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ABSTRACT: Gas is a fundamental element for sustaining life, and
its types and concentrations not only reflect the functioning of the
human body but also indicate environmental changes. Surface-
enhanced Raman scattering (SERS) has become a popular gas
detection method due to its high sensitivity and rapid response
characteristics. However, in complex environments, efficiently
capturing and enriching gases in the “hotspot” regions of substrates
still remains a challenge. This study presents an innovative gas
SERS sensor that integrates porous Ag cavity structures with
zeolitic imidazolate framework-8 (ZIF-8), a type of metal−organic
framework (MOF), maintaining high sensitivity and rapid detection
capabilities even under varying gas flow rates. The vortex effect
within the porous Ag cavities can effectively slow down the gas
flow, promoting the adsorption and detection of target molecules; furthermore, the embedded ZIF-8 particles can enhance the gas
molecule enrichment efficiency. Experimental results show that, at specific flow rates, the sensor achieves a detection limit of 10 ppb
for 4-ethylbenzaldehyde (4-EBA), improving by an order of magnitude (100 ppb) compared to conventional convex (Ag/ZIF-8)
structures. What’s more, the multifunctional regions can be achieved facilely on the proposed sensor, supporting the diversified
detection of different gases and offering new insights for the development of high-performance gas monitoring technologies.

1. INTRODUCTION
Gases play a vital role in human existence, not only supporting
essential physiological processes but also serving as indicators
of overall health and potential risks to well-being.1−5 Exhaled
gases, which comprise a range of volatile organic compounds
(VOCs) and metabolic byproducts, offer critical insights into
an individual’s health status. For instance, elevated or abnormal
levels of aldehydes in exhaled breath may signal the presence of
inflammation or underlying pathological conditions, making
them valuable biomarkers for early diagnosis and preventive
healthcare.6−8 Concurrently, environmental exposure to
harmful gases such as amines and other VOCs poses significant
health risks. Prolonged exposure to these toxic compounds can
lead to chronic damage to the respiratory, nervous, and
immune systems.9−11 Thus, the continuous monitoring and
precise detection of hazardous gases are essential for
safeguarding human health and mitigating long-term health
risks.
Surface-enhanced Raman scattering (SERS) has attracted

significant attention in the field of gas detection due to its rapid
response and ability to detect molecules with high specific-
ity.12−18 However, a key challenge is effectively capturing and
immobilizing gas molecules in the hotspot regions of SERS
substrates. To address this issue, diverse strategies have been

proposed mainly focused on optimizing substrate structures,
incorporating functional materials, and engineering multifunc-
tional composites. For instance, by refining the micro-
nanostructures of SERS substrates, such as designing metallic
surfaces with nanopores, nanogaps, or nanoarrays, is possible
to significantly enhance local electromagnetic field intensity
and create more “hotspot” regions.19−22 These regions not
only effectively amplify the Raman signal but also prolong the
residence time of gas molecules in the hotspot areas, thereby
improving detection sensitivity. On the other hand, the porous
materials such as metal−organic frameworks (MOFs) and
layered double hydroxides have been employed as functional
adsorbents. Owing to their exceptionally high specific surface
areas and tunable pore architectures, these materials can
facilitate the efficient adsorption and capture of target gas
molecules.23 When integrated with metallic nanostructures,
these materials can significantly amplify the Raman signal
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intensity of gas molecules, enabling more sensitive and precise
detection. Therefore, recombination of MOFs with noble
metals is currently regarded as one of the most effective and
advanced strategies.24−26 For instance, Li et al. utilized hollow-
structured zeolitic imidazolate framework-8 (ZIF-8) coated on
gold superparticles, combined with the reporter molecule 4-
aminothiophenol (4-ATP), to achieve gas molecule detection
with low detection limits while significantly reducing
interference from nontarget molecules in SERS spectra.27

Similarly, Liu et al. introduced MOFs into plasmonic coupled
nanogap structures, successfully achieving stable detection of
volatile gases at concentrations as low as 10−2 mg/m3. These
studies demonstrate that the innovative combination of MOFs
with noble metal nanostructures can enhances the sensitivity
and selectivity of SERS technology and paves the way for new
directions in trace gas detection.28

Although SERS technology has made substantial advance-
ments in gas detection, particularly in steady-state or low-flow
environments, the application in practical scenarios, such as
human breath analysis, complex indoor and outdoor environ-
ments, still encounters significant challenges. The primary
reason lies in the dynamic nature of gas diffusion. Due to their
high kinetic energy, gas molecules exhibit continuous
fluctuations in their spatial distribution on the SERS
substrate.29 As a result, their residence time in hotspot regions
is extremely brief, leading to limited interaction with analytes,
which severely constrains the sensitivity and stability of
detection.
Hererin, this study presents an innovative sensor design that

integrates a porous silver cavity array structure with ZIF-8

material, enabling highly efficient enrichment and sensitive
detection of gas molecules under dynamic flow conditions. The
cavity-induced vortex effect effectively slows down gas flow,
ensuring stable enrichment and enhanced detection of target
molecules across varying flow rates. Meanwhile, ZIF-8 provides
highly selective capture capability, enabling a detection limit as
low as 10 ppb. Building on this, the sensor’s performance was
further validated across a wide range of flow rates,
demonstrating its feasibility for reliable gas monitoring in
complex dynamic environments. In addition, the sensor design
allows for large-area, localized fabrication on flexible substrates,
offering new possibilities for wearable and portable gas sensing
applications.

2. RESULTS AND DISCUSSION
The fabrication process of the Ag cavity array is illustrated in
Figure 1a, where electrochemical deposition serves as a critical
step in constructing the substrate structure. Prior to deposition,
a 15 nm-thick gold (Au) layer was deposited onto the PET-
ITO film surface via magnetron sputtering. Due to its high
surface free energy, the Au layer provides abundant active sites,
which facilitates the efficient adsorption of silver ions and their
subsequent reduction to metallic silver, thereby playing a
catalytic role in the silver deposition process. As shown in
Figure 1b, an SDNU-shaped mask was employed to confine
the sputtering area of the Au layer, enabling the selective
formation of Ag cavity structures only within the designated
regions. Therefore, the deposition area of the gold layer can be
precisely controlled using the mask, effectively limiting the
silver deposition area. Following that, polystyrene (PS)

Figure 1. (a) Schematic diagram of the synthetic route of porous Ag cavity/ZIF-8. (b) Photograph of the fabricated porous Ag cavity structure with
precise deposition. SEM images of (c) 5 μm PS microsphere array and (d) porous Ag cavity/ZIF-8 (the illustration shows a cross-section of porous
Ag cavity/ZIF-8). (e) TEM images of ZIF-8. (f) 3D AFM image of porous Ag cavity@ ZIF-8 and height variation. (g) EDX images of porous Ag
cavity@ ZIF-8 obtained by SEM (h) XRD spectrum of porous Ag cavity/ZIF-8.
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microsphere arrays with a diameter of 5 μm were picked up
onto the PET-ITO film surface coated with a sputtered Au
layer. The orderly arrangement of the PS microsphere array
served as an accurate template for the electrochemical
deposition process (Figure 1c). By restricting the deposition
of Ag atoms to the gaps between adjacent PS microspheres,
this ensured the precise formation of the Ag cavity. Following
electrochemical deposition, the substrate was immersed in
toluene solution for 3 h, effectively removing the PS
microsphere and leaving behind a well-ordered Ag cavity
array (Figure 1d). To optimize the SERS performance of the
Ag cavity array, 4-ATP was employed as a probe molecule to
systematically investigate the effects of deposition time and
temperature on the SERS response of the Ag cavity structure
(corresponding SEM images are shown in Figure S1). The Ag
cavity exhibited optimal SERS performance when the
deposition time was 190 min and the deposition temperature
was 40 °C (Figure S1e,k). Reflectance spectra of substrates
prepared at varying deposition times revealed that, at 190 min,
the reflectance at 532 nm was minimized (Figure S1f). This
phenomenon can be attributed to the optimized resonance
effect achieved through the Ag cavity height at this particular
deposition time, ultimately maximizing the localized surface
plasmon resonance effect. Moreover, at a deposition temper-
ature of 40 °C, a large number of uniformly distributed
nanopores were formed within the Ag cavity structure. This
porous architecture significantly extended the optical path
length within the cavity and enhanced the interaction between
light and the material surface, thereby effectively improving the
SERS signal intensity. Reflectance spectra of substrates
prepared at different deposition temperatures further con-
firmed this conclusion (Figure S1l). The observed structural
evolution can be primarily attributed to the influence of
temperature on the deposition rate of silver atoms and the
resulting morphological development during the film for-
mation process.30 Ultimately, a porous Ag cavity array was
successfully constructed and employed in subsequent perform-
ance investigations.
Following the successful fabrication of the porous Ag cavity

array, ZIF-8 nanoparticles were synthesized via a controlled
coprecipitation method. A beaker containing the porous Ag
cavity structure was sequentially supplemented 2-methylimi-
dazole (2-MIM) solution and Zn(NO3)2 solution, followed by
continuous stirring to facilitate the reaction. The strong
coordination interaction between the excess 2-MIM ligands
and Zn2+ ions expedited the crystallization process while
effectively mitigating excessive crystal growth (refer to the
Experimental section for detailed protocols). The ZIF-8
nanoparticles produced under these controlled conditions
exhibited an average particle size of 38.74 nm. Due to their
small size, the ZIF-8 nanoparticles were able to uniformly
distribute within the nanopores at the bottom of the silver
cavity. The cross-sectional view of the porous Ag cavity/ZIF-8
structure, shown in the inset of Figure 1d, clearly reveals the
dense distribution of ZIF-8 particles within the nanopore
regions, further confirming the successful fabrication of the
composite structure. Transmission electron microscopy
(TEM) characterization revealed that the ZIF-8 particles
exhibit a smooth dodecahedral morphology (Figure 1e),
indicating their high crystallinity. This regular geometric
structure not only reflects the crystalline integrity of the
material but also contributes to enhanced structural stability
and adsorption performance due to its low surface energy

properties. Further three-dimensional morphological analysis
of the porous Ag cavity/ZIF-8 composite structure was
conducted using atomic force microscopy (AFM) (Figure
1f). The height variation profile and uniform array morphology
confirmed the orderly construction of the porous Ag cavity
array. Combined with energy-dispersive X-ray spectroscopy
(EDX) elemental mapping analysis, the uniform spatial
distribution of silver (orange regions) in the silver cavity
framework and zinc (yellow), carbon (blue), and nitrogen
(purple) elements in ZIF-8 was clearly observed, verifying the
effective integration of the components in the composite
material. To elucidate the crystallographic features of the
porous Ag cavity/ZIF-8, X-ray diffraction (XRD) was
employed for systematic characterization. The diffraction
pattern of ZIF-8 powder synthesized via the precipitation
method (red line in Figure 1g) showed excellent agreement
with the theoretically simulated spectrum (blue line), and its
sharp diffraction peaks confirmed the superior crystallinity of
ZIF-8. In the XRD pattern of the porous Ag cavity/ZIF-8
composite (black line), the strong diffraction peaks at 38.1°,
64.3°, 77.3°, and 81.4° correspond to the (111), (220), (311),
and (222) crystal planes of silver, respectively, consistent with
the face-centered cubic structure. Meanwhile, the weak
diffraction peaks marked by black asterisks corresponded to
the characteristic peaks of ZIF-8, and their reduced intensity
might be related to the low loading of ZIF-8 in the composite
or the shielding effect of the silver substrate on X-rays. The
comprehensive characterization results confirm the successful
construction of the porous Ag cavity/ZIF-8 composite
structure, laying a structural foundation for subsequent
performance studies.
The porous Ag cavity/ZIF-8 structure, serving as a signal-

enhancing component for gas detection, was first systematically
investigated for its SERS performance. As shown in Figure S2a,
the porous Ag cavity/ZIF-8 structure exhibits a significant
enhancement in SERS signals compared to other control
groups, which can be primarily attributed to two key factors.
On one hand, the ZIF-8-modified porous Ag cavity possesses a
markedly increased specific surface area. The porous Ag
cavity/ZIF-8 structure provides abundant adsorption sites,
enabling efficient capture of 4-ATP molecules. This is further
evidenced by the UV absorption spectrum, which shows the
most pronounced attenuation of the characteristic peaks after
adsorption, confirming its superior molecular adsorption
capability (Figure S2b). On the other hand, the COMSOL
simulation results (Figure S2c) reveal that the porous silver
cavity structure generates a highly localized electric field within
the nanopores due to the electromagnetic coupling effect
between the microcavity and the nanopores. Notably, the
introduction of ZIF-8 modulates the refractive index of the
cavity, not only optimizing light propagation characteristics but
also effectively enhancing surface plasmon resonance excita-
tion.28 This synergistic effect enables the porous Ag cavity/
ZIF-8 composite structure to exhibit the strongest electro-
magnetic field enhancement, which is in excellent agreement
with the experimentally observed signal amplification. Using
the porous Ag cavity/ZIF-8 structure, ultrasensitive detection
of 4-ATP and 4-MBA molecules was achieved. Figure S2d
shows the SERS signals of 4-ATP at various concentrations
(10−10−10−6 M). Analysis indicates that the intensities of the
SERS characteristic peaks at 1078 cm−1 and 1435 cm−1 for 4-
ATP exhibit excellent linear relationships with concentration,
with correlation coefficients (R2 of 0.985 and 0.995,
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corresponding to the linear equations Log I = 0.42 Log C + 7
and Log I = 0.38 Log C + 6.43 (Figure S2e). Similarly, Figure
S2f presents the Raman signals of 4-MBA at different
concentrations. The characteristic peaks at 1072 cm−1 and
1582 cm−1 show R2 values of 0.993 and 0.988, with linear
equations Log I = 0.35 Log C + 5.93 and Log I = 0.36 Log C +
6.29 (Figure S2g). The detection limits for both 4-ATP and 4-
MBA reach 10−10 M. These results demonstrate that the
porous Ag cavity/ZIF-8 structure not only offers excellent
detection sensitivity but also exhibits reliable quantitative
analysis capability. To evaluate the uniformity and reproduci-
bility of the porous Ag cavity/ZIF-8 structure, a 0.1 cm × 0.1
cm region was selected, and 400 SERS spectra of 4-ATP
molecules were collected with a 5 μm step size. Mapping
analysis of the SERS intensities at 1078 cm−1 and 1148 cm−1

revealed highly uniform signals across different regions, with
relative standard deviation (RSD) of only 9.53% and 13.04%,
respectively (Figure S2h,i). Furthermore, SERS signals of 4-
ATP molecules were collected from 10 different batches of
porous Ag cavity/ZIF-8 structures (Figure S2j). The RSD of
the characteristic peak at 1078 cm−1 was merely 6.21% (Figure

S2k), further confirming the high reproducibility of this
structure in batch preparation and detection.
After confirming the excellent SERS responsiveness of the

porous Ag cavity/ZIF-8 structure, its capability for gas
molecule capture and adsorption was further investigated. 4-
Ethylbenzaldehyde (4-EBA), a representative volatile bio-
marker associated with lung cancer, has been detected in the
exhaled breath of patients.15 To achieve selective recognition
of 4-EBA, the substrate surface was prefunctionalized with 4-
ATP molecules. The thiol group of 4-ATP forms a stable Ag−S
bond with the silver surface, while the exposed amino group
reacts specifically with the aldehyde group of 4-EBA via a Schiff
base reaction, enabling targeted molecular binding. Particularly
important is the appearance of a new characteristic peak at
1623 cm−1 in the SERS spectrum of 4-ATP after 4-EBA
adsorption (Figure 2a, right, black line), attributed to the C�
N bond formed by the Schiff base reaction.31 The character-
istic peaks at 1168 cm−1, 1568 cm−1, and 1606 cm−1

correspond to the in-plane bending vibration of the C−C−H
bond and the stretching vibration of the benzene ring,
respectively. The shift of the 1579 cm−1 peak (to 1568
cm−1) reveals the formation of an effective π-electron

Figure 2. (a) Schematic of schiff base reaction between 4-ATP and 4-EBA, normalized Raman spectra of 4-ATP before and after reacted with 4-
EBA. Simulation airflow velocity variation of (b) convex structure, (c) cavity structure and (d) ZIF-8. Fluorescence image of (e) convex Ag, (f)
porous Ag cavity and (g) porous Ag cavity/ZIF-8. (h) Nitrogen sorption isotherms. (i) SERS spectra of 4-EBA were collected from different
structures. (j) Intensity variation of I1623/I1078 in the SERS spectra of 4-ATP were collected from different structures (1. Porous Ag cavity/ZIF-8, 2.
Porous Ag cavity, 3. Convex Ag/ZIF-8, 4. Convex Ag).
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conjugation system between the benzene ring of 4-EBA and
the −NH2 group of the 4-ATP molecules.

32

To further elucidate the structural advantages of the porous
Ag cavity/ZIF-8 architecture in promoting gas molecule
enrichment, COMSOL Multiphysics simulations were con-
ducted to compare its gas flow behavior with that of the convex
Ag/ZIF-8 structure. The results revealed that gas flow
significantly accelerated on the surface of the convex substrate
(Figure 2b), while the porous Ag cavity structure effectively
reduces gas molecular velocity through internal vortex effects,
with closed streamlines confirming the presence of vortices
(Figure 2c). Notably, closed streamlines were also observed
within the internal nanopores of the porous structure,

indicating that vortex effects can occur even at the internal
nanopores. This multiscale vortex structure significantly
prolongs the residence time of gas molecules, thereby
enhancing molecular adsorption efficiency. Additionally,
although the introduction of ZIF-8 did not directly reduce
gas flow velocity, it significantly increased the flow path and
adsorption sites for gas molecules, improving the probability of
molecular interaction with the substrate (Figure 2d). This
structural design optimizes gas flow pathways and adsorption
dynamics, greatly enhancing the capture and adsorption
capabilities of gas molecules, playing a critical role in
improving the subsequent SERS detection performance.
Following the simulation results that revealed its excellent

Figure 3. Schematic illustration of gas molecule flow in (a) convex and (b) cavity structures. Gas adsorption kinetics of 4-EBA on 4-ATP modified
porous Ag cavity/ZIF-8 at (c) static, (d) low (50 mL/min), (e) medium (150 mL/min), and (f) high (300 mL/min) flow rates. Gas adsorption
kinetics of 4-EBA on 4-ATP modified Convex Ag/ZIF-8 at (g) static, (h) low (50 mL/min), (i) medium (150 mL/min), and (j) high (300 mL/
min) flow rates. Error bars indicate standard deviations from at least 10 spectra. SERS intensity mapping of (k1) 1078 cm−1 and (k2) 1623 cm−1

were acquired on the porous Ag cavity/ZIF-8. (l) Mapping of the intensity variation of I1078/I1623 corresponding to figure k. SERS intensity
mapping at (m1) 1078 cm−1 and (m2) 1623 cm−1 were acquired on the convex Ag ZIF-8. (n) Mapping of the intensity variation of I1078/I1623
corresponding to figure m.
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gas flow regulation capability, the actual molecular capture
performance of the porous Ag cavity/ZIF-8 structure was
further validated through fluorescence molecule adsorption
experiments. Under conditions of constant gas flow velocity
and identical adsorption time, the distribution of fluorescence
molecules for o-phthalaldehyde was comparatively analyzed
across three structures: convex Ag, porous Ag cavity, and
porous Ag cavity/ZIF-8. The experimental results indicate that
the convex Ag structure exhibits the fewest fluorescence sites,
likely due to accelerated gas flow and elastic collisions between
molecules and the surface, resulting in lower adsorption
efficiency of fluorescence molecules (Figure 2e). In the porous
Ag cavity structure, despite elastic collisions between molecules
and the surface, the vortex effect generated within the cavity
slows the gas flow velocity, extending molecule−surface
contact time and enhancing fluorescence molecule adsorption
(Figure 2f). In the porous Ag cavity/ZIF-8 structure, the high
specific surface area and abundant pore structure of ZIF-8
significantly enhance the adsorption capacity for fluorescence
molecules, achieving the optimal adsorption performance
(Figure 2g). Additionally, nitrogen adsorption experiments
demonstrate that the specific surface area of the porous Ag
cavity/ZIF-8 structure is notably higher than that of other
control groups (Figure 2h), directly confirming the high
specific surface area characteristic of the ZIF-8 structure.
Under the same concentration conditions, 4-EBA molecules
exhibit the strongest SERS signal on the porous Ag cavity/ZIF-
8 structure (Figure 2i,j), a phenomenon attributed to the
synergistic enhancement effect between the porous Ag cavity
structure and ZIF-8.
In practical applications, the diffusion behavior of gases is

often complex and dynamically variable, which imposes
stringent requirements on gas detection systems. To effectively
address these uncertain flow patterns, the substrate must be
capable of adapting to varying gas flow rates. To evaluate the
gas detection capability of the porous Ag cavity/ZIF-8
structure in dynamic environments, the SERS response time
and response status of probe molecule 4-ATP interacting with
target molecule 4-EBA were monitored under static, low (50
mL/min), medium (150 mL/min), and high (300 mL/min)
gas flow rate conditions. The gas flow rate is controlled using a
flow meter, with the specific equipment as Figure S3.
Specifically, the study focused on analyzing the changes in
the intensity ratio of the characteristic peaks at 1078 cm−1 and
1623 cm−1 in the SERS spectra of 4-ATP molecules after
adsorbing 4-EBA gas molecules, this ratio can intuitively and
accurately reflect the interaction strength and adsorption
degree between 4-EBA and the reporter molecule 4-ATP.
During the experiments, the SERS spectra of the porous Ag
cavity/ZIF-8 structure and the convex Ag/ZIF-8 structure
were systematically measured at different gas adsorption times
(1, 2, 3, 5, 7, 10, 15, 20, and 30 min) (Figure S4a,b), thereby
obtaining the intensity ratio I1623/I1078 at various time points.
To delve deeper into the intrinsic laws of the adsorption
process, the experimental data were fitted and analyzed using
the Lagergren reaction kinetics equation. The Lagergren
equation is a commonly used model to describe the rate of
molecular adsorption onto surfaces, particularly suitable for
fitting pseudo-first-order adsorption kinetics. Its mathematical
expression is as follows:

=C C k tln( / )t ad0

where C0 is the initial concentration, Ct is the concentration at
time t, kad is the adsorption rate constant, and t is the time. By
fitting the experimental data, the adsorption rate constant can
be obtained, allowing for an analysis of the adsorption process
under different gas flow conditions.
As illustrated in Figure 3c−f, the molecular adsorption

behavior on the porous Ag cavity/ZIF-8 substrate demon-
strates distinct variations under different airflow conditions.
Specifically, under static, low, medium, and high airflow
velocities, the molecular adsorption rates, as determined by
fitting the Lagergren equation, are sequentially labeled as
0.174, 0.182, 0.277, and 0.297 min−1. Meanwhile, the time
required for the molecules to reach adsorption equilibrium
gradually decreases with the increase of the gas flow velocity.
This phenomenon can be attributed to the increased molecular
flux per unit time at higher flow rates, which accelerates the gas
adsorption process. Although higher flow velocities may induce
molecular desorption, the SERS signal intensity on the porous
Ag cavity/ZIF-8 structure does not show a declining trend;
instead, it increases with the rising flow velocity. This
phenomenon is closely related to the vortex effect generated
within the porous Ag cavity/ZIF-8 structure. The vortex effect
effectively regulates the gas flow distribution within the cavity,
reducing local flow velocities and thereby suppressing the
molecular desorption behavior commonly observed at high
flow rates. In contrast, for the convex Ag/ZIF-8 structure,
although the increased gas flow rate also shortens the time
required for adsorption to reach equilibrium, the SERS signal
intensity at equilibrium shows a fluctuating trend with flow rate
variation (Figure 3g−j). Specifically, the SERS signal intensity
at high flow rates is lower than that at moderate flow rates.
This phenomenon may be attributed to the protruding
structure further accelerating the surface airflow, causing
some molecules to be carried away by the airflow before
fully binding to the substrate surface. Moreover, gas molecules
already adsorbed on the substrate surface are more easily
desorbed under high-flow conditions. Despite the increased
number of molecules passing through the system per unit of
time at higher flow rates, the number of adsorbed molecules
decreases, ultimately leading to a reduction in the SERS signal.
Under moderate flow conditions, the SERS spectral responses
of 4-ATP molecules on the porous Ag cavity/ZIF-8 structure
and the convex Ag/ZIF-8 structure after adsorption of 4-EBA
at different concentrations were comparatively analyzed
(Figure S4c−f). The results indicate that the porous Ag
cavity/ZIF-8 structure enables reliable quantitative detection
within the concentration range of 100 ppm−10 ppb, whereas
the convex Ag/ZIF-8 structure maintains a robust response
across 100 ppm−100 ppb. By fitting the concentration with the
I1623/I1078 intensity ratio, the porous Ag cavity/ZIF-8
structure was found to follow the relationship I1623/I1078% =
4.07 Log C − 2.49, with a corresponding coefficient of
determination (R2 = 0.918) and a limit of detection (LOD) for
4-EBA of 1.31 ppb, calculated using the equation LOD = 3.3 ×
(SD/S), where SD is the standard deviation of the response
and S is the slope of the calibration curve. In comparison, the
convex Ag/ZIF-8 structure follows the relationship I1623/I1078%
= 3.17 Log C − 4.78, with R2 = 0.864 and an LOD of 19.2 ppb,
calculated in the same manner. These results demonstrate that
the porous Ag cavity/ZIF-8 structure not only achieves a lower
detection limit but also exhibits superior quantitative detection
capability.
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Signal uniformity is one of the key performance indicators of
a SERS sensor. To evaluate the effect of gas flow rate on signal
uniformity, SERS measurements were taken from 25 random
positions under a moderate flow rate condition after 20 min of
continuous exposure. Two characteristic peaks at 1078 cm−1

(corresponding to 4-ATP) and 1623 cm−1 (related to the
interaction between 4-ATP and 4-EBA) were analyzed. The
RSD values for the convex Ag/ZIF-8 structure were 10.4% at
1078 cm−1 and 20.7% at 1623 cm−1, while the porous Ag
cavity/ZIF-8 structure showed lower RSDs of 4.4% and 13.6%,
respectively. Since the signal at 1623 cm−1 may be affected by
intrinsic fluctuations of 4-ATP, the intensity ratio I1623/I1078
was introduced as a more stable metric for evaluating gas
adsorption. Based on this ratio, the RSD of the convex
structure was 23.1%, exceeding the 20% threshold for ordered
systems, whereas the porous structure exhibited a significantly
lower RSD of 11.7%, further demonstrating its superior signal
uniformity and reliability for gas detection. In summary, owing
to its excellent gas response capability, adsorption kinetics
performance, and signal uniformity, the porous Ag cavity/ZIF-
8 structure exhibits remarkable detection advantages under
complex and dynamic airflow conditions, providing a solid
technical foundation for the realization of highly sensitive and
reliable gas sensing.

The porous Ag cavity/ZIF-8 structure demonstrates excep-
tional SERS performance in the detection of flowing gas
molecules. Another notable advantage of this structure lies in
the controllability of its fabrication process. By precisely
regulating the deposition position of the gold layer before
electrochemical deposition using a mask template technique,
the localized and controllable growth of the porous Ag cavity
structure can be achieved. This enables multifunctional
partitioned detection through a single-step preparation
method. As shown in Figure 4a, 4-ATP molecules are modified
in Region I to achieve specific detection of 4-EBA. Addition-
ally, 4-MBA molecules are modified in Region II to enable
specific detection of putrescine. The specific binding between
4-MBA molecules and putrescine molecules generates a new
characteristic Raman peak at 1636 cm−1 (the detailed reaction
mechanism is provided in Section S1), distinguishing it from
signals of other nonamine gas molecules.33 Both 4-EBA and
putrescine, as gas molecules, hold significant biological
relevance: 4-EBA is widely considered a breath biomarker for
lung cancer, while putrescine is a harmful gas emitted during
food spoilage, posing potential health risks. Given this,
integrating the SERS sensor into masks not only enables
real-time monitoring of lung health, particularly for early lung
cancer screening, but also facilitates the effective detection of

Figure 4. (a) Schematic diagram and physical image of the bifunctional detection zone prepared in one step. (b) Schematic illustration of placing
the porous Ag cavity/ZIF-8 sensor into the mask valve for gas adsorption. (c) SERS spectra of different gases detected in the Part 1 region and (d)
their corresponding intensity of I1623/I1078. (e) SERS spectra of different gases detected in the Part 1 region and (f) their corresponding intensity of
I1638/I1074. Error bars indicate standard deviations from at least 10 spectra.

Analytical Chemistry pubs.acs.org/ac Article

https://doi.org/10.1021/acs.analchem.5c05268
Anal. Chem. 2025, 97, 21748−21757

21754

https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.5c05268/suppl_file/ac5c05268_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c05268?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c05268?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c05268?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c05268?fig=fig4&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.5c05268?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


volatile compounds from decaying substances in the external
environment, allowing for timely identification and response.
The porous Ag cavity/ZIF-8 structure, supported on a PET-

ITO substrate, exhibits exceptional flexibility, allowing for easy
integration into the breathing valve of a mask (Figure 4b).
During the experiment, the porous Ag cavity/ZIF-8 structure
SERS sensor was installed in the breathing valve of a mask,
simulating the gas flow environment encountered while
wearing a mask. various gases (hydrogen sulfide, hydrocarbons,
alcohols, lipids, putrescine and 4-EBA) were then introduced
into the interior of the mask through the breathing valve at a
moderate flow rate, allowing the sensor to be directly exposed
to these gas environments for 15 min. During this period, the
functionalized molecules on the sensor surface specifically
interacted with the corresponding volatile gas molecules,
capturing the target gas molecules. After the experiment, the
sensor was removed from the breathing valve for subsequent
SERS analysis to detect and verify the characteristic Raman
signals generated by the different gas molecules on the sensor
surface. The SERS spectrum obtained from the Part 1 region
(functionalized with 4-ATP) is shown in Figure 4c. When
other volatile molecules were tested, the SERS signal of 4-ATP
exhibited consistency and stability. However, upon exposure to
4-EBA, a prominent peak emerged at 1623 cm−1, demonstrat-
ing the structure’s ability to specifically detect 4-EBA. Similarly,
when testing other volatile molecules, the SERS signal of 4-
MBA molecules in the Part 2 region (modified with 4-MBA)
remained stable (Figure 4e). However, when putrescine was
tested, a prominent characteristic peak appeared at 1636 cm−1.
The intensity ratios of different molecules from the two
regions, I1623/I1078 (Figure 4d, corresponding to the spectrum
in Figure 4c) and I1636/I1074 (Figure 4f, corresponding to the
spectrum in Figure 4e), validate the relationship between the
reporter molecules and the volatile molecules, further
demonstrating the bifunctional sensor’s ability to specifically
detect different molecules. These results validate the potential
of the multifunctional SERS sensor as a gas sensor in masks,
effectively distinguishing and monitoring various dynamic
volatile organic compounds.

3. CONCLUSION
In summary, this study constructed and validated a porous Ag
cavity/ZIF-8 structure with cavity features as an efficient SERS
substrate for dynamic gas detection. Compared with convex
Ag/ZIF-8, this structure exhibited a one-order-of-magnitude
improvement in detection limit under moderate airflow
conditions and enabled stable detection of 4-EBA gas across
different flow rates. Its superiority arises from the vortex effect
within the cavities, which effectively slows down gas flow and
ensures stable SERS sensitivity under varying flow conditions,
an outcome unattainable by conventional convex structures. In
addition, this structure can be fabricated via a one-step process
to form dual-functional regions, which were successfully
embedded into a breathing valve and integrated into a mask
sensor, achieving specific detection of both 4-EBA and
putrescine gases. These results highlight its broad application
potential in complex gas detection scenarios. However,
practical applications, such as breath analysis, may be affected
by high humidity and complex VOC backgrounds, highlighting
the need for further optimization in future work.

4. EXPERIMENTAL SECTION
4.1. Apparatus and Reagents. Polyethylene terephtha-

late-indium tin oxide (PET-ITO) conductive film with a
resistance of 6 ohms was purchased from Zhuhai Kaiwei
Optoelectronics Technology Co. The 5 μm diameter
polystyrene (PS) microspheres with a concentration of 5 wt
% were purchased from WUXI RIGOR BIO-TECH CO., Ltd.
Silver nitrate (AgNO3), citric acid (C6H8O7), toluene (C7H8,
AR, ≥99.5%), methyl alcohol (CH3OH) and ethanol (C2H6O,
AR, ≥99.5%) were obtained from Sinopharm Chemical
Reagent Co., Ltd. 4-EBA, putrescine, 4-ATP and 4-MBA
were purchased from Shanghai Aladdin Biochemical Technol-
ogy Co., Ltd. All materials have not undergone further
purification.
The Ag cavity structure was prepared using an electro-

chemical workstation (CHI 760E) with a fixed current density
of 180 μA/cm2 for electrochemical deposition. The morphol-
ogy of the Ag cavity/ZIF-8 structure was revealed through
scanning electron microscopy (SEM, ZEISS Sigma 500) and
atomic force microscope (Horiba SmartSPM), the absorption
spectra (A) were measured using a UV−visible spectropho-
tometer (Shimadzu Solid Spec-3700i), and SERS spectra for
different probe molecules were collected using a Raman
spectrometer (Horiba HR Evolution 800), laser wavelength,
laser power, integration time, and magnification were set at 532
nm, 0.4 mW, 4 s, and 50×, respectively, unless otherwise
specified.
4.2. Pretreatment of PET-ITO Substrate. Prior to the

preparation of the Ag cavity structure, 15 nm Au layer were
sputtered onto the PET-ITO surface using magnetron
sputtering. During the subsequent electrochemical deposition
of Ag cavity, the high surface free energy of Au provides
numerous active sites for the adsorption of Ag ions,
significantly promoting the nucleation and growth of Ag
atoms. As a result, by controlling the region of Au deposition,
the synthesis area of the Ag cavity structure can be effectively
confined.
4.3. Preparation of PS Microspheres Arrays. PS

microsphere arrays were prepared via liquid surface self-
assembly and employed as templates for subsequent electro-
chemical deposition. The procedure is detailed as follows:
Initially, a 5 wt % aqueous suspension of PS microspheres
(diameter: 5 μm) was mixed with ethanol in a 1:1 volume ratio
and sonicated for 5 min to achieve uniform dispersion. A glass
slide was pretreated with oxygen plasma to render its surface
hydrophilic. Subsequently, 40 μL of the PS-ethanol mixture
was dispensed onto the treated glass slide, where the solution
spread uniformly, forming a consistent coating. After air
drying, the slide was gently inclined and immersed in an SDS-
containing water bath. Due to surface tension, the PS
microspheres film floated onto the water surface. Assisted by
SDS, the microspheres underwent secondary self-assembly,
forming a well-ordered and densely packed array. Subse-
quently, the PET-ITO substrate was slowly immersed into the
solution and vertically lifted to collect the PS microsphere
array, ensuring the integrity of the array structure. Finally, the
collected array was placed on a heating plate at 60 °C for 10
min to strengthen the adhesion between the microspheres and
the substrate, thereby securing a robust bond.
4.4. Preparation of Porous Ag Cavity Structures.

Porous Ag cavity structures were prepared by electrochemical
deposition using the PS microspheres array as a template. The
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deposition was carried out in an electrolyte solution containing
1.4 g of citric acid and 0.16 g of silver nitrate in 80 mL water
solution, under a constant current of 180 μA/cm2. During the
deposition process, a graphite rod served as the anode, and the
PET-ITO template served as the cathode. The reaction
temperature was maintained at 40 °C, and the electrochemical
deposition was carried out for 190 min. After the reaction, the
array was sequentially washed with ethanol and ultrapure
water, then dried. The array was then immersed in toluene for
3 h, during which the PS beads were completely removed,
forming an array of porous Ag cavities.
4.5. Preparation of Porous Ag Cavity/ZIF-8 Struc-

tures. First, a 0.4 M 2-methylimidazole (2-MIM) solution and
a 0.08 M zinc nitrate (Zn(NO3)2) solution were prepared
using methanol as the solvent. The prepared PET-ITO
substrate with porous Ag cavity arrays was placed in a beaker,
and 10 mL each of the 2-methylimidazole solution and the zinc
nitrate solution were added sequentially. The reaction was
stirred at 25 °C for 30 min. After the reaction was complete,
the substrate was washed with methanol to remove any
residual reactants. Finally, the PET-ITO substrate was dried
under a nitrogen atmosphere, completing the preparation of
porous Ag cavity/ZIF-8 Structures.
4.6. Preparation of Convex Ag/ZIF-8 Structures. To

ensure controllable variables, convex Ag structures (as shown
in Figure S5a) were directly fabricated on PET-ITO films
without PS microsphere arrays, using the same electrochemical
deposition conditions as those for the porous Ag cavity/ZIF-8.
In the convex Ag/ZIF-8 structures (as shown in Figure S5b),
the preparation method for ZIF-8 was identical to that for the
porous Ag cavity/ZIF-8.
4.7. COMSOL Multiphysics Simulation. The calculation

of molecular flow velocity was carried out using the laminar
flow interface in the software, where the Navier−Stokes
equations are solved, as shown in the following formula:

+ · = + +i
k
jjj y

{
zzzu u u u F

t
p 2

where ρ is the fluid density, u is the velocity vector, ∇p is the
pressure gradient, μ is the dynamic viscosity, and F is the
external force term. The density ρ and dynamic viscosity ∇μ in
the formula are determined by the physical properties of the
gas. In this simulation, air, as defined in the COMSOL material
library, was used as the gas material. The velocity u was set to
0.1 m/s, and the velocity state shown in the paper corresponds
to t = 2000 ns. The gas inlet condition was set to a constant
velocity, so the pressure gradient ∇p was automatically
computed based on the velocity distribution, and no external
force terms were added in the simulation. The cavity
dimensions were set based on actual parameters (diameter
2.5 μm, height 3.9 μm), which were obtained from AFM
images and sectional statistics. The electric field distribution
was simulated using the wave optics module. To address
boundary effects, a Perfectly Matched Layer (PML) was
introduced to simulate the propagation of electromagnetic
waves in a finite space and ensure the consistency of the waves
at the boundary and at infinity. The optical constants of silver
were taken from the experimental data of Johnson and Christy.
4.8. Gas Preparation Method. The method for preparing

gases with specific concentrations using liquid solutions is
calculated based on the following formula:

= × × × × ×
× + +

Q (V C M)/(22.4 d ) 10

(273 TR)/(273 TB)

9

Where Q is the required volume of liquid (mL), V is the
volume of the target gas container (mL), C is the desired gas
concentration (ppm), M is the molar mass of the substance
(g/mol), d is the purity of the liquid, ρ is the density of the
liquid (g/mL),
TR is the ambient temperature during preparation (°C), TB

is the temperature inside the gas container (°C).
For example, to prepare 4-EBA gas at a concentration of 1

ppm, if the purity of the 4-EBA solution is 97%, the density is
0.979 g/mL, the molar mass is 134.18 g/mol, and the volume
of the gas container is 200 mL:

= × × × × ×
= ×

Q (200 1 134.18)/(22.4 0.97 0.979) 10

1.2356 10 mL

9
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1

2
3 Figure S1. SEM images of Ag cavities prepared under different growth times: (a) 110 min, (b) 150 
4 min, (c) 190 min, and (d) 230 min. (e) SERS spectra of 4-ATP molecules at a concentration of 10-7 
5 M obtained from Ag cavity prepared under different growth times. (f) Reflectance spectra of Ag 
6 cavity prepared under different growth times. SEM images of Ag cavity prepared under different 
7 temperatures: (g) 20°C, (h) 30°C, (i) 40°C, and (j) 50°C. (k) SERS spectra of 4-ATP molecules at a 
8 concentration of 10-7 M obtained from Ag cavity prepared under different temperature conditions. 
9 (l) Reflectance spectra of Ag cavity prepared under different temperature conditions. 

10
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1
2 Figure S2. (a) Raman spectra of 4-ATP collected from different structures. (b) Absorption spectra 
3 of 4-ATP solutions after adsorption on various substrates. Simulated electric field distribution of 
4 (c1) Ag cavity, (c2) porous Ag cavity, and (c3) porous Ag cavity/ZIF-8. (d) SERS spectra of 4-ATP 
5 with different concentrations collected from porous Ag cavity/ZIF-8. (e) Calibration curves between 
6 characteristic peak intensity and probe concentration in (d). (f) SERS spectra of 4-MBA with 
7 different concentrations collected from Porous Ag cavity/ZIF-8. (g) Calibration curves between 
8 characteristic peak intensity and probe concentration in (f). SERS mappings of the characteristic 
9 peak intensity of 4-ATP molecules on porous Ag cavity/ZIF-8 obtained from 400 points within a 

10 0.1 × 0.1 cm² area, with peaks at (h) 1078 cm-1 and (i) 1148 cm-1. (j) SERS spectra of 4-ATP 
11 molecules obtained from 10 different batches of porous Ag cavity/ZIF-8 structures. (k) Peak 
12 intensity at 1078 cm⁻¹ corresponding to the SERS spectrum in (j). Error bars indicate standard 
13 deviations from at least 10 spectra.
14
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1
2 Figure S3. (a) Schematic diagram of gas detection device. (b) Photograph of the gas detection device
3
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1
2 Figure S4. SERS spectra obtained from porous Ag cavity/ZIF-8 structure at gas flow rates of (a1) 
3 static, (a2) low, (a3) medium, and (a4) high at different time (1, 2, 3, 5, 7, 10, 15, 20, and 30 minutes). 
4 SERS spectra obtained from convex Ag/ZIF-8 structure at gas flow rates of (b1) static, (b2) low, (b3) 
5 medium, and (b4) high at different time (1, 2, 3, 5, 7, 10, 15, 20, and 30 minutes). (c) SERS spectra 
6 of 4-EBA with different concentrations collected from porous Ag cavity/ZIF-8. (d) calibration 
7 curves between characteristic peak intensity and probe concentration in (c). SERS spectra of 4-EBA 
8 with different concentrations collected from convex Ag/ZIF-8. (f) calibration curves between 
9 characteristic peak intensity and probe concentration in (e). Error bars indicate standard deviations 

10 from at least 10 spectra.
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1
2 Figure S5. SEM image of (a) the convex Ag structure and (b) convex Ag/ZIF-8 structure.
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1

2 Section S1

3 Specific Binding Mechanism of Putrescine and 4-MBA

4 When the 4-MBA functionalized Ag cavity/ZIF-8 comes into contact with putrescine, 

5 a Schiff base reaction occurs. During this process, the carboxyl group (–C=O) of the 4-

6 MBA molecule reacts with the amino group (–NH₂) of putrescine, forming p-mercapto-

7 N-(4-aminobutylidene) aniline and creating a new C=N double bond (as shown in 

8 Figure 5e). Compared to the original Raman spectrum of 4-MBA, the stretching 

9 vibration of this C=N double bond generates a new Raman peak at 1636 cm-1(as shown 

10 in Figure. S6). Therefore, putrescine gas can be detected by observing changes in the 

11 SERS spectrum.
12

13
14 Figure S6. Schematic of reaction between 4-MBA and putrescine, normalized Raman spectra of 4-
15 MBA before and after reacted with putrescine.


