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A B S T R A C T   

The detection of over 200 volatile organic compounds in exhaled breath has highlighted their potential in 
diagnosing diseases and monitoring health. Particularly, acetone has emerged as a key biomarker for monitoring 
ketosis in both healthy individuals and those diagnosed with diabetes. Although equipment-based gas sensor 
systems such as high-performance liquid chromatography are commonly used for acetone gas detection, they are 
expensive and require preprocessing. To address these challenges, we developed a cost-effective colorimetric 
sensor that uses silica-based hollow nanoparticles (SHNPs) and offers enhanced selectivity. We fabricated 
spherical and uniformly sized SHNPs and infused them with methyl red and brilliant green (M–B ion-pairing dye) 
to develop colorimetric sensors for acetone gas detection. The optimal color change response occurred at a 
particle size of 52 ( ± 3.4) nm and shell thickness of 7 ( ± 1.1) nm within the SHNPs, indicative of a significant 
increase in surface area. Furthermore, the use of hollow silica with a water barrier effect protected the dye, 
enabling acetone gas detection even in environments with 80% relative humidity. Notably, a substantial color 
change (Δ130) was noticeable in only 1 min. This robust sensor enables sensitive and rapid naked-eye detection 
of low concentrations of acetone gas (1 ppm). Consequently, the proposed methodology holds promise for real- 
time visualization of acetone gas and can be easily integrated into other colorimetric gas sensor systems to 
enhance both sensitivity and simplicity.   

1. Introduction 

The identification of over 200 volatile organic compounds in human 
breath has highlighted the potential of these compounds in applications 
related to disease diagnosis and health monitoring [1–4]. Among these 
compounds, acetone has emerged as a valuable biomarker for tracking 
ketosis in both healthy individuals and those diagnosed with diabetes [1, 
2,5]. The detection of minor variations in breath acetone (BrAce) at low 
ppm levels provides insights into daily activities, satiety, and exercise 
efficiency [5–11]. Thus, accurate detection of BrAce at low concentra
tions has the potential to facilitate dietary management, exercise routine 
development, and disease prevention [2,4,12–14]. 

Current research in various fields, including clinical analysis, envi
ronmental monitoring, biotechnology, pharmaceuticals, and the food 

industry, is focused on developing acetone gas sensor systems that can 
effectively monitor trace levels of acetone [7,15–18]. Existing detection 
systems for acetone gas heavily rely on techniques such as 
high-performance liquid chromatography (HPLC) [19,20], ion chro
matography (IC) [1,21,22], voltammetry [8], amperometry [23], and 
the use of enzyme electrodes [24] and solid-state sensors [25]. However, 
these equipment-based systems, including HPLC and IC, often involve 
pre-treatment procedures and expensive instruments, posing challenges 
for real-time acetone gas detection [21,26]. To address these limitations, 
researchers have proposed the use of colorimetric pH sensors based on 
solid matrices, such as polymer and sol–gel materials, and nano
structured particles [27–29]. 

Solid matrices are known for their selectivity and other advanta
geous features, such as permeability, flexibility, and mechanical and 

Abbreviations: ppm, parts per million; BrAce, breath acetone; HPLC, high-performance liquid chromatography; IC, ion chromatography; PTMS, phenyl
trimethoxysilane; DI, deionized; MFCs, mass flow controllers; TEM, transmission electron microscopy; FTIR, Fourier transform infrared. 

* Corresponding authors. 
E-mail addresses: h-slee@yonsei.ac.kr (H.-S. Lee), wooyoung@yonsei.ac.kr (W. Lee).   

1 These authors contributed equally. 

Contents lists available at ScienceDirect 

Sensors and Actuators: B. Chemical 

journal homepage: www.elsevier.com/locate/snb 

https://doi.org/10.1016/j.snb.2024.135373 
Received 24 October 2023; Received in revised form 15 January 2024; Accepted 20 January 2024   

mailto:h-slee@yonsei.ac.kr
mailto:wooyoung@yonsei.ac.kr
www.sciencedirect.com/science/journal/09254005
https://www.elsevier.com/locate/snb
https://doi.org/10.1016/j.snb.2024.135373
https://doi.org/10.1016/j.snb.2024.135373
https://doi.org/10.1016/j.snb.2024.135373
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2024.135373&domain=pdf


Sensors and Actuators: B. Chemical 406 (2024) 135373

2

chemical stability [27–30]. Immobilizing pH indicators in solid matrices 
can be achieved by applying various methods, including covalent 
bonding, entrapment, and adsorption [20,23]. Further, the utilization of 
nanostructured particles, including organic, inorganic, and hybrid ma
terials, has been suggested to augment the capabilities of colorimetric 
pH sensors, owing to their remarkable attributes such as high sensitivity, 
extensive surfaces, significant volume ratios, and substantial specific 
surface areas [31–33]. However, maintaining sensitivity can be chal
lenging due to the potential migration of pH dyes and their susceptibility 
to moisture, even with fixation methods in place, imposing limitations 
on the widespread application of pH dyes [33,34]. Recent advancements 
in color change sensors for acetone have demonstrated the potential use 
of thymol blue, a pH dye, to produce a visible color change by the 
specific reaction between acetone and hydroxylamine sulfate [2] Simi
larly, TCDA (diacetylene monomer 10, 12-tricosadiynoic acid)/
clay/imidazole was employed to achieve a ΔE value of 64.0, indicating a 
visible color change in acetone gas at 1600 ppm [35]. A polydiacetylene 
(PDA) incorporated into an aerogel matrix demonstrated heightened 
sensitivity to acetone relative to various volatile organic compounds 
(VOCs) and manifested a color change with a ΔE value of 70 at 1000 
ppm of acetone [36]. A PCDA (polydiacetylene)-based acetone color 
sensor with a ΔE value of 92.2 was proposed to produce a color change 
at 300 ppm of acetone [37]. However, despite these achievements, the 
application of nanostructured particles in these sensors faces significant 
challenges, including the difficulty of visual confirmation at low con
centrations and vulnerability to humidity. To overcome these chal
lenges, the integration of a hollow silica nanoparticle with an optical pH 
indicator mechanism affords an efficient colorimetric sensor for visual
izing acetone gas [38,39]. The optical pH sensor mechanism induces 
color changes via the formation of acids or bases resulting from pH 
variations [40–42]. 

In this study, we employ hydroxylamine sulfate to produce sulfuric 
acid in the presence of acetone gas. Using ion pairing, we aim to produce 
humidity-resistant hydrophobic dyes. We then encapsulate these dyes 
within hollow silica structures. Subsequently, we synthesize a humidity- 
resistant M–B dye via ion pairing with a pH dye that is used to coat the 
nanoparticles. Finally, we analyze the fabricated sensor to assess its 
response to acetone exposure. This includes determining the detection 
limit and investigating the effects of concentration, humidity, and 
exposure time on color changes. This paper introduces a hollow silica- 
based ion-pairing acetone gas sensor that excels in visually detecting 
acetone gas, establishing a foundation for future color-changing sensors. 
The subsequent sections of this paper are structured as follows: Section 2 
outlines the materials and methods, Section 3 delves into the results and 
discussions, and Section 4 concludes the study. 

2. Materials and methods 

2.1. Materials 

We obtained phenyltrimethoxysilane (PTMS, 97%) from Alfa Aesar, 
while the ammonium hydroxide solution (30 wt% as NH3) and nitric 
acid (60%) were sourced from Daejung Chemicals. Daejung Chemicals 
also provided methanol (99%) and ethanol (99%), which were used as 
co-solvents and etching reagents. Deionized (DI) water was employed as 
the main solvent throughout the entire synthesis procedure. All pH dyes, 
including brilliant green and methyl red, were procured from Sigma 
Aldrich (MO, USA) and used as received. 

2.2. Fabrication of hollow silica particles 

Hollow silica nanoparticles were generated through the etching 

Fig. 1. (a) Schematics of the synthesis of hollow silica particles using phenyltrimethoxysilane (PTMS); Transmission electron microscopy (TEM) images of (b) silica 
nanoparticles and (c) hollow silica nanoparticles before and after the etching treatment, respectively; (d) Schematics of the acetone gas detection procedure. The 
exposure of hollow silica particles to acetone gas results in a distinctive color transition from gray to purple, easily detectable by the naked eye. 
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process of condensed silica nanoparticles prepared using PTMS [43]. In 
a 500 mL reactor, DI water (220 mL) was added and stirred while 
adjusting the internal temperature to 60 ℃. Once the temperature sta
bilized, HNO3 (0.14 g) and 0.1–0.5% of PTMS were sequentially added. 
After 60 s, ammonia and methanol were added in a volume ratio of 7% 
each, after which the mixture was stirred. The reaction was conducted at 
270 rpm for 2 h. Subsequently, Na2CO3 (11.86 g) was added as a 
coagulant to the mixture and stirred for 30 min. The reactor was 
removed and subjected to three cycles of centrifugation at 1000 rpm for 
10 min each. For solvent washing, methanol was used for the first cycle 
and ethanol was used for the second and third cycles. Etching was 
performed by sonication at 60 ℃ for 60 min, which yielded the final 
hollow silica. 

2.3. Preparation of a colorimetric sensor for acetone gas detection 

To prepare dyes for acetone gas detection, pH dyes brilliant green 

and methyl red were separately dissolved in a 3:2 solvent mixture of 
methanol and water, with a volume ratio of 3% each. The solutions were 
heated (30 ℃) to dissolve the dyes completely. Subsequently, each dye 
solution was stirred using a mechanical stirrer at 250 rpm for 12 h. After 
stirring, the precipitated ion-pairing dyes were obtained by filtering the 
solutions through filter paper to obtain the solid components. The ob
tained dyes were dried, after which they were dissolved in a 3:2 solvent 
mixture of methanol and water, containing 3% hydroxylamine sulfate. 
The resulting solid components were dissolved in methanol at a con
centration of 0.15% of the total volume and added to the previous so
lution. Glycerol was added at a concentration of 5% of the total volume, 
and the mixture was stirred for approximately 2 h to manufacture the 
dyes. Thereafter, the ion-pairing dye was coated onto the hollow silica 
nanoparticles. The dye solution was prepared by dissolving the dye (0.4 
g) in ethanol (20 mL). Subsequently, the dye solution (0.4 μL) was added 
to a hollow silica nanoparticle dispersion (5 mL), and the mixture was 
stirred for 3 h to obtain an acetone gas detection sensor. During this 

Fig. 2. (a) Acetone sensing mechanism of a dye-based colorimetric sensor that changes color by producing sulfuric acid through the reaction between hydroxylamine 
sulfate and acetone; (b) Color change of the MR-BG ion-paired dye with the generation of more acid as acetone concentration increases; (c) Ion-pairing mechanism of 
brilliant green (BG) and methyl red (MR) dye; (d) Reduced sensitivity of pH dyes due to the attack of water molecules; (e) Maintained sensitivity of ion-pairing dyes 
due to the water barrier effect by possessing relatively hydrophobic sites against water molecules. 
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process, the sensor was washed three times with DI water to remove 
residual dye, filtered, and dried in a vacuum oven (30 ℃) for 12 h to 
yield an acetone gas sensor powder. Subsequently, the powder was 
dispersed in an acrylic binder and coated onto a polyethylene tere
phthalate (PET) film. 

2.4. Evaluation of the sensing performance of the colorimetric sensor 

The performance of the hollow silica-based gas sensors was evalu
ated in a tube furnace system equipped with mass flow controllers 
(MFCs). The furnace temperature and gas flow rate were automatically 
controlled using customized LabView software. Acetone gas was 
generated using standard gases obtained from a company. The gas 
concentration was adjusted by controlling the gas flow rate of the MFCs, 
using dry synthetic air as the balancing gas. The target gas and synthetic 
air as the carrier gas at specific concentrations were introduced into the 
chamber at a constant flow rate of 1000 sccm. The performance of the 
sensor in detecting acetone gas with various dyes was investigated by 

exposing them to different gas concentrations and humidities (0–80%) 
for 0–10 min. The color change images of the sensor were captured using 
a digital scanner (HP Scanjet pro 3500) before and after exposure to 
acetone. In each image, the RGB values were extracted using the Pho
toshop program. Average RGB values were obtained on several spots in 
each sensor. The colorimetric response was assessed using the Euclidean 
distance formula (ΔE), calculated as ΔE = (ΔR2 + ΔG2 + ΔB2)1/2, rep
resenting the difference of the R, G, and B values before and after 
exposure. A representative ΔE value for each acetone concentration was 
determined by averaging the values from five sensors. The sensing tests 
were performed on approximately 88 sensors, and they exhibited a 
similar trend for the same acetone concentration. 

2.5. Morphological analysis of hollow silica nanoparticles 

The prepared hollow silica nanoparticles were subjected to 
morphological analysis using scanning electron microscopy (JEOL 
JSM6700, Japan). Drops of the prepared emulsion nanoparticles were 
deposited onto a silicon wafer and dried at 25 ℃ for 10 h. The hollow 
structure of the nanoparticles was observed using transmission electron 
microscopy (TEM, JEM-F200, Japan). For sample preparation, one or 
two drops of single nanoparticles and the hollow silica nanoparticles 
dispersed in DI water were placed on carbon-coated copper grids and 
dried at 25 ℃ for 12 h. The atomic distribution of elements in the 
nanostructure of the acetone-gas-responsive detector was evaluated by 
energy-dispersive X-ray spectroscopy. The particle size distribution of 
the synthesized nanoparticles was analyzed using a Zetasizer nano sys
tem (Zetasizer nano ZS90, UK). The diluted sample was further diluted 
to approximately 1 wt% using DI water before analysis. 

3. Results and discussion 

In this study, we developed a hollow silica-particle-based acetone 
detector that exhibits visible color changes upon reacting with dyes in 
the presence of acetone gas. Fig. 1(a) schematically describes the 
manufacturing process of hollow silica particles. Phenyl
trimethoxysilane (PTMS) monomers are dissolved in deionized water at 
temperatures ranging from 30 to 70 ℃ and react at a temperature sur
passing the phase transition temperature of the monomer. This process is 
conducted with vigorous stirring to ensure homogeneity in the reaction 
medium. Thereafter, acidification and hydration occur, and an ammo
nium hydroxide solution is introduced to promote the formation of 
primary particles through interfacial bonding between liquid droplets. 
These primary particles then undergo polymerization, establishing a 
shell structure. The interior of the shell is subsequently etched using 
ethanol, creating the desired hollow cavity. The final product, namely, a 
powder consisting of hollow silica particles, is obtained through filtra
tion and drying procedures. Fig. 1(b) and (c) display transmission 
electron microscopy (TEM) images that illustrate the formation of hol
low particles through etching after the production of individual parti
cles. Notably, the TEM image in Fig. 1(c) illustrates the transformation 
of the particle structure into a distinct core-shell configuration, indica
tive of a significantly enlarged specific surface area. Subsequently, ion- 
pairing dyes are applied to coat the hollow silica particles and assemble 
the acetone gas-responsive detector (Fig. 1(d)). 

Fig. 2 illustrates the sensing mechanism of the colorimetric acetone 
sensor and ion-pairing mechanism of brilliant green (BG) and methyl red 
(MR) dyes. The interaction between acetone gas and the hydroxylamine 
sulfate molecules, used as solvent in the dye, leads to observable color 
changes in the ion-pairing dyes incorporated into the carrier containing 
hollow silica particles. As shown in Fig. 2(a), this interaction occurs via 
the formation of acetoxime and sulfuric acid by the reaction between 
hydroxylamine sulfate and acetone gas, resulting in pH variations that 
trigger visible color changes in the ion-pairing dyes within the hollow 
silica particles. Based on this process, when the M–B ion-pairing dye was 
exposed to a certain concentration of acetone, the color changes from 

Fig. 3. The FT-IR spectra: (a) PTMS and hollow silica; (b) methyl red (MR), 
brilliant green (BG), and ion paring (MR+BG) dyes. 
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dark green to purple. Subsequently, with further gas reaction, it finally 
shifts to a faint pink color (Fig. 2(b)). During this process, the chemical 
state of the sensor undergoes a change, leading to a persistent color 
alteration. Therefore, the color of the M–B ion-pairing dye sensor does 
not revert to its original color after the removal of acetone gas. Similarly, 
colorimetric acetone sensors based on pH dyes [2,44], operating on the 
same sensing mechanism, also exhibit irreversibility. 

Fig. 2(c) depicts the process of synthesizing a new dye through ion 
pairing, involving BG and MR dyes with positive and negative ions, 
respectively. Positive N+ ions, bonded with the methyl group (CH3) in 
the BG dye, and negative OH- ions, bonded with the carboxyl (COOH) 
group in the MR dye, are paired. The typical pH dye like MR or BG 
becomes vulnerable to water molecule attacks, leading to reduced 
sensitivity in high-humidity conditions (Fig. 2(d). However, Fig. 2(e) 
demonstrates that the M–B ion-pairing dye possesses relatively hydro
phobic sites, creating a water barrier effect that maintains sensitivity 
even when subjected to water molecule attacks in high-humidity 
conditions. 

Fourier-transform infrared (FT-IR) spectroscopy was conducted to 
determine the chemical bonding of the synthesized hollow silica, and the 
results are shown in Fig. 3(a). The FT-IR spectra of the hollow silica 
nanoparticles showed absorption peaks at 1030 and 1130 cm− 1, which 
are attributed to the Si-O-Si stretching bands within the silica frame
work. In addition, the appearance of a peak at 1450 cm− 1 was attributed 
to the presence of the Si-phenyl group, confirming the attachment of the 
phenyl group to the surface of hollow silica nanoparticles. In the 
chemically etched particles, absorption peaks were predominantly 
observed at approximately 3300–3500 cm− 1, arising from adsorbed 
water and Si-OH hydroxyl groups. However, weak absorption peaks 
from the phenyl groups could still be identified, indicating that the ar
omatic desilylation reaction was not fully completed under the experi
mental conditions. Conversely, in the thermally treated particles, the 
absorption peak related to the Si-O-Si stretching bond was the sole peak 
observed, indicating a complete conversion to pure inorganic silica 

particles. Furthermore, FT-IR analysis was conducted to investigate the 
chemical bonding of the M–B ion-pairing dye (Fig. 3(b)). In the case of 
brilliant green (BG) bonded with hydrogen sulfate (HSO4

− ), distinct ab
sorption bands of S––O and S-O appear at 1203 and 999 cm− 1, respec
tively. Interestingly, these characteristic bands are absent in the IR 
spectrum of the M–B ion-pairing dye, indicating the replacement of 
hydrogen sulfate with a different anionic ion, potentially originating 
from an anionic dye. Additionally, new peaks at ~1600 and 
~1700 cm− 1, arising from the C––C bands belonging to the aromatic 
ring of MR and BG, were observed for the M–B ion-paired dye. In the IR 
spectrum of the M–B ion-paired dye, the disappearance of S––O and S-O 
peaks, along with the appearance of C––C peaks, may indicate that the 
M+B dye becomes hydrophobic through ion-pairing. FT-IR analysis 
suggested that intermolecular Coulomb forces drive the attraction be
tween oppositely charged dyes, causing them to associate as one 
molecule. 

Hollow silica nanoparticles were fabricated to encapsulate dyes 
under various condition, as shown in Fig. 4. To maximize the specific 
surface area before the fabrication of hollow silica nanoparticles, the 
sizes of small silica nanoparticles were controlled. Fig. 4(a) presents a 
graph depicting the variation in particle size with changes in monomer 
concentration. PTMS at different concentrations (0.1%, 0.2%, 0.3%, 
0.4%, and 0.5%) was used to determine the effect of monomer con
centration on particle size. The results demonstrated a gradual increase 
in particle size with an increase in monomer concentration, with average 
particle sizes of 52, 76, 109, 206, and 712 nm at concentrations of 0.1%, 
0.2%, 0.3%, 0.4%, and 0.5%, respectively. Furthermore, at a monomer 
concentration of 0.5%, a significant increase in particle size was 
observed, along with a non-uniform particle distribution. This can be 
attributed to the increased number of hydrolyzed monomers that can 
influence the particle size, leading to accelerated particle growth during 
condensation. Therefore, for the experiments, the monomer concentra
tion was adjusted to 0.1% based on these observations. Fig. 4(b) illus
trates the variation in particle size with respect to changes in reaction 

Fig. 4. Particle size and porosity control: Examining the impacts of (a) monomer concentration, (b) reaction time, and (c) reaction temperature on particle sizes. 
Assessing the variation in hollow ratio and shell thickness of hollow silica nanoparticles at different fabrication times for (d) hydrolysis, (e) etching, and (f) reaction. 
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time. By varying the reaction time to 1, 2, 4, 6, and 8 h, changes in the 
particle size were observed. After 1 h, the results indicated an average 
particle size of 20 nm but with a non-uniform distribution. From 2 h 
onwards, the particle sizes remained constant at 52, 55, 56, and 58 nm 
after 2, 4, 6, and 8 h, respectively, with a uniform particle distribution. 
This suggests that, after a reaction time of 2 h, the particle size stabilizes. 
Fig. 4(c) presents a graph demonstrating the effect of reaction temper
ature on particle size. By increasing the reaction temperature from 30 to 
70 ℃, changes in particle sizes were observed. Based on these results, a 
monomer concentration of 0.1%, reaction time of 2 h, and temperature 
of 30 ℃ were selected as the optimal conditions. Under these optimal 
conditions, the optimum particle size was determined to be approxi
mately 50 nm. 

Fig. 4(d) depicts a graph showing the variation in the hollow ratio 
and shell thickness based on hydrolysis time control. The hydrolysis 
time was adjusted to 0.5, 1, 2, 3, 4, and 5 min. The results showed a 
decrease in the hollow ratio from 98%, 84%, 60%, 45%, 24%, to 11% as 
the hydrolysis time increased and an increase in the shell thickness of the 
hollow particles to 7 ( ± 1.1), 7 ( ± 1.3), 7 ( ± 1.5), 8 ( ± 2.1), 10 
( ± 2.2), and 12 ( ± 3.5) nm, respectively. These findings indicate that 
the hydrolysis time influences the hollow ratio and shell thickness. The 

observed phenomenon can be attributed to the extended coalescence 
reaction time of particles, which results in a more robust core that is 
resistant to etching, leading to a decrease in the hollow particle ratio and 
an increase in the shell thickness. Based on these reasons, the hydrolysis 
time was set to 0.5 min for the fabrication of hollow silica. 

Fig. 4(e) illustrates the variation in the hollow ratio and shell 
thickness with different etching times. Following etching periods of 0.5, 
1, 1.5, 2, 2.5, and 3 min, the hollow ratio showed a steady increase after 
reaching 92%, eventually stabilizing at 98% (5%, 35%, 83%, 92%, 98%, 
to 98%, respectively), while the shell thickness of the hollow particles 
decreased to 13 ( ± 3.8), 10 ( ± 2.4), 9 ( ± 2.2), 8 ( ± 1.8), 7 ( ± 1.4), 
and 7 ( ± 1.1) nm, respectively. After 2 min, the shell thickness 
remained constant. This observation suggests that an insufficient 
etching time led to these outcomes. Therefore, in this study, an etching 
time of 2 min was chosen to maintain an adequate hollow ratio. 

Fig. 4(f) presents the variation in the hollow ratio and shell thickness 
with different reaction times. After reaction times of 1, 2, 4, 6, and 8 h, 
the hollow ratios were 90%, 98%, 52%, 33%, and 12%, respectively, as 
single particles transformed into hollow particles, and the corresponding 
shell thicknesses of the hollow particles were 6 ( ± 4), 8 ( ± 2), 9 ( ± 1), 
11 ( ± 1), and 13 ( ± 6) nm, respectively. These trends differed from 
those observed under the previously studied condition variations. Spe
cifically, the hollow ratio remained similar between 1 and 2 h, while the 
shell thickness decreased initially before increasing. This suggests that, 
during the initial 1 h of the reaction, an inadequate reaction time often 
resulted in particle deformation during etching. However, after 2 h, a 
sufficient reaction time led to a higher hollow ratio and shell thickness. 
After 3 h of the reaction, a prolonged reaction time made the core 
stronger, leading to a reduced hollow ratio and a thicker shell in the 
resulting hollow silica particles. Consequently, by utilizing the optimal 
silica particle size of approximately 50 nm and employing the optimal 
conditions for hollow fabrication—0.5 min of hydrolysis time, 2 min of 
etching time, and 2 h of reaction time—we were able to produce hollow 
silica nanoparticles with a maximum hollow ratio and a shell thickness 
of approximately 7 nm. This optimal size of hollow silica nanoparticles 
led to the most favorable acetone response. 

Fig. 5(a) shows a TEM image of the original silica nanoparticles used 
for further preparation of the hollow particles. Fig. 5(b) shows a TEM 
image of the nanoparticles before adjusting the shell thickness and 
hollow ratio, which can be influenced by various factors. Fig. 5(c) and 
(d) demonstrate hollow silica particles with consistent shell thicknesses 
and hollow ratios prepared under the optimized process conditions. To 
confirm dye encapsulation within these hollow silica particles, a TEM- 
EDS analysis was conducted. The results of this analysis indicate that 
Si, which constitutes the hollow silica, is exclusively observed on the 
outer wall (Fig. 5(e)), while N, which originates from the dye, is uni
formly distributed on both the surface and the internal structure of the 
particles (Fig. 5(f)). This observation strongly suggests that the hollow 
silica efficiently encapsulates the dye. 

Fig. 6(a) displays actual photos of the M-B ion-pairing dye sensors 
exhibiting color changes before acetone exposure and after the reaction 
with 10 ppm acetone over exposure times ranging from 1 to 10 min 
Fig. 6(b) and (c) display the color change images of methyl red (MR) 
dye, a conventional pH dye, and M–B ion-paired dyes in response to 
various acetone concentrations (1, 5, and 10 ppm) over different expo
sure times (0–10 min), respectively. Notably, the brilliant green dye 
(BR) sensor did not exhibit color change under the same conditions. 
Consequently, our comparison focused on MR and M-B ion-pairing dyes. 
The results were obtained at a temperature of 25 ℃ and humidity of 
10%RH. As shown in Fig. 6(b), using methyl red, color changes were 
observed at 1, 5, and 10 ppm, but they were manifested as subtle vari
ations in similar shades, making visual determination challenging. In 
contrast, Fig. 6(c) demonstrates a distinct color change from grayish- 
green to purple for the M–B ion-pairing dye as the acetone concentra
tion was increased from 1 through 5 to 10 ppm. In particular, a clear 
color change was observed even at 1 ppm acetone with a short exposure 

Fig. 5. TEM images: (a) condensed silica particles, hollow silica particles (b) 
before and (c) after adjusting hollow ratio and shell thickness, and (d) magni
fied view of the optimized hollow silica particles. EDS images to confirm the 
presence of dye encapsulation within hollow silica particles: (e) Si mapping 
image showing distribution of Si within the hollow silica and (f) N mapping 
image showing the distribution of N, originating from the dye, both on the 
surface and in the internal structure of hollow silica particles. 
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time of 1 min. The results highlighted the high sensitivity of the M–B 
ion-pairing dye to even slight pH variations. 

Fig. 7(a) graphically illustrates the variations in the colorimetric 
response (ΔE) values at different concentrations of acetone gas (1, 5, and 

10 ppm). In all cases, acetone exposure was conducted for 1 min at a 
temperature of 25 ℃ and humidity of 10%. At acetone gas concentra
tions of 1, 5, and 10 ppm, respectively, the methyl-red-based acetone 
sensor showed ΔE values of 11.0, 18.5, and 28.5, while the M–B ion- 

Fig. 6. (a) Photos of the M–B ion-paired dye sensor after the reaction with 10 ppm acetone for various exposure times, ranging from 0 to 10 min. Color change 
images of (b) methyl red dye, a typical pH dye and (c) M–B ion-paired dyes in response to different acetone concentrations (1, 5, and 10 ppm) for various exposure 
times (0–10 min). The color change measurements were conducted at 25 ℃ and 10% RH conditions. 

Fig. 7. (a)-(c) Comparison of Colorimetric response (ΔE) in methyl red and M-B ion-pairing dyes under various measurement conditions: (a) different acetone 
concentrations of 1, 5, and 10 ppm for 1 min of exposure, (b) 1 ppm acetone for different exposure times (1–10 min), (c) 10 min exposure of 10 ppm acetone under 
different humidity conditions (0–80%). (d) Colorimetric response of M-B ion-pairing dye to various test gases (acetone(A) 10 ppm, ethanol(E) 10 ppm, H2 500 ppm, 
CO2 200 ppm, isoprene 50 ppm, and H2S 10 ppm) for 150 s exposure at 25 ℃ and 10% RH conditions. 
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pairing dye exhibited ΔE values of 46.6, 108.8, and 127.0. Both dyes 
exhibited an increase in ΔE with increasing concentration of acetone 
gas. However, for the methyl red-based sensor, at all studied acetone 
concentrations, ΔE values were below 30, and clear visual change was 
not observed. In contrast, the M–B ion-pairing dye showed ΔE values 
exceeding 30 at all studied concentrations of acetone and noticeable 
visual changes. Even at the lowest concentration of 1 ppm, its ΔE was 
measured to be 46.6. The results indicate that the M–B ion-pairing dye 
displays higher sensitivity and enables a noticeably clearer visual 
identification than methyl red. This heightened sensitivity is attributed 
to the pH changes resulting from the generation of minute quantities of 
sulfuric acid. 

Fig. 7(b) graphically illustrates the change in ΔE over time when 
exposed to 1 ppm acetone gas for 10 min. The results show that the 
methyl-red-based acetone sensor produced ΔE values of 5.8, 6.4, 10.2, 
12.5, 13.6, 13.8, and 14, while the M–B ion-pairing dye-based one 
yielded ΔE values of 46.6, 110.2, 115.6, 116.1, 116.2, 116.5, and 116.8, 
after 1, 2, 3, 4, 5, 7, and 10 min, respectively. The ΔE values of the 
methyl-red-based acetone sensor were all under 15 and it did not exhibit 
a noticeable color change even after 10 min of exposure to 1 ppm 
acetone. In addition, the ΔE values showed minimal variation after 
3 min. In contrast, the M–B ion-pairing dye-based acetone sensor dis
played a noticeable color change when ΔE exceeded 40 after 1 min of 
exposure. A rapid increase in ΔE values was observed up to 2 min, after 
which the rate of increase reached saturation. These findings suggest 
that the initial 1-min exposure to acetone gas caused pH alterations, 
resulting in a relatively consistent response during prolonged exposure. 

In conclusion, the M–B ion-pairing dye-based acetone gas sensor dem
onstrates swift color changes irrespective of the acetone concentration, 
with the ΔE value peaking at 116.8. Therefore, it enables the immediate 
detection of minute traces of acetone gas present in human breath. 

Fig. 7(c) displays a graph showing the variations in ΔE when 10 ppm 
acetone gas is exposed to different humidity levels (10%, 20%, 30%, 
50%, and 80%) at a temperature of 25 ℃ for 10 min. The results indicate 
that the methyl-red-based acetone sensor yielded ΔE values of 10.7, 
28.5, 18.68, 15.25, and 8.13, while the M–B ion-pairing dye-based 
sensor produced ΔE values of 110.7, 178.2, 94.45, 72.54, and 52.31, 
respectively. These findings suggest that the methyl-red-based sensor 
has a lower resistance to humidity than that using the M–B ion-pairing 
dye. Moreover, when the humidity exceeded 50%, the ΔE values of 
the methyl-red-based sensor decreased by 47% compared with the ΔE 
values at 10% humidity. In contrast, the M–B ion-pairing dye-based 
sensor exhibited a ΔE value of 52.31 even at humidity levels exceeding 
80%, making it visually detectable. In addition, at humidity levels above 
50%, its ΔE decreased by 38% compared with that at 10% humidity, 
indicating a 9% improvement in humidity resistance for the M–B ion- 
pairing dye-based acetone sensor compared with the methyl-red-based 
one at the same humidity. This improvement can be attributed to the 
water barrier effect of the M–B ion-pairing dye. Unlike the commonly 
used methyl red dye, which is susceptible to sensitivity reduction owing 
to reaction with water molecule, the M–B ion-pairing dye exhibits 
relatively more hydrophobic properties owing to ion pairing, affording 
reduced susceptibility to humidity. Furthermore, the sensitivity in
creases as humidity increased from 0% to 10% and then decreased at 
humidity above 10%. This color change stems from humidity conditions, 
under which imine formation increases the positive charge during 
nucleophilic addition reactions. 

Fig. 7(d) displays the colorimetric response (ΔE) graph for various 
gases found in human exhaled breath. These color changes were 
observed after 150 s of exposure at a temperature of 25 ℃ and humidity 
of 10%. For acetone (10 ppm), ethanol (10 ppm), H2 (500 ppm), CO2 
(200 ppm), isoprene (50 ppm), and H2S (10 ppm), the corresponding ΔE 
values were measured at 130.1, 17.8, 22.46, 21.1, 19.4, and 14.3, 
respectively. Notably, the M–B ion-pairing dye exhibited a significantly 
high ΔE for acetone. In line with a previous report by Sha et al. [44], 
methyl red dye used in a solution form showed the limit of detection 
(LOD) for acetone at 0.02 ppm but displayed an equal response to 
acetone and ethanol. It is essential to highlight that the M–B ion-pairing 
dye demonstrates clear selectivity towards acetone gas. The findings 
suggest that the ion-pairing configuration of the M–B dye has a more 
favorable condition for generating sulfuric acid through the reaction 
between acetone gas and hydroxylamine sulfate. Moreover, this reaction 
occurs within a time frame of 150 s, which facilitates facile visual 
detection of trace amounts of acetone gas. 

Additionally, we carried out a validation of sensor performance 

Fig. 8. Blind test results for M–B ion-paired dye sensors “A” and “B,” exposed to 
two unknown concentrations of mixed acetone by a third party. The unknown 
acetone concentrations of the blind-tested sensors were determined using a 
calibration curve established in a log-log scale plot. 

Fig. 9. (a) Comparison of the color change capabilities of the acetone sensor developed in this study with the sensors developed by other groups. (b) Visual changes 
in acetone gas sensors fabricated using thymol blue (TB) and the one developed in this study. 
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based on the determination of the unknown concentration of acetone 
using the M-B ion-paired dye sensors. A blind test was conducted with 
M–B ion-paired dye sensors “A” and “B”, which were exposed to two 
unknown concentrations of acetone mixed by a third party (Fig. 8). The 
blind test followed the same conditions as the previous experiments, 
comprising a 1-minute exposure at 25 ℃ and 10% RH. The color 
response values (△E) of the sensors from the blind test were determined 
by calculating RGB values from actual photos. The △E values were 88.2 
for the “A” sensor and 115.3 for the “B” sensor (Fig. 8). To ascertain the 
unknown concentrations of the two sensors, we established a calibration 
curve using the color change images of M–B ion-paired dyes prepared at 
known acetone concentrations of 1, 5, and 10 ppm, which were 
extracted from Fig. 6(a). Since the colorimetric response is not linear 
with concentration, we used a log-log scale plot for the calibration 
curve. The nonlinear relationship between sensing response and gas 
concentration could be completely linearized by a log-log trans
formation (R2 =0.9989). Consequently, the acetone concentrations of 
the blind-tested sensors "A" and “B” were determined as 4.3 and 
7.9 ppm, respectively, as shown in Fig. 8. These values are reasonable 
even when compared with the naked eye. 

Fig. 9(a) provides an overview of the status of sensors capable of 
visible color change with the naked eye upon exposure to acetone gas. 
Notably, Hussain et al.[35] used a TCDA/clay/imidazole system and 
achieved a △E value of 64.0, indicating a visible color change in the 
presence of 1600 ppm of acetone gas for a 6-minute exposure. Kim et al. 
[37] proposed a PCDA-based acetone color sensor with a △E value of 
92.2 when exposed to 300 ppm acetone. In addition, Dolai et al. [36] 
reported that a PDA-aerogel hybrid composite functioned as a colori
metric acetone sensor, exhibiting a visible color change with a ΔE value 
of 70 at 1000 ppm of acetone for a 10-minute exposure [36]. Here, the 
values of ΔE and acetone concentration values of TCDA, PCDA, and PDA 
sensors were estimated from the actual color change images after 
acetone reaction presented in the paper. 

We additionally evaluated the sensing capability of the sensor 
incorporating thymol blue (TB) dye encapsulated within the hollow 
silica nanoparticles under the same conditions of 1-minute acetone 
exposure at 25 ℃ and 10% RH. A comparison of the visual color changes 
of the two sensors is presented in Fig. 9(b). While the acetone sensor 
using TB only exhibited a concentration-dependent color change at 
5 ppm, the sensor developed in this study demonstrated a significantly 
pronounced variation visible to the naked eye even at 1 ppm. It is 
important to note that the reported LOD values in other colorimetric 
sensors, such as TB casted on a silica gel substrate [2] and 2,4-dinitro
phenylhydrazine (DNPH)-impregnated porous glass [45], were 
approximately 0.6 ppm and 0.1 ppm, respectively. However, these 
values were calculated using absorbance recorded in real-time during 
color changing, while we utilized the converted ΔRGB values of the 
color change after the reaction. Additionally, resorcinol-imbibed mem
branes exhibited a distinct color change at 2 ppm acetone, visible to the 
naked eye [46]. Accordingly, it is noteworthy that our LOD of 1 ppm for 
naked-eye detection implies the highly sensitive reaction of M-B 
ion-pairing dye with acetone gas molecules. 

As shown in Fig. 9(a), the pH dye-based sensor constructed on hollow 
silica nanoparticles demonstrated a visible color change at low con
centrations of acetone, surpassing other reported sensors. This indicates 
that sensors causing pH changes through the generation of sulfuric acid 
from the reaction of acetone gas with hydroxylamine sulfate are more 
effective in acetone colorimetric detection. In particular, the M-B ion- 
pairing dye demonstrated the most sensitive color change compared to 
other dyes, such as MR and TB. This sensitivity can be attributed to the 
distinct pH values of each dye, resulting in varying levels of increased 
acidity (Fig. S1). In the case of MR dye, the color transition occurs from 
yellow to red as the pH decreases from 6 to 4.3. For TB dye, the color 
change happens from yellow to red when the pH decreases from 3 to 1. 
Meanwhile, the M-B ion-pairing dye exhibits a color shift from green- 
gray to purple and magenta as the pH decreases from 5 to 3.5 and 2, 

respectively. At the same concentration of acetone gas, the pH values fall 
within the range of 5 to 2, as indicated in Fig. S1. As a result, the 
sequence of color change is extensive in the following order: MR, TB, 
and M-B ion-pairing dyes. Consequently, the observed trend of differ
ences in acetone sensitivity among the prepared dyes, as depicted in 
Fig. 8(a), is well understood. Therefore, the newly proposed M-B ion- 
pair dye has been confirmed to be well-suited for functioning as a 
highly sensitive colorimetric sensor, capable of detecting low concen
trations of acetone, even at the 1 ppm level. 

4. Conclusion 

In this study, researchers developed a hollow silica particle-based 
acetone detector that exhibited visible color changes when exposed to 
acetone gas. This detector utilized a newly synthesized M–B ion-pairing 
dye, which demonstrated an improved sensitivity and selectivity for 
acetone compared to the previously reported dyes like methyl red. It 
showed high sensitivity even at low concentrations of acetone gas, with 
significant color changes observed within 1 min of exposure. The de
tector also exhibited excellent humidity resistance and maintained its 
visual detection capabilities even at high humidity (above 80%). Over
all, this detector, which combined hollow silica particles and the M–B 
ion-pairing dye, demonstrated remarkable sensitivity, selectivity, and 
humidity resistance, enabling the detection of trace amounts of acetone 
gas, and has potential applications in healthcare and environmental 
monitoring. 
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