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ABSTRACT: Herein, we report the fabrication of chromogenic nano-
composites through the functionalization of silica nanoflowers for the
detection as well as the quantification of CO2 using an optical spectroscopic
technique. Silica nanoflowers have a large specific surface area and good
thermal stability along with tunable surface chemistry that facilitate to
produce chromogenic nanocomposites using phenolphthalein as a chrom-
ogen, for CO2 adsorption with high uptake capacity. Concentration-
dependent CO2 adsorption by the chromogenic nanocomposites can be
visualized through the naked eye via gradual fading of the intense pink color.
We then develop a spectroscopy-based optical device (CapNanoScope) for
the quantification of CO2 using the synthesized chromogenic nanocomposite,
demonstrating the efficacy of the developed device for the estimation of CO2.
The nanocomposites are very selective to CO2 with insignificant interference
from a number of environmentally relevant gases during CO2 uptake. The present findings may open up the possibility of exploring
this indigenously developed optical device for the detection and estimation of CO2.
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1. INTRODUCTION

Carbon dioxide (CO2) is one of the most important
greenhouse gases attributed to the increase of global
temperature due to the enormous utilization of carbon-based
fossil fuels, which in turn affects the global climate change.1−4

Researchers are therefore looking for suitable technology
emphasizing the development of new materials for CO2
capture. Apart from the liquid-phase amine scrubbing
process,5,6 several solid adsorbents were explored as efficient
adsorbents for CO2 capture and sequestration7−12 because of
their stability and low energy requirement for their
regeneration.13,14 An important aspect that needs to be
emphasized during the design of an adsorbent is the synthesis
of an adsorbent having accessible adsorption sites for CO2
uptake so that the effective cost will be reduced. In this regard,
functional porous silica nanomaterials will be an ideal material
to address this concern. Again, owing to the high surface area,
excellent stability, and chemical inertness, porous silica
nanomaterials possess potential applications in adsorption,
catalysis, and drug delivery and as a chemical sensor after
selective functionalization of their surfaces.15−18

A variety of approaches have been implemented for the
detection of CO2, like gas sorption analysis, gas chromatog-
raphy coupled with mass spectrometry, IR spectroscopic
techniques, thermogravimetric analysis (TGA), electrochem-
ical and infrared sensors, etc.19−26 A major limitation of most

of these traditional techniques is the high cost and sometimes
difficult to carry because of their enormous size. On the
contrary, optical chemosensors will be more attractive because
of their low cost, simplicity, high sensitivity, real-time
detection, and easy-to-run techniques. Xia et al. reported a
squaraine-based chemosensor for the detection of CO2 gas,
and the sensing activity was studied in detail by UV−vis and
1H NMR spectroscopic techniques.27 Likewise, Yoon and co-
workers developed a chemical sensor based on polydiacetylene
(PDA-1) for the fluorimetric detection of CO2 using battery-
powered green laser pointers as a light source either in aqueous
solution or in the solid state with electrospun coatings of PDA-
1 nanofibers.28 They also developed another sensor containing
tetrapropyl benzobisimidazolium salts for the fluorescent and
colorimetric detection of CO2.

29 Liu et al. reported a
fluorescent chemosensor for the detection and quantitation
of CO2 in different concentration ranges based on the
photophysical effect of aggregation-induced emission from
hexaphenylsilole.30 In 2017, Wang group demonstrated
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polyethyleneimine-functionalized carbon nanodots (PEI-CDs)
as a sensor, and their photoluminescence property was used to
detect CO2 using fluorescence spectroscopy in aqueous
dimethyl sulfoxide (DMSO) solutions.31 A naphthalimide
amine derivative-based chemosensor was also developed for
CO2 detection in the presence of fluoride ions, where fluoride
ions deprotonated the amines and subsequently react with
CO2, producing a green-to-purple color change.32 Another
approach has been developed by Climent et al. for the
chromogenic sensing of CO2 using silica nanoparticles
functionalized with amino as well as thiol moieties, where
the formation of carbamate due to the reaction of amine with
CO2 inhibits the reaction between the grafted thiols and the
squaraine dye, resulting in blue color of the solution in the
presence of CO2.

33 They also verified that there is no color
change in the absence of CO2 as thiols groups react with the
central electron-deficient ring of the squaraine dye, causing a
loss of p-conjugation. Zhang et al. reported a CO2-responsive
anion-activated chemosensor (NAP-chol 1) that can detect
dissolved CO2 in organic media via color changes and also on
the basis of ratiometric differences in the fluorescence
intensity.34 Despite the several CO2 detection techniques, to
the best of our knowledge, an optical spectroscopy-based
method using functionalized silica nanoflowers as a sensor for
the quantification of CO2 has not been reported earlier.
Herein, we demonstrated the synthesis of chromogenic

nanocomposites (NCs) through the functionalization of silica
nanoflowers using a chromogen, phenolphthalein, for the
naked eye detection of CO2. Concentration-dependent CO2
adsorption by the chromogenic nanocomposites was visualized
through the naked eye and the gradual fading of intense pink
color was observed. A spectroscopy-based optical device
(CapNanoScope) was developed for the quantification of
CO2 present using the chromogenic NCs. We also performed
selectivity study for these NCs during CO2 uptake in the
presence of a number of interfering gases.

2. EXPERIMENTAL SECTION
2.1. Synthesis of Silica-Based Chromogenic Nanocompo-

sites. Silica nanoflowers were synthesized using our previously
reported method.35 The synthesized silica nanoflowers were then
functionalized using N-[3-(trimethoxysilyl)propyl]ethylenediamine
under a nitrogen atmosphere using the standard air-free technique.

Silica nanoflowers (2.0 g) were taken into a 50 mL three-necked,
round-bottom flask containing 20 mL of toluene. The reaction
mixture was then deaerated under stirring conditions for 30 min and
subsequently heated with a heating mantle. N-[3-(Trimethoxysilyl)-
propyl]ethylenediamine (10.6 mmol) was injected into the flask at 60
°C, and the reaction mixture was refluxed for 20 h at 110 °C. Once
the solution cooled down to room temperature, the product was
collected through filtration after washing with toluene and ethanol,
respectively. The amine-functionalized silica nanoflowers were then
dried and used to prepare chromogenic nanocomposites.

For the synthesis of chromogenic nanocomposites (NCs), first, 2
mL of 1% phenolphthalein (C20H14O4) in ethanol and 2 mL of
Millipore water were mixed with 0.1 g of amine-functionalized silica
nanoflowers in a glass vial. Then, the mixture was stirred for 30 min to
obtain a homogeneous mixture. The obtained mixture was aged for 24
h at room temperature under static conditions in a glass vial. The
nanocomposite became pink. For the preparation of the chromogenic
NCs ink, phenolphthalein-encapsulated chromogenic silica was
collected by centrifugation and redispersed in 1 mL of water. Then,
50 μL of chromogenic NC ink was drop-casted on a white paper and
used as a sensor for carbon dioxide. Figure 1 demonstrates the
schematic presentation of the formation of silica nanoflower-based
chromogenic NCs.

2.2. Measurement of CO2 Adsorption Capacity. The CO2
adsorption capacity of chromogenic NCs was estimated using a
volumetric method by a Micromeritics 3Flex analyzer. First,
chromogenic NCs (0.06 g) were taken in a sample holder. Then,
the chromogenic NCs were degassed under vacuum at 90 °C for 2 h
to remove the preadsorbed CO2. The adsorption experiment was
performed using pure CO2 at 25 °C under 0−1 atm pressure. The
multicycle adsorption−desorption experiments was carried out after
the regeneration of chromogenic NCs by heating at 90 °C under
nitrogen.

2.3. Measurement of CO2 Adsorption Capacity Using
CapNanoScope. Based on the diffuse reflectance mode, the
concentration CO2 was measured using CapNanoScope. First, the
absorbance of the paper containing chromogenic NCs was recorded.
Then, the paper was taken out and inserted in a round-bottom flask
fitted with a rubber septum and two adapters. The round-bottom flask
was then evacuated for 5 min to ensure the complete removal of
ambient CO2 from the flask. CO2 gas having the desired
concentration was injected to the sample flasks and kept for
equilibration for 1 min. After that, the paper was removed from the
flask and the spectrum was recorded. The change in absorbance was
estimated at that particular concentration of CO2. We have then
performed this study with several known concentration of CO2 gas to
establish how the chromogenic NCs changed the color as a function
of CO2 concentration.

Figure 1. Schematic presentation of the formation of silica nanoflower-based chromogenic NCs.
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3. RESULTS AND DISCUSSION

The chromogenic NCs were characterized using field-emission
scanning electron microscopy (FESEM) and transmission
electron microscopy (TEM) to investigate their size, shape,
and morphology. The morphology of chromogenic NCs
characterized by FESEM analysis indicated that they
comprised uniform flowerlike silica nanoparticles, having a
diameter of ∼390 nm (Figure 2A). This was in consistence
with the corresponding TEM image (Figure 2B), further

demonstrating that the assemblies of petals were grown
outward to produce the nanoflowers.
Fourier transform infrared (FTIR) analysis indicates the

presence of two new peaks at 1559 and 2938 cm−1 in the
chromogenic NCs due to the N−H deformation and stretching
vibration of C−H of amine groups, respectively (Figure 3A).
The new peaks in the FTIR spectrum indicate the presence of
amine groups due to the functionalization of silica nano-
flowers.36,37 After the addition of phenolphthalein, two new

Figure 2. (A) FESEM micrograph and (B) TEM image of silica-based chromogenic NCs, representing their flowerlike morphology.

Figure 3. (A) FTIR spectrum of chromogenic NCs and (B) corresponding high-resolution FTIR spectrum with the wavenumber from 1400 to
1900 cm−1 of the NCs. (C) EDX spectrum of chromogenic NCs indicates the presence of C and N along with the constituent elements. (D)
Nitrogen adsorption−desorption plot and (E) corresponding pore size distribution of chromogenic NCs.
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bands at 1510 and 1730 cm−1 were observed in the NCs for
the stretching vibrations of CC and CO, respectively
(Figure 3B), representing the presence of phenolphthalein in
the chromogenic NCs.38 Thermogravimetric analysis (TGA)
was carried out on pristine and functionalized silica nano-
flowers as well as chromogenic NCs. The amount of loading
was estimated from the corresponding weight loss, as shown in
Figure S1. The initial weight loss at temperatures between 50
and 150 °C was due to the desorption of physisorbed water
from their surface. In pristine silica nanoflowers, the weight
loss above 150 °C was attributed to the dehydroxylation of the
surface hydroxyl groups (Figure S1A). In the case of
functionalized silica nanoflowers and chromogenic NCs, the
weight loss above 150 °C was estimated, from which we
calculated the amount of amine and amine with phenolph-
thalein loaded in the functionalized silica nanoflowers and
chromogenic NCs, respectively (Figure S1B,C). Energy-
dispersive X-ray spectroscopy (EDX) analysis (Figure 3C)
also authenticates the presence of C and N along with the main
basic Si and O elements in the chromogenic NCs. The loaded
nitrogen in chromogenic NCs was also estimated by CHN
elemental analysis and was found to be 2.72 mmol g−1. The
loaded amount of C in the chromogenic NCs is ∼16.24 wt %.
However, there is no change in the morphology of silica
nanoflowers even after the chemical change owing to the
grafting of aminosilanes as well as the immobilization of
phenolphthalein. The specific surfaces of chromogenic NCs
were estimated using nitrogen adsorption−desorption study at
77 K. The specific surface area of the chromogenic NCs was
assessed as 171 m2 g−1 using the Brunauer−Emmett−Teller
(BET) method (Figure 3D). The average pore size was
calculated as 3.4 nm (Figure 3E), which suggested the
mesoporous structure of the nanocomposite.
Figure S2 represents the photograph of the synthesized silica

nanoflower-based chromogenic NCs and the paper strip
containing the corresponding drop-casted chromogenic NCs.
Phenolphthalein is an indicator of the acid−base reaction and a
colorless weak acid in acidic or neutral conditions. It
dissociates in water, forming pink anions under basic
conditions (pH range 8.2−10.0).39 The estimated pH of
pristine silica nanoflowers is ∼5.72, whereas it is ∼8.80 for
amine-functionalized silica nanoflowers. Thus, the colorless
amine-functionalized silica nanoflowers (pH ∼ 8.80) became
pink after the encapsulation of phenolphthalein, producing the
chromogenic NCs that were explored as a sensor material to
detect CO2.
To gain insight into the CO2 adsorption capacity of the

chromogenic NCs, we have performed their adsorption study
using a volumetric method at room temperature taking pure

CO2 between 0 and 1 atm pressures. The CO2 adsorption
isotherm (Figure 4A) is the characteristic of chemisorption
because of the interaction of CO2 molecules with the amino
groups of the nanocomposites. However, the desorption
analysis demonstrated that although chemisorption is predom-
inant, a significant contribution from the physisorption of CO2
has also occurred. Please see the CO2 adsorption and
desorption isotherms as shown in Figure S3. The presence of
amine groups in chromogenic NCs is capable of chemisorption
of CO2, and thus, adsorbed CO2 has not been desorbed
completely from the active sites of the NCs. On the other
hand, the CO2 adsorption isotherm over pristine silica
nanoflowers is attributed to the physisorption of CO2 and
the desorption isotherm clearly indicates the complete
desorption of CO2 from the surface, as the adsorption is
governed by the physisorption process (Figure S3). We have
also performed the CO2 adsorption study for amine-function-
alized silica. The uptake capacity of chromogenic NCs was
found to be 1.17 mmol g−1. It was observed that both the
functionalized silica NCs and chromogenic NCs had almost
similar adsorption capacity (Figure S4), further indicating an
insignificant change in the CO2 capture capacity. The minor
reduction in the CO2 capture capacity of the chromogenic
NCs is probably due to the addition of chromogen
phenolphthalein molecules. To demonstrate the scientific
significance, the CO2 uptake efficiency of the chromogenic
nanocomposite was compared with that of the reported amine-
functionalized silica nanomaterials, indicating the higher CO2
adsorption efficacy of our synthesized chromogenic NCs
(Table S1).
For adsorption kinetics, chromogenic NCs were pretreated

at 90 °C under 50 mL min−1 nitrogen flow for 2 h in
thermogravimetric analysis (TGA). Then, the chromogenic
NCs were cooled down to room temperature and kept for 45
min at 25 °C to stabilize the sample weight. Subsequently, the
gas flow was switched to pure CO2 with a flow rate 50 mL
min−1 for 30 min to illustrate the adsorption kinetics. The
uptake capacity was calculated based on the weight gain during
CO2 capture. From the kinetics study, it was observed that the
adsorption process was very fast (Figure 4B). Nearly 80% of
CO2 adsorption over the chromogenic NCs was observed after
2 min of the adsorption process and completed within 20 min.
Such fast adsorption kinetics is due to the accessible active
adsorption sites onto the surface of the NCs, which
predominates the adsorbent−adsorbate interaction during the
adsorption process.
To explore chromogenic NCs as a CO2 sensor, we have

developed an indigenous prototype, namely, “CapNanoScope”.
This is a chromogenic NC-based optical device, and the

Figure 4. CO2 adsorption (A) isotherm and (B) kinetics over chromogenic NCs.
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working principle of the prototype is based on the optical
spectroscopic technique. In the proposed system, we have used
one microspectrometer (Hamamatsu, Japan) and the required
electronic module. The light source (L) is embedded with the
microspectrometer module (M) of around 4 mW. Two fibers
are used for the transmission of the light from the source and
the reflected surface, respectively. One is called as excitation
fiber (E) and another is collection fiber (C), as depicted in
Figure 5. The electronic module is controlled by a computer

using software developed on the LabVIEW platform. The
entire process stating from signal acquisition to display is
described in the workflow diagram (Figure 6). The software is
developed in such a way that the user can easily operate the
instrument and the signal acquisition, processing, and analysis
all are taken care by itself.

In a similar fashion, the CO2 adsorption capacity of
chromogenic NCs was analyzed using our developed
prototype, CapNanoScope. The concentration of CO2 was
measured using this device through the diffuse reflectance
mode. First, the absorbance of the chromogenic NCs drop-
casted on a paper was measured (Figure 7A) using
CapNanoScope. After exposed to CO2 gas, a gradual fading
of the pink color of the chromogenic NCs was noticed (see the
movie in the Supporting Information). We have then estimated

the absorbance of the chromogenic NCs after being exposed to
CO2 gas. The change in the absorbance of the NCs before and
after CO2 adsorption gives the actual concentration of CO2 in
the analyte gas. CO2 adsorption over the surface of
chromogenic NCs is an acid−base reaction.40,41 After the
addition of CO2 gas, the amine molecule-immobilized
chromogenic NCs react with CO2, resulting in gradual
changing and ultimate bleaching of the pink color since the
basicity of the chromogenic NCs decreases as the reaction
progresses. It is then interesting to us to check the sensitivity
and dynamic range of our prototype CapNanoScope toward
CO2 uptake. For this purpose, we performed the study with
several known concentrations of CO2 gas ranging from 0.04 to
9.0% and plotted the change in absorbance as a function of
CO2 concentration (Figure 7B). We found that there was no
significant change in the absorbance difference beyond 7.0%
CO2, attributing that the chromogenic NCs got saturated.
Figure 7C demonstrates the dynamic range of CapNanoScope,
having the detection range of from 0.04 to 7.0% CO2. The
estimated data were flitted linearly with a correlation
coefficient (R2) of 0.98. It is clearly evident from the graph
that with an increase in concentration of CO2, the NC changes
its color, which is reflected in the corresponding absorbance
recorded through the diffuse reflectance mode. From this plot,
we can calculate the concentration of CO2 adsorbed by the
chromogenic NCs for an unknown concentration of CO2 by
estimating the change in absorbance before and after CO2
adsorption.
Likewise, we have examined the sensitivity of the device

toward CO2 detection. The device possesses great sensitivity
with a lower detection limit of 400 ppm of CO2 (0.04%), as
shown in Figure 7D. It is interesting to note that the device is
capable of detecting atmospheric CO2 even in ambient
conditions (0.04%; 400 ppm) if we can protect the
chromogenic NCs to get exposed to air. We can also detect
CO2 below 400 ppm concentration; however, in that case, all
of the analyses should be performed under an inert
atmosphere. Otherwise, we may consider the lower detection
limit above the ambient CO2 concentration to make the
measurement hassle free using the device. For the estimation
of high concentration of CO2 beyond ambient CO2
concentration, such interference of atmospheric CO2 does
not affect the detection process. In Table S2, we have
compared the performance of our chromogenic NC sensor
with that of the reported sensors.
To address the specificity and selectivity of the prepared

chromogenic NCs, we have performed the absorbance
intensity study with the interference of different environ-
mentally relevant gases, like nitrogen, nitrogen dioxide, sulfur
dioxide, carbon monoxide, and nitric oxide. We carried out this
study taking each gas separately. First, the absorbance intensity
of the pristine NCs was recorded and then the absorbance
intensity was measured after exposure to each gas. We
observed an insignificant change in the absorbance value
(Figure 8A) in the presence of these gases, indicating high
sensitivity of the chromogenic NCs toward CO2 only. We have
then taken a mixture of these gases with CO2 to check the
selectivity of the NCs (Figure 8B). Interestingly, the
adsorption capacity of the chromogenic NCs remains intact
even in presence of these interfering gases. Hence, the
selectivity studies further corroborate these chromogenic
NCs as an efficient sensor for CO2 detection. It should be
noted that the chromogenic NCs possess reversible CO2

Figure 5. Schematic diagram of the chromogenic NC-based optical
device, CapNanoScope.

Figure 6. Working pathway of the CapNanoScope for the estimation
of CO2.
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adsorption−desorption capability (Figure S5). After heating
the NCs at 80 °C, the colorless NCs became pink due to the
release of CO2 (Figure S2), indicating the regeneration of
chromogenic NCs as well as the restoration of their
chromogenic nature. Hence, the developed silica-based
chromogenic NCs pointed to the formation of an excellent
CO2 sensor, having high adsorption capability that was
visualized through the naked eye by changing the pink color
as well as the capability to measure the exact CO2
concentration through an optical spectroscopic technique
using CapNanoScope.

4. CONCLUSIONS
In summary, we demonstrated a colorimetric and optical
carbon dioxide sensor, chromogenic NCs, comprising
functionalized silica nanoflowers and a chromogen, phenolph-
thalein molecule. The concentration-dependent CO2 adsorp-
tion by the chromogenic NCs was visualized through the
naked eye by the gradual fading of the intense pink color and

estimated by the chromogenic NC-based optical device,
CapNanoScope. The chromogenic NCs possess high CO2

uptake capacity with fast adsorption kinetics and also exhibit
multicycle adsorption−desorption capacity. The NCs are very
selective to CO2, and there is no interference of the
environmentally relevant gases during CO2 capture. The
indigenously made optical device may therefore be explored
for the detection and estimation of CO2 in the presence of
different environmentally relevant gases. Additionally, the
developed prototype is a low-cost device and does not need
to be operated by any expert hand. Hence, our findings point
to the development of a chromogenic nanocomposite-based
CO2 sensor, along with the fabrication of an optical device that
may hold a great promise for the diagnosis of chronic
obstructive pulmonary disorder (COPD) diseases in human
patients by estimating the concentration of CO2 present in the
exhale human breath.

Figure 7. (A) UV−vis diffuse reflectance spectra of chromogenic NCs before (black) and after (red) CO2 uptake using 2.0% CO2. (B) Change in
absorbance as a function of concentration of CO2. (C) Working range and (D) sensitivity of the chromogenic NC-based optical device
CapNanoScope.

Figure 8. (A) Absorbance intensity of the pristine NCs and after exposure to different gases separately, namely, nitrogen (N2), sulfur dioxide
(SO2), nitrogen dioxide (NO2), carbon monoxide (CO), and nitric oxide (NO), measured using the prototype CapNanoScope. Ultrahigh-purity
N2 gas was taken, and for rest of the gases, the concentration was maintained as 2.0% in ultrahigh-purity N2. (B) Absorbance intensity difference of
the chromogenic NCs for 2.0% CO2 in the absence and presence of all interfering gases.
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