducting
ions such as protons and hydroxide ions in the relatively dry test
environment. With a small amount of RhB loaded in g-CD-MOF
(g-CD-MOF : RhB = 11.39 : 1), the response to 1000 ppm CO2

rapidly increased to 1.68. When the RhB loading was increased
to 2.25 : 1, the best CO2 response was 2.24 (Rg/R0), which was 2.04
times higher than that of the bare g-CD-MOF. This should be
attributed to the addition of carboxyl and amino groups when
RhB was loaded, which endows the g-CD-MOF to a higher level
of ionic conductivity. Fig. 4b shows the characteristic curve of
resistance change of g-CD-MOF@RhB toward 1000 ppm CO2.
The resistance of the sensor sharply rises when exposed to CO2

and returns to near baseline aer the CO2 is removed. The
response time and recovery time of the sensor toward 1000 ppm
CO2 are 157 s and 487 s, respectively. Next, the sensing response
of the sensor toward different concentrations of CO2 was inves-
tigated. As shown in Fig. 4c, the CSPH ion channel-based sensor
21964 | J. Mater. Chem. A, 2023, 11, 21959–21971
displays a monotonically increasing response and recovery
toward CO2 in the range of 10–1000 ppm. Interestingly, the CSPH
ion channel-based sensor exhibits two linear tting curves of
response vs. CO2 concentration, higher-slope linearity at lower
concentration (10–100 ppm, 4.79 × 10−3 ppm−1), and lower-
slope linearity at higher concentration (200–1000 ppm CO2,
7.91 × 10−4 ppm−1), respectively. At low concentrations, the
sensitivity arises only from the interaction of gas molecules at
the surface of g-CD-MOF, while at high concentrations, the
sensitivity stems from the interaction of gas molecules both at
the surface and inside the g-CD-MOF, by which the sensing
process becomes more complicated and time-consuming due to
the bulk effect (Fig. 4c inset).43

Table 1 summarizes the CO2 sensing performance of typical
MOF-based chemiresistive CO2 sensing materials.22,23,44–50 The
practical limit of detection (pLOD) of the CSPH ion channel-based
sensor is 10 ppm, which is the lowest among the MOF-derived
chemiresistive room temperature CO2 sensors to date (Fig. 4c,
Table 1). In addition, compared with other sensors, the CSPH ion
channel-based sensor also exhibits excellent response value
toward CO2 (Rg/R0 = 1.50, 100 ppm and Rg/R0 = 2.24, 1000 ppm).
As shown in Fig. 4d and e, the response curve of the CSPH ion
channel-based sensor can maintain 5 cycles and has a stable
response and recovery time, which means that it has excellent
stability. The response value of the CSPH ion channel-based
sensor toward 50 ppm CO2 is 1.26 times, which is much higher
than other interfering gases, including 50 ppm sulfur dioxide
(SO2), nitric oxide (NO), nitrogen dioxide (NO2), carbon monoxide
(CO), ammonia (NH3), oxygen (O2), hydrogen sulde (H2S), form-
aldehyde (HCHO), BTEX (benzene, toluene, ethylbenzene, and
xylene), ethanol, and acetone (Fig. 4f). The concentration of the
interfering gas that we detected was higher than that of human
exhaled breath (approximately 15 ppb–1.75 ppm), which clearly
demonstrates the selectivity of this CSPH ion channel sensor.51–59

The high selectivity of the CSPH ion channel-based sensor is
mainly attributed to the material having two CO2 binding sites,
including the hydroxide ion and the tertiary amines onRhB, which
greatly increases the ability to interact with CO2. In order to
explore the effect of humidity, the CSPH ion channel-based sensor
was placed at a relative humidity of 5–70% (RH), and then the
response of 1000 ppm CO2 was measured. The results show that
the response value decreases with increasing humidity, which is
attributed to the competition between H2O and CO2 adsorbed on
the surface of the material (Fig. 4g and S10†). This problem can be
solved by drying the target gas in advance.60,61 The long-term
stability of the CSPH ion channel-based sensor was investigated
to verify its longevity in practical applications. It was found that
even aer four weeks, the sensing performance of the CSPH ion
channel-based sensor had only decreased by 4%, demonstrating
that the sensor has good long-term stability (Fig. 4h).

The effect on ion conduction behaviour was evaluated by
comparing the ability of different types of functional groups to
sense CO2 (Fig. 4i). First of all, we have compared the gas
sensing performance aer loading RhB and TMRM containing
tertiary amine into g-CD-MOF. As a result, the response values
of g-CD-MOF@TMRM toward 1000 ppm CO2 were similar to
those of g-CD-MOF@RhB at similar molar ratios. However, the
This journal is © The Royal Society of Chemistry 2023
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Fig. 4 (a) Sensing performance of g-CD-MOF and RhB toward 1000 ppm CO2 at different molar ratios. (b) Resistance response/recovery
characteristics of g-CD-MOF@RhB before and after exposure to 1000 ppm CO2 under RT conditions. (c) Sensing performance and linear fitting
curve for 10–1000 ppm CO2. (d) Cycle curves toward 50, 200, and 1000 ppm CO2. (e) Response and recovery times for each cycle toward
200 ppmCO2. (f) The selectivity curve of the sensor for 50 ppmCO2 and various interfering gases, including 50 ppm SO2, NO, NO2, CO, NH3, O2,
H2S, HCHO, BTEX (benzene, toluene, ethylbenzene, and xylene), ethanol, and acetone. (g) Sensing performance of the sensor to 1000 ppm CO2

at a relative humidity of 5–70% RH. (h) Long-term stability curve of the sensor. (i) Comparison of sensing performance of RhB, TMRM, and FL with
similar load in g-CD-MOF toward 1000 ppm CO2.

Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 2
2 

Se
pt

em
be

r 
20

23
. D

ow
nl

oa
de

d 
by

 T
ec

hn
is

ch
e 

U
ni

ve
rs

ite
it 

D
el

ft
 o

n 
11

/1
5/

20
23

 7
:5

8:
22

 A
M

. 
View Article Online
response values of g-CD-MOF@FL were lower than those of g-
CD-MOF@RhB at similar molar ratios, which indicated the
positive effect of the amine group. Furthermore, the alkaline
dispersion of the material conrms that the ion conduction
channels in g-CD-MOF@RhB are dominated by hydroxide ions,
possibly because the tertiary amines can react with water to
produce more hydroxide ions prior to CO2 exposure, facilitating
an increase in the affinity of the sensing layer for CO2

(Fig. S11†).26 Therefore, a new hypothesis is proposed that there
could be not only a proton conduction channel, but also
hydroxide ion conduction channel in g-CD-MOF@ RhB.
The commercial application potential of the sensor

To further verify the practical application potential of the
sensor, the CSPH ion channel-based sensor is compared with
This journal is © The Royal Society of Chemistry 2023
the mature commercial infrared (IR) CO2 meter. CSPH ion
channel sensing material is integrated into the IDE, connected
to the digital source meter with two wires and placed in a 1 L
sealed test chamber (Fig. 5, lower right corner). When CO2 is
injected into the sealed test chamber, the digital source meter
records the resistance change immediately. On the other hand,
the commercial IR CO2 meter was calibrated in a 5 L sealed test
chamber, and subsequent readings at different concentrations
of CO2 were recorded (Fig. 5, top le corner, Fig. S12 and S13†).
The reading of the CSPH ion channel-sensor at different
concentrations of CO2 is very close to the commercial IR CO2

meter, as well as the value of actual injected CO2 (Table S2†). In
addition, the correlation between CSPH ion channel-based
sensor and commercial IR CO2 meters was compared at
different CO2 concentrations. The results show that the
J. Mater. Chem. A, 2023, 11, 21959–21971 | 21965
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Fig. 5 Comparing the correlation between our sensor and commer-
cial IR detector, the illustration in the upper corner shows the
measurement process of commercial IR detector, while the lower
right corner shows our sensor.
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correlation coefficient of CO2 concentration between the CSPH
ion channel-based sensor and the commercial IR CO2 meter is
0.9996, which means that the CSPH ion channel-based sensor
has excellent accuracy and reliability (Fig. 5). Further, the CSPH
ion channel-based sensor demonstrates a real-time detection
capability, which means that the sensors have great potential
for applications (Fig. S14†).
The detection of the sensor on CO2 exhalation from the
human body

Pulmonary abnormalities, including carbon monoxide diffu-
sion (DLCO) abnormalities and respiratory disorders, could
persist long aer the recovery from COVID-19 infection.8–10

These abnormalities may cause CO2 to not be discharged
smoothly from the body. Therefore, it is possible to assess
whether there is abnormal lung function by analyzing the
exhaled CO2 of people who have recovered from COVID-19. A
simple silica gel drying device was used to solve the humidity
problem of human exhaled breath by connecting the two ends
of a drying unit to a syringe and gas collection bags containing
human exhaled breath (Fig. S15†). When the gas was collected
using syringes, the human exhaled ow was dried aer passing
through the drying unit. The total time from the gas collection
process (including drying, extraction, and injection) to
complete the gas detection process is 800 ± 147 s (Fig. S16†).
The CSPH ion channel-based sensor is used to detect human
exhalation aer drying, including the exhalation of COVID-19
rehabilitative volunteers and undiseased volunteers. The
results showed that the exhaled CO2 of the COVID-19 rehabili-
tative volunteers and the undiseased individuals could be
clearly distinguished, with the exhaled CO2 average concentra-
tion of the COVID-19 rehabilitative volunteers (Rg/R0 = 1.45),
being around 14.48% lower than that of the undiseased indi-
viduals (Rg/R0 = 1.66), logically indicating that some rehabili-
tators would still have pulmonary abnormalities causing CO2
This journal is © The Royal Society of Chemistry 2023
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Fig. 6 (a) Detection of human exhaled CO2, including those COVID-19 rehabilitative volunteers (rehabilitator 1–5) and undiseased individuals
(healthy 1–5); the dashed line represents the average value. (b) Detection of human exhaled CO2 at rest (blue curve) and after walking for 30 min
(red curve).
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not to be properly expelled from the body (Fig. 6a, Table S3†).
This result suggests that the CSPH ion channel-based sensor
has potential for large-scale application in assessing cardio-
pulmonary function. In addition, Fig. 6b shows the comparison
of CO2 exhaled by the human body at rest and aer exercise
(walking for 30 min). The results showed that the average
concentration of human exhaled CO2 aer exercise was around
12.78% higher than before exercise, which clearly shows that
the CO2 concentration in exhalation is related to the metabo-
lism of the human body.62,63 The above evidence suggests that
this bio-inspired CSPH ion channel chemiresistive sensor has
great potential for application inmonitoring human exhalation.
Mechanism of ion-conduction

It can be assumed that both the H+ ion conduction channel and
OH− ion conduction channel exist in g-CD-MOF@RhB (Fig. 4i,
S11†). To further conrm the ion conduction mechanism of g-
CD-MOF@RhB, the electromotive force (EMF) was used to
measure the ion conduction species. A water vapor concentra-
tion difference cell is created by blowing a dry nitrogen gas
stream on one side of the sheet and a humid gas stream (50%
RH) on the other side to create a concentration difference,
where the open circuit voltage is the EMF of the ions migrating
through thematerial, and its sign represents the ion conduction
species.64,65 Firstly, g-CD-MOF@RhB was heated in an oven at
80 °C for 5 h to remove water and CO2. Before CO2 injection, the
EMF value of g-CD-MOF@RhB was negative, which was attrib-
uted to the conduction of hydroxide ions. When exposed to CO2

for 15 min, the EMF value changed to positive values, indicating
a switch in the ion conduction channels. It can be explained
that the binding of basic hydroxide ions to CO2 leads to the
inhibition of hydroxide ion channels, with the result that proton
conduction dominates. The EMF value of the sheet became
negative when the CO2 was removed by heating at 80 °C for 5 h,
which means that the proton ion conduction in the system
This journal is © The Royal Society of Chemistry 2023
switched back to hydroxide ion conduction aer the CO2 was
removed (Fig. 7a). This mode is similar to the pH-induced
switching of H+ and OH− on graphene oxide reported by
Fukuda et al. in 2020, suggesting that there could also be a CO2-
induced switching of H+/OH− within g-CDMOF@RhB.66 To
further verify the switching ability of the H+/OH− ion conduc-
tion channel, the change in resistance from 0 to 1 000 000 ppm
CO2 was measured at a dynamic ow rate of 50 mL min−1

(Fig. 7b). The results show that prior to CO2 exposure, hydroxide
ion-conduction is dominant owing to the presence of large
amounts of hydroxide ions in the material. Aer exposure to
CO2, there is an upward slope in the resistance curve of the
material, which is attributed to the consumption of hydroxide
ions in combination with CO2, resulting in a sharp increase in
resistance. Aer 73 s (approximately 60 000 ppm CO2), an
inection point in the resistance curve occurs, which is attrib-
uted to the consumption of hydroxide ions reaching the limit
and the ion conduction channel switch opening, leading to the
dominance of proton conduction, resulting in a downward
increase in the resistance curve. Then, the resistance of the
CSPH ion channel-based sensor reaches equilibrium at 1653 s
(approximately 1 000 000 ppm CO2). Finally, aer the removal of
CO2, the resistance curve bends again owing to the release of
hydroxide ions to dominate the ion conduction channel. Hence,
in this cycle, CO2 could be acting as a switch, controlling the
opening and closing of channels for ion conduction.

Electrochemical impedance spectroscopy (EIS) was
measured to study the proton conduction behavior of the sensor
aer injecting CO2 at 70% RH. As shown in Fig. 7c, aer loading
RhB into g-CD-MOF, the ion conductivity s changes from 7.51
× 10−12 S cm−1 to 5.00 × 10−11 S cm−1, which is 6.66 times
higher (s = l/RA, l and A are the thickness and cross-sectional
area of the tablet, and R is the resistance). These results
further explain the positive contribution of RhB to the
enhancement of ionic conductivity, which could be attributed
to the formation of hydroxyl ion channels and a broader
J. Mater. Chem. A, 2023, 11, 21959–21971 | 21967
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Fig. 7 (a) EMF of g-CD-MOF@RhB. (b) Comparison of the resistance change of g-CD-MOF@RhB from 0 to 1 000 000 ppm CO2 at 50 mLmin−1

flow rate. (c) Comparison of Nyquist plots between g-CD-MOF and g-CD-MOF@RhB. (d) Nyquist plots of g-CD-MOF@RhB at 30–60 °C. (e)
Nyquist plot of g-CD-MOF@RhB after exposure to CO2 for 15 min at 30–60 °C. (f) Arrhenius curve of g-CD-MOF@RhB.
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hydrogen bonding network.67,68 As shown in the Nyquist plot
(Fig. 7d), the impedance of g-CD-MOF@RhB decreases with
increasing temperature in the range of 30–60 °C prior to CO2
Fig. 8 Sensing mechanism of the CSPH ion channel-based sensor.

21968 | J. Mater. Chem. A, 2023, 11, 21959–21971
exposure. Fig. 7e shows the Nyquist plot of g-CD-MOF@RhB
aer exposure to CO2 for 15 min. The decrease in impedance
values compared to those before CO2 exposure is due to the
This journal is © The Royal Society of Chemistry 2023
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large depletion of hydroxide ions, allowing proton conduction
with higher ion mobility to dominate. Fig. 7f shows the Arrhe-
nius curve of g-CD-MOF@RhB at 30–60 °C. The activation
energy before and aer exposure to CO2 are Ea = 0.33 eV and Ea
= 0.34 eV, respectively. These results show that hydroxyl ion
conduction and proton conduction both follow Grotthuss
mechanisms (Ea < 0.4 eV).69–73
CO2 sensing mechanism of the CSPH ion channel-based
sensor

Recent studies have shown that the adsorptionmechanism of g-
CD-MOF and CO2 may be due to the combination of hydroxyl
counterions with CO2, not only the hydroxyl sites on the g-
CDs.28 In addition, the g-CD-MOF has a cubic structure, which
means that every three g-CDs form a triangular-shaped b-
window. There are secondary hydroxyl groups in the triangular-
shaped b-window that can form hydrogen bonds with the
hydroxide ions.73 As shown in Fig. 8, there are mutually
switchable proton ion conduction and hydroxide ion conduc-
tion in the CSPH ion channel. The tertiary amine on RhB can
combine with hydrogen ions of water, releasing a large number
of hydroxide ions. These hydroxide ions form a stable four-
water molecule structure OH−(H2O)4 with water.69 The inert
resultant OH−(H2O)4 is then converted into an activated
OH−(H2O)3 structure, which causes the hydroxide ion to form
a hydrogen bond with the hydrogen atom of the neighboring
water and initiate a proton transfer, resulting in the formation
of new stable OH−(H2O)4. Eventually, the hydroxide ions are
transferred along this network. When the CSPH ion channel is
exposed to CO2, hydroxide ions combine with CO2 in a large
amount to form bicarbonate species with slow ion migration,
resulting in a sharp decline in the number of hydroxide ions,
and the interference of hydroxide ion conduction channels,
resulting in the switching of hydroxide ion conduction channels
to hydrogen ion-conduction channels. Furthermore, the
dispersion of the material is alkaline (Fig. S11†), indicating that
the hydroxide ion is the dominant migration species, and there
is no doubt that its reduction leads to a sharp increase in the
resistance of the material. In addition, tertiary amine also
provides additional CO2 binding sites in the presence of
water.27,28 The H+ of the carboxyl group from RhB is captured by
basic hydroxide ions, and then these hydroxide ions form
hydrogen bonds with the hydroxyl group on g-CD to realize
proton hopping (Grotthuss mechanism, Fig. 7f).73 When CO2 is
removed, due to the release of hydroxide ions, the ion
conduction channel is again dominated by hydroxide ions. A
cycle in which CO2 acts as a switch for the ion-conduction
channels is thus completed.
Conclusions

In summary, we have constructed the rst bio-inspired CO2-
switchable H+/OH− ion channel (CSPH ion channel) and fabri-
cated a room-temperature chemiresistive CO2 sensor based on
this ion channel. The switching characteristics of this ion
channel are similar to the reversible activation mechanism of
This journal is © The Royal Society of Chemistry 2023
the SLAC1 in plant stomatal guard cells induced by CO2 during
photosynthesis, which is benecial to improve the under-
standing of the SLAC1 and even the gated gas adsorption
process in photosynthesis and provide new ideas for the prep-
aration of bionic articial CO2-switched ion channels. The ultra-
low detection limit (pLOD) of 10 ppm and high sensitivity (Rg/R0

= 1.50, 100 ppm) of the sensor can be used for human exhaled
CO2 detection applications. The results show that the sensor
successfully differentiates human exhaled CO2 before and aer
exercise and assesses cardiopulmonary function aer COVID-19
recovery. This work provides a deeper insight into plant
photosynthesis and a new approach to developing bionic arti-
cial CO2-switched ion channels for room temperature CO2

sensing.
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