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ABSTRACT: Real-time monitoring of toxic triethylamine (TEA)
at room temperature remains a significant challenge for metal oxide
chemiresistors due to their typically high-power consumption and
thermal requirements. This work presents a highly responsive,
visible-light-activated gas sensor based on ZnO nanoparticles (25.5
nm crystallites) functionalized with Cu-porphyrin (CuTPP-
COOH). By leveraging the visible-light-harvesting properties of
the porphyrin integrated into a nanoscale organic/inorganic
heterojunction, the hybrid sensor operates efficiently at room
temperature, completely eliminating the need for thermal heating.
Owing to the nanoscale dimensions of the oxide domains, which
maximize boundary depletion region modulation, the optimized
device exhibits an ultralow theoretical limit of detection of 0.4 ppb
and a superior response (162 toward 10 ppm TEA), significantly outperforming pristine ZnO nanostructures and current state-of-
the-art sensors. The sensing enhancement is driven by a synergistic photoinduced charge transfer at the functionalized nanometer-
scale interface, which maximizes sensing response under visible light illumination. With demonstrated high selectivity, excellent
moisture stability, and rapid response dynamics, this nanoengineered hybrid architecture offers a robust, low-power solution for next-
generation environmental safety networks and portable TEA monitors.
KEYWORDS: gas sensor, ZnO nanoparticles, porphyrin, hybrid sensor, triethylamine, light activation

1. INTRODUCTION
The detection of hazardous gases is critical for ensuring
environmental quality and human health.1 Triethylamine
(TEA), a volatile tertiary amine widely employed as a catalyst,
corrosion inhibitor, and intermediate in chemical synthesis,
poses particular risk owing to its caustic, flammable, and toxic
nature.2 Exposure to TEA can cause respiratory and dermal
irritation, as well as systemic toxicity. Accordingly, the
American Conference of Governmental Industrial Hygienists
(ACGIH) has set threshold limit values at 1 ppm for short-
term exposure and 0.5 ppm for time-weighted average
exposure,3 while the National Fire Protection Association
(NFPA) assigns TEA a hazard rating of 3 for both health and
flammability.4 Conventional analytical methods such as gas
chromatography and mass spectrometry offer high accuracy
but require expensive equipment, trained personnel, and long
analysis times. By contrast, chemiresistive metal oxide (MOX)
gas sensors provide a simple, low-cost, and compact solution
for real-time monitoring of toxic gases and volatile organic
compounds (VOCs).5 ZnO, an n-type semiconductor with a
wide band gap (3.37 eV) and large exciton binding energy (60
meV), has been extensively investigated as a sensing material
owing to its chemical stability, abundance, and tunable surface

properties. However, pristine ZnO sensors often require high
operating temperatures (>200 °C) and suffer from limited
selectivity, restricting their practical use.6,7 To address these
drawbacks, several approaches have been investigated, such as
the construction of inorganic p-n heterojunction networks. For
instance, CuO/ZnO architectures have demonstrated signifi-
cant potential in reducing the thermal activation energy and
enhancing the room-temperature chemiresistive response
toward specific volatile compounds, including ammonia8 and
triethylamine (TEA).9 Recent strategies to improve room-
temperature MOS sensing focus on interfacial engineering and
structural design. These include Ti3C2Tx/SnO2 heterostruc-
tures driven by Schottky barrier modulation,10 α-Fe2O3
nanostructures with engineered faces and enhanced oxygen
vacancies,11 and MOF-derived NiO-SnO2 composites that
exploit p−n junctions for ppb-level sensing.12 In addition to
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chemiresistive platforms, FET-based devices using carbon
nanotubes and catalytic gates have achieved subppm hydrogen
sensing through signal amplification.13 While these methods
highlight the advantages of defect and band engineering,
coupling photosensitive organic macrocycles such as porphyr-
ins with ZnO provides a distinct, light-driven alternative for
ultrasensitive operation at room temperature without thermal
input. Alternatively, surface functionalization is a widely
adopted strategy to overcome these limitations. Decorating
MOX materials with noble metals (e.g., Pd, Au, Pt)14 or
organic semiconductors (e.g., phthalocyanines, porphyrins,
conducting polymers)15 can reduce the operating temperature,
enhance catalytic activity, and improve gas specificity.

Porphyrins, in particular, are attractive modifiers due to their
extended π-electron conjugation,16 versatile functionalization
at both central metal and peripheral positions,17 and strong
optical absorption in the visible range.18 These features enable
porphyrins to act as efficient electron donors/acceptors and
photosensitizers, thereby enhancing gas adsorption and
facilitating charge transfer under light illumination. Copper-
porphyrins are especially promising for amine sensing, as the
planar conjugated macrocycle provides a robust supra-
molecular recognition platform for amines via π-stacking
interactions, while the square-planar Cu(II) center, which does
not participate in axial coordination, remains unaffected,
avoiding potential interferences at the metal site. The

macrocycle simultaneously mediates photoinduced charge
separation, enabling efficient electron transfer upon visible
light excitation.19

Despite these advancements, a systematic comparison of
room-temperature TEA sensors reveals a persistent trade-off
between sensitivity, operational stability, and the energy
required for activation. While various metal oxide hetero-
junctions (e.g., CuO/ZnO, NiO/ZnO) have successfully
lowered operational temperatures, they often lack the required
specificity for trace-level TEA detection in complex environ-
ments. Simultaneously, existing porphyrin-based sensitizers
frequently face limitations regarding long-term photostability
and the efficiency of interfacial charge injection, which often
results in sluggish response/recovery kinetics. Consequently,
there remains a critical need for a sensing architecture that
concurrently leverages high-surface-area nanostructured ma-
trices and molecularly engineered photosensitizers to achieve
subppb limits of detection at room temperature. The specific
scientific gap addressed herein lies in the design of a controlled
organic/inorganic nanoscale heterojunction where the por-
phyrin moiety acts not merely as a passive receptor, but as an
active “light-harvesting antenna” capable of modulating the
ZnO depletion layer via photoexcited charge transfer. We
hypothesize that the rational alignment of the porphyrin
LUMO with the ZnO conduction band over nanoscale
interfacial contact areas, combined with the efficient charge

Figure 1. Synthesis of ZnO and Cu-porphyrin/ZnO nanomaterials: (A) synthesis of ZnO nanoparticles; (B) synthesis of nanohybrid material and
(C) device fabrication and surface chemical structure.
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separation enabled by the type-II heterojunction, will bypass
traditional thermal activation requirements, offering a highly
selective and stable solution for reversible and real-time TEA
monitoring.

In this study we report the synthesis of hybrid combining
sub-30 nm crystalline ZnO primary nanoparticles function-
alized with a Cu-porphyrin derivative. The resulting nano-
structured sensors demonstrate exceptional sensing perform-
ance to TEA vapors at room temperature, surpassing the
performance of pure ZnO nanoparticles, particularly under
white LED illumination. The optimized sensor containing 0.75
wt % Cu-porphyrin exhibited a response of 162 to 10 ppm
TEA under ambient conditions, with a theoretical limit of
detection of 0.4 ppb. The hybrid also displayed excellent
selectivity against common interferents, reproducibility, and
long-term stability over six months. These results highlight the
potential of Cu-porphyrin/ZnO nanohybrids as robust, low-
power, and highly effective materials for TEA detection in
industrial safety, environmental monitoring, and healthcare
applications.

2. EXPERIMENTAL SECTION

2.1. Materials Preparation
L-ascorbic acid (C6H8O6), hexadecyltrimethylammonium bromide
(CTAB, C19H42BrN), hexamethylenetetramine (HMTA, C6H12N4),
and zinc nitrate hexahydrate (Zn(NO3)2·6H2O) were bought from
Sigma-Aldrich and used without further purification. 5-(4′-carbox-
yphenyl)-10,15,20-triphenylporphyrin-copper (CuTPPCOOH) was
synthesized according to a previously reported procedure.20 All
aqueous solutions were prepared using deionized water.
2.2. Synthesis of ZnO Nanoparticles
ZnO nanoparticles were synthesized via a CTAB-assisted hydro-
thermal method (Figure 1A). Initially, 6 mmol of CTAB and 4 mmol
of ascorbic acid were dissolved in 60 mL of deionized water under
magnetic stirring for 15 min. Then, 6 mmol of zinc nitrate
hexahydrate and 6 mmol of HMTA were added, stirring for another
15 min until the mixture reached a pH of 5. The solution was
transferred into a 100 mL Teflon-lined stainless-steel autoclave and
maintained at 90 °C for 12 h. After natural cooling to room
temperature, the precipitate was collected by centrifugation at 4000
rpm for 10 min, washed five times with deionized water and ethanol,
and dried in an oven at 60 °C for 24 h. Finally, the dried powder was
calcined at 600 °C for 2 h in air (heating rate 2 °C/min) to obtain
crystalline ZnO nanoparticles.
2.3. Synthesis of CuTPPCOOH-Coated ZnO Nanoparticles
For surface modification, 10 mg of ZnO NPs were dispersed in 10 mL
of N-vinylpyrrolidone under ultrasonication for 30 min to obtain a
stable colloidal suspension (Figure 1B). Different amounts of
porphyrin (0, 0.5, 0.75, and 1 wt %) were then added to compare
the properties of different hybrid nanomaterials. The mixtures were
mechanically stirred for 3 h at room temperature to ensure uniform
coating, followed by solvent evaporation at 60 °C and drying
overnight. The resulting powders were gently ground in an agate
mortar before further use.
2.4. Materials Characterization
The morphology of the nanomaterials was investigated by field-
emission scanning electron microscopy (FE-SEM, JEOL JSM-7600F).
Crystal structure was analyzed by powder X-ray diffraction (XRD,
Advance D8, Bruker with Cu−Kα1 radiation, λ = 1.54056 Å).
Elemental composition was determined using energy-dispersive X-ray
spectroscopy (EDS, attached to the SEM). High-resolution trans-
mission electron microscopy (HRTEM, JEOL, JEM-2100F) was used
to observe lattice fringes and particle−porphyrin interfaces. Optical
absorption spectra were collected using a UV−Vis spectrophotometer
(Cary 100 Conc, Varian). The nature of the bonds in the materials

was investigated by Raman spectroscopy obtained with a Renishaw
inVia confocal micro-Raman system. Fourier transform infrared
(FTIR) spectra were recorded on a FT/IR-4600 type A spectrometer
(JASCO, Japan). Nitrogen adsorption−desorption isotherms were
acquired using a Micromeritics Gemini VII analyzer, and surface area
and pore size distribution were calculated by the BET and BJH
methods, respectively.

2.5. Sensor Fabrication and Gas-Sensing Measurements

The ZnO and CuTPPCOOH/ZnO powders were dispersed in
ethanol (10 mg/mL) and drop-cast onto interdigitated Pt electrodes
(gap 100 μm, electrode area 5 mm × 5 mm) to create thick film
sensors (Figure 1C).

After drying at 60 °C, the films were annealed at 200 °C for 3 h
under argon flow (100 mL/min) to improve contact and stabilize the
baseline resistance. Gas-sensing measurements were carried out in a
custom-built chamber equipped with a heater, thermocouple, and
electrical feedthroughs (Figure S1, Supporting Information). The
sensor resistance was monitored using a Keithley 2602 source meter.
High-purity (99.999%) gases (Cryotech Vietnam) were diluted with
dry air via mass flow controllers (MKS Instruments) to achieve the
desired concentrations, maintaining the total flow rate at 400 sccm.
Unless otherwise stated, all measurements were performed at room
temperature (25 ± 1 °C).

Gas sensing measurements were performed using a static headspace
injection method. Target TEA concentrations were generated by
withdrawing saturated vapor from the headspace of a sealed source
vial at 25 °C. The headspace concentration was determined by the
saturated vapor pressure at 25 °C. For higher concentrations, a small,
precise volume of this saturated vapor was injected into the test
chamber using a calibrated microsyringe. To accurately achieve ppb-
level concentrations, a two-stage volumetric serial dilution protocol
was implemented. First, a known volume of the saturated headspace
was withdrawn from the source vial and injected into an intermediate
volume to achieve a primary dilution. Next, a microvolume of the
resulting diluted concentration was withdrawn using a microsyringe
and injected into the final sensing chamber. This cascade dilution
approach allows for very low concentrations to be achieved with high
precision and reproducibility.

The effect of relative humidity (RH) was studied using a humidity
generator set to 40%, 60% and 80%. The effect of photoactivation was
evaluated by comparing sensing measurements in darkness and under
white light from an LED (C503D-WAN, Cree LED Inc., Durham,
USA). The irradiance incident on the sensor was set to 67 mW/cm2

using a calibrated luxmeter, so that it was equal to the average value of
sunlight in Hanoi. The sensor response (S) was defined as Ra/Rg for
reducing gases and Rg/Ra for oxidizing gases, where Ra and Rg
represent the resistance in air and in the target gas, respectively.
Response time (τres) was defined as the time to reach 90% of the
maximum total resistance change upon gas exposure, and recovery
time (τrec) as the time required to recover 90% of the resistance
change.5 Sensitivity was calculated according to the official guidelines
recommended by the International Union of Pure and Applied
Chemistry (IUPAC), as the slope of the response as a function of gas
concentration.21 The theoretical limit of detection (LoD) was
determined according to the official guidelines recommended by the
International Union of Pure and Applied Chemistry (IUPAC).22

Mathematically, the LoD is defined as LoD = 3 σ/S, where σ
represents the standard deviation of the baseline signal and S is the
sensitivity at low concentrations near the origin. Although the lowest
concentration tested experimentally was 5 ppb, this definition
provides a mathematically rigorous and standardized estimate of the
minimum concentration that can be detected. Similarly to LoD, the
limit of quantification (LoQ) was calculated as 10 σ/S,27 and
represents the minimum concentration that can be not only detected
but also quantified with a percent relative standard deviation (RSD)
of 10%.
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3. RESULTS AND DISCUSSION

3.1. Morphology and Composition of Hybrid
Nanomaterials
The morphology of the as-prepared ZnO and Cu-porphyrin/
ZnO nanomaterials was investigated by SEM (Figure 2A,B).

As shown in (Figure 2A), the ZnO sample consists of uniform
nanoparticles with diameters in the range of 70−130 nm,
which tend to assemble into loose aggregates. These
morphological entities represent secondary nanostructures
that are polycrystalline, composed of smaller interconnected
primary crystalline domains, as will be detailed and quantified
in the subsequent microstructural analysis. The formation
process can be rationalized as follows: during hydrothermal
treatment at low temperature, Zn2+ ions react with (OH)−

species in the presence of CTAB micelles, which act as soft
templates and favor nucleation. Subsequent heat treatment at
600 °C removes the surfactant and sharpens the particle
morphology. As confirmed by Figure S2 (Supporting
Information), annealing strongly reduces particle size com-
pared to the rougher and larger preannealed ZnO spheres.

After surface modification with Cu-porphyrin, the overall
ZnO morphology remains essentially unchanged (Figure 2B),
since the organic layer is extremely thin and cannot be directly
resolved by SEM.

TEM analysis (Figure 2C,D) shows the surface functional-
ization: a thin contrast layer surrounding the ZnO nano-
particles (indicated by the white arrows) can be distinguished,
consistent with a conformal Cu-porphyrin coating.

Elemental mapping by EDS (Figure S3, Supporting
Information) confirmed a homogeneous distribution of Zn,
O, Cu and C, demonstrating successful functionalization of
ZnO with the porphyrin derivative.
3.2. Microstructure Analysis
Figure S4 shows the XRD patterns of ZnO nanoparticles
before (blue plot) and after annealing at 600 °C (red plot).
The nonannealed ZnO shows two broad, poorly resolved
humps, indicating its predominantly amorphous character. In
contrast, the annealed sample displays several sharp diffraction
peaks attributable to the hexagonal wurtzite structure, as per
JCPDS reference 36−1451 (green bars),23 with no detectable

secondary phases or amorphous contributions. The average
crystallite size, estimated from the Debye−Scherrer equation,24

is 25.5 nm. This result confirms that particles with sizes
between 70 and 130 nm observed by SEM are secondary
aggregates, consisting of smaller and tightly coalesced primary
single-crystalline domains. Crucially, this sub-30 nm size
regime is directly comparable to twice the characteristic
Debye length (λD) of ZnO at room temperature. In such
nanoscale crystallite networks, electron transport is exquisitely
sensitive to boundary potential fluctuations, ensuring that
interfacial photoinduced charge transfer and target gas
adsorption modulate the conduction channel throughout the
entire volume of the primary nanoparticles.25−27

HRTEM images of the porphyrin-coated ZnO NPs confirm
that the ZnO NPs remain unaffected, with an interplane
distance of 0.25 nm corresponding to the (101) planes of the
hexagonal ZnO, while SAED patterns confirm the crystalline
nature of the nanoparticles (Figure S5).
3.3. Optical Properties

Figure 3A shows the UV−vis absorption spectra of ZnO and
Cu-porphyrin/ZnO nanohybrids. The absorption edge of ZnO
appears around 359 nm, typical of wurtzite ZnO,28 with a
slight blue shift compared to bulk ZnO, consistent with
nanoscale size effects.29

Upon functionalization, additional absorption bands emerge
in the visible range due to CuTPPCOOH. In particular, the
band near 420 nm is broadened, indicating a partial
aggregation of porphyrin onto the surface, in line with
porphyrin film thickness observed with TEM.30

The Q-band at ∼546 nm is slightly suppressed due to the
presence of the central Cu2+ ion, consistent with previous
porphyrin reports.31 These features confirm that the porphyrin
molecules remain optically active and capable of absorbing
visible light, which is expected to play a role in photoenhanced
sensing.

Photoluminescence (PL) spectra of pristine ZnO and
CuTPPCOOH/ZnO nanohybrids at room temperature are
shown in (Figure 3B). Pure ZnO nanoparticles exhibit a
dominant and sharp UV emission near the band edge (NBE)
centered at 3.17 eV, which originates from the recombination
of free excitons across the wide band gap of wurtzite ZnO.
Additionally, a broad defect-related suppressed visible emission
band centered around 2.15 eV is observed, accompanied by a
small deep-level feature at 1.61 eV. The broad visible emission
is conventionally attributed to radiative recombination
involving intrinsic point defects, predominantly singly ionized
oxygen vacancies (VO

+), and surface states. Upon surface
functionalization with CuTPPCOOH, a dramatic photo-
luminescence quenching is observed for both the NBE peak
(3.17 eV) and defect-related visible emissions. This pro-
nounced luminescence suppression demonstrates efficient
photoinduced charge transfer across the CuTPPCOOH/ZnO
heterojunction interface, experimentally validating a functional
type-II energy band alignment in the synthesized hybrid.
Rather than undergoing radiative excitonic recombination,
photoexcited electrons are rapidly injected from the excited
state of Cu-porphyrin into the ZnO conduction band, driven
by a favorable interfacial energy gradient that leads to the
spatial separation of photogenerated electron−hole pairs at the
interface. Since interfacial charge separation occurs on a
femtosecond to picosecond time scale, orders of magnitude
faster than the nanosecond radiative recombination lifetime,

Figure 2. SEM images of (A) pristine ZnO nanoparticles and (B) Cu-
porphyrin/ZnO nanohybrids. TEM images of Cu-porphyrin/ZnO
nanohybrids at (C) lower and (D) higher magnification.
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radiative transitions are effectively suppressed. Additionally,
the CuTPPCOOH itself exhibits negligible fluorescence due to
its intrinsically ultrafast excited-state relaxation: upon Soret
excitation, the Cu(II) porphyrin undergoes a porphyrin-to-
metal charge transfer (CT) in 65 fs, followed by rapid
conversion to the tripdoublet state (2T) in 350 fs, effectively
bypassing any radiative S1 emission.32

Raman spectra (Figure 3C,D) provide complementary
structural information. The Raman spectrum of pristine ZnO
(Figure 3C) exhibits characteristic phonon modes of the
wurtzite lattice,33 including the prominent E2

high mode at 437
cm−1. After functionalization with CuTPPCOOH (Figure 3D),
additional peaks appear that are attributed to the porphyrin
framework.34 Specifically, the bands at 1533, 1496, 1360, 1240,
1081, and 1002 cm−1 correspond to β−β stretching (ν2),
phenyl ring vibration, α−β and α−N stretching, Cm−Ph
stretching (ν1), pyrrole Cβ−H stretching, and combined
pyrrole/phenyl modes, respectively.35 The intensity of these

porphyrin-related modes exceeds the strongest ZnO signal by
almost three times. This signal amplification is attributed to the
resonance Raman enhancement effect, triggered by the close
alignment between the excitation laser wavelength and the
electronic absorption Q-bands of the Cu-porphyrin complex.36

3.4. Porosity of the Nanomaterials

The textural properties were examined by N2 adsorption−
desorption isotherms (Figure 3E,F). Both ZnO and Cu-
porphyrin/ZnO exhibit type III isotherms, consistent with
weak adsorbent−adsorbate interactions. Pure ZnO nano-
particles display a BET surface area of 9.75 m2/g, while the
Cu-porphyrin/ZnO nanohybrid shows a reduced value of 0.93
m2/g.

At first glance, this drastic decrease may appear counter-
intuitive since SEM/TEM reveal no significant change in
particle morphology. However, the reduction in accessible
surface area can be explained by partial coverage of
interparticle pores by porphyrin molecules.37 The organic

Figure 3. (A) UV−Vis spectra of pristine ZnO and Cu-porphyrin/ZnO nanohybrid; (B) PL spectra of pristine ZnO and Cu-porphyrin/ZnO
nanohybrid; Raman spectra of (C) pristine ZnO and (D) Cu-porphyrin/ZnO nanohybrid; N2 adsorption−desorption isotherms of (E) pristine
ZnO and (F) Cu-porphyrin/ZnO nanohybrid.
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coating tends to occupy interstitial voids between ZnO
particles, limiting N2 penetration during physisorption. This
phenomenon has been reported for other organic−inorganic
hybrids where thin functional layers reduce BET area without
altering particle size.38 Pore size distributions obtained via the
BJH method support this interpretation: for bare ZnO, the
pore volume distribution remains constantly low (∼0.01 cm3/
g) from 3 to 100 nm and then increases sharply to ∼0.04 cm3/
g above 100 nm. This trend confirms that the baseline porosity
is predominantly governed by large interparticle macro-voids
and crevices between the large annealed ZnO structures. In
contrast, for the hybrid material, the volume of these large
macropores is significantly suppressed, while a prominent
contribution appears at narrower pore sizes, starting with a
pore volume of 0.028 cm3/g at 5 nm and decreasing linearly to
0.01 cm3/g at 140 nm. This outcome quantitatively
demonstrates that the bulky porphyrin macrocycles con-
formally occupy and plug the primary interstitial gaps,
restricting physical N2 access at cryogenic temperatures (77
K).39 Importantly, this reduction in surface area does not
negatively impact gas sensing properties. While N2 phys-
isorption purely probes the physical porosity at 77 K,
chemiresistive sensing operates via chemical and electronic
sensitization at room temperature under light activation. As
detailed in the sensing mechanism section, the Cu-porphyrin
layer provides a supramolecular recognition platform for TEA
via π-stacking and dispersive interactions with the porphyrin
macrocycle, while the square-planar Cu(II) center does not
participate in axial coordination,32 while simultaneously acting
as a visible-light-harvesting antenna that injects photoexcited
electrons into the ZnO lattice. Consequently, the superior
supramolecular affinity and efficient photoinduced charge
transfer at the hybrid heterojunction completely override the

decrease in physical surface area, resulting in a significant
improvement in sensing performance.40

3.5. Gas Sensing Performance

The I−V curves of the hybrid sensor were measured at
different temperatures (Figure S6), and the activation energy
was extracted from the Arrhenius plot, consistent with
thermally activated charge transport in ZnO-based systems.41

The detection performance of pristine ZnO was first
evaluated in darkness and under white light by injecting 10
ppm of TEA (Figure 4A,B). The sensor showed the highest
response under white light illumination, with a value of 5.1,
compared to in darkness where the response was 3.6. The light
emitted by the white LED corresponds to the absorption of
porphyrins and therefore increased the response by 42%.

The RT sensing performance of the Cu-porphyrin/ZnO
hybrids was then investigated as a function of CuTPPCOOH
content (0, 0.5, 0.75, and 1.0 wt %) (Figure 4C,D). The
general trend is for baseline resistance to increase with
porphyrin loading, which is consistent with the organic layer
introducing additional barriers to charge transport. Among the
different compositions, the 0.75 wt % Cu-porphyrin sensor
achieved the highest response (162 to 10 ppm TEA),
suggesting an optimal balance between catalytic activity and
charge transfer. At lower loadings, the number of active
catalytic sites is limited, while at higher loadings excessive
coverage may hinder electron injection and gas diffusion,
leading to reduced performance.

The effect of TEA concentration was examined in the range
10−50 ppm (Figure 5). For all sensors, the response increased
with increasing analyte concentration, as expected for surface-
controlled adsorption processes. Again, the 0.75 wt % hybrid

Figure 4. (A) Dynamic resistance and (B) sensor response of the ZnO sensor in darkness and under white LED illumination. (C) Dynamic
resistance and (D) sensor response of the different nanohybrids to 10 ppm TEA at RT under white light.
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outperformed the other loadings, confirming its optimized
composition.

To clarify the synergistic role of illumination along with
porphyrin functionalization, the optimized nanocomposite
(0.75 wt % Cu-porphyrin/ZnO) was tested in darkness and
under white light (Figure 6).

In ambient air and darkness, the pure ZnO sensor exhibits a
baseline resistance of approximately 4.3 MΩ. After function-
alization with 0.75 wt % CuTPPCOOH, the baseline resistance
increases to approximately 640 MΩ. This increase results from
electronic charge transfer at the organic/inorganic hetero-
junction, where porphyrins act as electron acceptors, depleting
the ZnO conduction band and expanding the interfacial
depletion layer and intergranular potential barriers. This high
initial resistance plays a crucial role in amplifying gas sensing
performance, as it provides a higher baseline from which
reducing target gases can induce a greater decrease in relative
resistance, and thus a greater response.

Under white light illumination, while the pure ZnO sensor
shows only a marginal decrease from 4.3 MΩ to 2.1 MΩ, the
baseline resistance of the hybrid nanocomposite decreases
dramatically from about 640 MΩ in the dark to about 44 MΩ
(about 14.5 times lower).

This improvement is attributed to photoexcitation of the
surface-anchored porphyrins, which generate excitons that
efficiently dissociate at the ZnO interface, injecting electrons
into the conduction band, narrowing the depletion region, and
significantly lowering the sensor’s resistance.42 This marked
increase in photoconductivity serves as direct evidence of
efficient interfacial charge separation, confirming that the
electron injection pathway remains highly effective despite the
molecular packing characteristics of the surface-bound macro-
cycles. Upon exposure to 50 ppm TEA, the response reached

∼180 under illumination, more than three times the dark
response (∼50), underscoring the synergistic role of light
activation and porphyrin sensitization.

The sensing characteristics were next investigated over a
wider TEA concentration range (0.1−50 ppm) under both
dark and white light illumination (Figure 7A). In both cases,
the response increased monotonically with concentration and
could be fitted by a Freundlich isotherm (Figure 7B),
suggesting multilayer adsorption processes on the hybrid
surface.

The sensitivity of the hybrid sensor, defined by the slope of
the response/concentration curve (Figure 7B), is particularly
high at low concentrations, allowing for the precise detection
of trace amounts of TEA. As concentration increases, the slope
gradually decreases, reflecting the progressive saturation of the
available catalytic sites on the hybrid surface.

Under white light illumination, the sensor exhibits a steeper
response curve than in darkness as seen by comparing the

Figure 5. (A) Dynamic resistance and (B) response of hybrid sensors
with different CuTPPCOOH contents.

Figure 6. (A) Dynamic resistance and (B) response of the 0.75 wt %
Cu-porphyrin/ZnO sensor under different illumination conditions;
(C) baseline resistance of pristine ZnO and 0.75 wt % Cu-porphyrin/
ZnO sensors under different illumination conditions.
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Freundlich isotherm exponents in (Figure 7B), indicating that
photoactivation significantly increases sensitivity, especially at
low concentrations, where it is most needed for safety
monitoring.

Figure 7C shows that the 0.75 wt % sensor also exhibited the
fastest response/recovery times dynamics (35/43 s at 10 ppm
TEA under illumination), highlighting the beneficial role of
optimal porphyrin coverage in facilitating rapid adsorption−
desorption.

Since the response of the optimized sensor was found to be
very high, its detection capability was further examined at
subppm levels. As shown in (Figure 8A), measurable responses
were obtained down to 5−80 ppb, with the calibration curve
following the Freundlich law. The calculated limit of detection
was ∼0.4 ppb, demonstrating the excellent detection capability
of the hybrid system under white light illumination.

The influence of relative humidity was quantitatively
evaluated in the 40−80% RH range (Figure S7). As detailed
in Figure S7B, increasing humidity results in a negligible
decrease in response, less than 5% (from 160.5 to 153.3), while
maintaining fast recovery kinetics (21−24 s) and high baseline
stability, confirming that sensor performance is not degraded at
high humidity values.

The repeatability of the optimized hybrid was investigated
by repeated exposures to 0.25 ppm TEA (Figure 9A), and
long-term stability was assessed by repeating the test after 6
months (Figure 9B). During the 6-month period between the
two tests, the sensors were stored in sealed, light-shielded
containers equipped with a silica gel desiccant to prevent
photobleaching and moisture-induced surface degradation. As
shown in (Figure 9A), seven consecutive cycles produced
consistent responses with minimal drift (average response of
92.8 ± 5.4). After six months (Figure 9B), the average
response remained 87.7 ± 4.0, corresponding to 94.5 ± 9.8%
retention of the initial value.

Reproducibility was also verified across five independent
devices (Figure 9C), with an average response of 175.4 ± 5.7
and a relative variation of only 3.2%, demonstrating excellent
device-to-device consistency.

Finally, the selectivity of the hybrid sensor was assessed
against potential interfering gases (methanol, toluene, ethanol,
isopropanol, acetone) at room temperature under white light
(Figure 9D). The response to 50 ppm TEA (∼180) was
substantially higher than that to other analytes, even when
tested at higher concentrations (e.g., acetone 1000 ppm
produced only S ∼ 85).

Figure 7. (A) Dynamic resistance and (B) response of the 0.75 wt %
Cu-porphyrin/ZnO sensor as a function of TEA concentration with
Freundlich fitting curve; (C) response and recovery times of hybrid
sensors with different porphyrin content.

Figure 8. (A) Dynamic resistance and (B) response of the 0.75 wt % Cu-porphyrin/ZnO hybrid sensor at low TEA concentrations under white
LED illumination.
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While the sensor demonstrates excellent discrimination
against the tested interfering VOCs (methanol, ethanol,
isopropanol, toluene, and acetone), further cross-reactivity

studies with lighter alkaline interfering gases such as ammonia
(NH3) represent an important direction for future research.
From a fundamental point of view, the superior response to

Figure 9. Performance of the 0.75 wt % Cu-porphyrin/ZnO hybrid sensor: (A) short-term repeatability; (B) long-term stability after six months;
(C) dynamic resistance from five different sensors; (D) selectivity.

Table 1. Performance of Gas Sensors Based on Porphyrins

material gas conc. (ppm) response tres/trec (s) LoD (ppb) refs

ZnTAP NO2 100 3.3 120/260 1000 43
p-HTClPP NO2 100 1.37 260/1080 5000 44
p-HTClPPCo 1.71 240/695 500
SnO2/ZnPP toluene 9 15.9 260/220 20 45
ZnO/CoPP 3.5
porphyrin-based HOF NO2 0.1 1.07 17.6/15.4 40 46
NGO/CoTPyrP NO2 0.05 22.15 50/229 (5 ppm) 6 47

SO2 0.25 3.35 43/262 (15 ppm) 74
NH3 2 7.31 41/129 (25 ppm) 113
H2S 0.25 3.02 45/205 (15 ppm) 178

La (TBPP)(TBNc) acetone 100 1.57 53/78 200 48
TiOTPyP nanofiber/SWCNT H2O2 10 1.51 16/2 2 49
RGO/Eu (TPyP)(Pc) NO2 100 1.16 172/828 (20 ppm) 80 50
Eu (TPyP) {Pc-(OC8H17)8} NO2 100 13.81 110/240 1000 51
CoT[(Pyr)4] P NO2 0.4 1.08 (45% RH) >120/>540 50 52
Cu(F16Pc)/pNiDPP NH3 20 1.08 162/552 (90 ppm) 228 53

Table 2. Triethylamine Gas Sensing Performance of MOS Material-Based Sensors

material conc. (ppm) response (Rair/Rgas) tres/trec (s) temp (°C) LoD (ppb) refs

Ag-decorated Zn2SnO4 50 83.6 1/20 220 1000 57
ZnO/ZnFe2O4 100 40.15 32/41 200 - 58
MoS2/ZnO 100 23.57 103/134 200 - 59
Co-doped ZnO 50 68.0 8/16 280 200 60
ZnO/ZFO 100 78 11/103 240 500 61
Ru-SnMOF@SnO2 100 688.6 4/87 250 - 62
ZnS@ZnO 100 74.65 3/176 200 1000 63
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TEA compared to simpler basic molecules such as NH3 is
driven by its significantly lower ionization potential (∼7.5 eV
versus ∼10.1 eV for NH3) and the strong electron-donating
effect of its three alkyl chains, which promotes efficient
electron injection into the conduction band of ZnO during
surface interaction.
3.6. Comparison with Literature

Tables 1 and 2 summarize recent results on porphyrin-based
sensors and metal oxide semiconductor sensors for TEA,
respectively.

Table 1 highlights the performance of porphyrin-based
sensors toward different gases. Most of these systems operate
at room temperature but exhibit relatively modest responses
(typically <20) and limits of detection in the ppb−ppm range.
Comparatively, our Cu-porphyrin/ZnO hybrid achieves a
response of 162 to 10 ppm TEA with a theoretical limit of
detection of 0.4 ppb, which is substantially higher than other
porphyrin systems reported to date.

Table 2 compares MOX-based sensors for TEA detection.
While some advanced heterostructures, such as Ru-SnMOF@
SnO2, exhibit very high responses at elevated temperatures,
most MOX systems require operating temperatures of 200−
300 °C and show low responses. In contrast, the Cu-
porphyrin/ZnO sensor presented here achieves high perform-
ance at room temperature without external heating, making it
highly advantageous for low-power, portable applications.

Conventional MOX sensors operating at these high
temperatures continuously consume between 100 and 500
mW due to high thermal dissipation on ceramic substrates.54

Even state-of-the-art microhot plates require a continuous
power budget of 10−50 mW to maintain thermal activation of
the sensing layer.55,56 In contrast, our hybrid light-activated
architecture completely avoids thermal activation and, using a
miniature micro-LED placed directly above the sensor, would
require less than 5.6 mW. Furthermore, because optical
excitation undergoes instantaneous modulation without the
thermal inertia typical of hot plates, a duty-cycling protocol can
be easily implemented. By turning on the micro-LED for 100
ms every 1 s, average power consumption is reduced to <0.56
mW. Furthermore, because the operating irradiance used was
intentionally matched to natural sunlight, this system could
operate with only sunlight during daylight hours, further
reducing power consumption.

A notable feature of our system is that the optimal porphyrin
loading (0.75 wt %) provides both high response and short
response/recovery times, positioning the Cu-porphyrin/ZnO
hybrid among the most efficient MOS-based TEA sensors
reported to date, especially under light activation.

3.7. Proposed Sensing Mechanism

The detection mechanism of the Cu-porphyrin/ZnO hybrid
sensor is schematically illustrated in (Figure 10).

The interface between ZnO and Cu-porphyrin forms a
heterojunction due to their different work functions.
Thermodynamic analysis confirms the formation of a type-II
heterojunction: the LUMO level of the Cu-porphyrin is
located at approximately −3.7 eV (vs vacuum),64 while the
conduction band of ZnO lies at approximately −4.2 eV.65 This
energetic offset creates a spontaneous driving force that
facilitates the transfer of photoexcited electrons from the
porphyrin into the ZnO lattice.

This leads to band bending at the interface, facilitating
charge separation. Under illumination, Cu-porphyrin mole-
cules absorb visible light, generating excitons. At the interface,
these excitons dissociate, with electrons transferred into the
conduction band of ZnO and holes remaining in the porphyrin
layer. Notably, although the UV−vis analysis indicated H-type
molecular aggregation on the oxide surface (evidenced by the
broadening and blue-shift of the Soret band),50 the typical
exciton self-quenching associated with such face-to-face
packing is effectively bypassed by favorable interfacial kinetics:
electron injection from photoexcited porphyrin into the ZnO
conduction band occurs in femtosecond to picosecond, orders
of magnitude faster than the nonradiative deactivation
pathways within the H-aggregates, which require nanoseconds.
As a result, interfacial charge separation outcompetes the self-
quenching process, which is macroscopically manifested by the
pronounced drop in baseline resistance observed when
switching from darkness to white light (Figure 6).

This process increases the baseline conductance of the
sensor and provides additional active carriers for gas
interactions.28 The alignment lowers the energy barrier
between ZnO and Cu-porphyrin, shortening the response
and recovery times.67 In ambient air, oxygen molecules adsorb
onto ZnO and capture electrons, forming O2

− species at room
temperature. This process creates surface depletion layers and
increases resistance.

When the sensor is exposed to TEA, the gas molecules
adsorb onto the Cu-porphyrin surface via supramolecular
interactions (primarily dispersive forces due to ethyl groups
and π-stacking with the porphyrin macrocycle), rather than
through axial coordination to the Cu(II) center, which retains
its square-planar geometry.32 This interpretation is strongly
supported by recent DFT calculations showing that triethyl-
amine exhibits the highest adsorption affinity on free-base
porphyrins via noncovalent interactions with the conjugated
macrocycle, without requiring a metal center for recognition.66

The strong electron-donating character of TEA, arising from

Figure 10. Schematic illustration of the TEA sensing mechanism in Cu-porphyrin/ZnO hybrids under illumination.
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the inductive effect of its three ethyl groups, promotes efficient
electron transfer from the adsorbed TEA molecule to the
porphyrin π-system and subsequently to the ZnO conduction
band. These injected electrons neutralize the adsorbed oxygen
species (O2

−) on the ZnO surface, reducing the depletion layer
width and thereby decreasing the sensor resistance. This
mechanism is consistent with the observed decrease in
resistance upon TEA exposure and is further supported by
the low ionization potential of TEA (∼7.5 eV), which
facilitates charge donation.

Crucially, the photoinduced charge separation at the
heterojunction generates an oxidized porphyrin state (P•+)
upon electron injection into ZnO. This oxidized porphyrin acts
as a strong electron acceptor that can be readily reduced by the
electron-rich TEA molecule, thereby regenerating the neutral
porphyrin and closing a photocatalytic cycle. This regenerative
mechanism ensures sustained photocurrent generation under
continuous illumination and amplifies the overall sensor
response, as the porphyrin acts as a catalytic mediator for
electron transfer from TEA to the ZnO conduction band.
Importantly, this cycle is fully consistent with the reversible
nature of the sensor response: upon removal of TEA from the
atmosphere, the adsorption equilibrium shifts toward desorp-
tion, and the porphyrin returns to its neutral state, restoring
the initial baseline resistance. The reversibility is further
supported by the noncovalent nature of the TEA-porphyrin
interaction, which does not involve irreversible chemical bond
formation.

To quantitatively reconcile the 10-fold decrease in geometric
surface area with the sharp increase in TEA sensitivity, we must
consider the transition from a linear physical parameter
(surface area) to an exponential electronic process. In
polycrystalline chemiresistors, charge transport is governed
exponentially by the Schottky barrier height (eΔΦ) at the grain
boundaries67
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Due to the small size of ZnO crystallites (approximately 25.5
nm), even small changes in surface charge translate into
enormous changes in conductivity. At 298 K (kBT approx-
imately 25.7 meV), the boundary barrier modulation (Δ-
(eΔΦ)) required to achieve our experimental response (S =
Ra/Rg = 162) can be calculated as

e k T S( ) ln( ) 25.7 meV ln(162) 130.8 meVB= = ×

A change of only approximately 131 meV is easily induced by
the strong electron-donating character of TEA, which arises
from the inductive effect of its three ethyl groups and its low
ionization potential (∼7.5 eV). Since the sensor response
scales exponentially with this energy barrier, this electronic
sensitization completely dominates the linear 10-fold reduction
in physical surface area measured at 77 K. The incorporation of
Cu-porphyrin improves the sensing response toward TEA
compared to pristine ZnO nanoparticles, especially under
white LED light illumination.68 The improved performance
arises from the synergistic combination of the visible-light-
harvesting ability of the porphyrin, which generates additional
photogenerated charge carriers, the type-II heterojunction that
facilitates efficient charge separation and electron injection into
ZnO, the selective supramolecular recognition of TEA by the
porphyrin macrocycle, and the photocatalytic cycle in which

the oxidized porphyrin (P•+) is regenerated by electron
donation from TEA, ensuring sustained sensor response
under continuous illumination. The synergy between hetero-
junction band engineering, photoactivation, and supramolec-
ular recognition explains the markedly improved sensing
behavior, faster dynamics, and ultralow limit of detection
compared to pristine ZnO.

4. CONCLUSIONS
In summary, we have successfully developed a high-perform-
ance, visible-light-activated gas sensor by engineering a
nanoscale hybrid heterojunction between wurtzite ZnO
nanoparticles and surface-anchored Cu-porphyrin derivatives.
This work addresses the critical bottleneck of metal oxide
chemiresistors (namely, the high-power consumption required
for thermal activation) by demonstrating that efficient room-
temperature operation is achievable through rational surface
nanofunctionalization.

The synergistic coupling of the photoactive CuTPPCOOH
layer with the nanocrystalline ZnO network enables a highly
efficient photoinduced charge transfer mechanism. Because the
electrical transport is governed by Schottky barriers between
adjacent ∼25 nm grains, even subtle photoinduced shifts in
carrier concentration produce orders-of-magnitude resistance
modulations. This process drastically amplifies the sensor
response under visible light illumination, yielding an ultralow
theoretical limit of detection of 0.4 ppb and a remarkable
response of 162 toward 10 ppm TEA, values that significantly
outperform pristine ZnO and existing state-of-the-art sensors.
Furthermore, the hybrid device exhibits excellent selectivity,
rapid response/recovery dynamics (∼40 s), and robust stability
against moisture. Although the sensor exhibits high TEA
selectivity over interfering VOCs and strong humidity
tolerance (40%−80% RH), real-world applications involve
complex, multicomponent gas mixtures. For practical use in
unpredictable, multigas environments, integrating this hybrid
sensor into multisensor arrays or using dynamic light pulse
protocols will provide the necessary pattern recognition
capability to deconvolve complex matrices.

From a broader perspective, this study provides a validated
pathway for the design of low-power, light-driven sensing
platforms. The combination of simple wet-chemical synthesis,
scalable fabrication, and room-temperature operability makes
this hybrid architecture an ideal candidate for integration into
next-generation portable monitoring systems and wearable
safety devices for the real-time detection of hazardous volatile
organic compounds.
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