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Abstract: Semiconductor metal oxide materials have attracted great interest in gas sensors due to their
high sensitivity to many target gases. In this study, an oxygen-sensitive optical chemical sensor was
prepared in thin-film form by immobilizing meso-tetraphenylporphyrin (H.TPP) in silicon matrix in the
presence of ZnO, CuO and ZnO/CuO hybrid nanoparticles as additives. Characterization of synthesized
metal oxide powders was performed using XPS, XRD, SEM, and PL spectroscopy. Emission and decay time
measurements of H.TPP-based materials were investigated between the concentration range of 0% and
100% [O;] in thin-film forms. The intensity-based signal drops of the additive-free form of porphyrin dye
toward oxygen were calculated as 70%. Whereas, the oxygen sensitivities of H,TPP-based sensor slides
were measured as 80%, 75%, and 88% in the presence of ZnO, CuO, and ZnO/CuO hybrid particles,
respectively. The usage of porphyrin dye with ZnO/CuO hybrid additive provided higher oxygen sensitivity,
larger linear response range, higher Stern-Volmer constant (KSV) value and faster response time
compared to the undoped form, ZnO and CuO additive-doped forms of H,TPP. The response and the
recovery times of the porphyrin-based sensing slide along with ZnO/CuO hybrid particles have been
measured as 10 and 20 s. These results make the H,TPP along with the metal oxide additives promising
candidates as oxygen probes.
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INTRODUCTION

Oxygen is used as a reactant or product (1) in
industrial processes, clinical (2), biomedical (3),
environmental (4), and chemical analysis (5), and
therefore, continuous and accurate determination of
dissolved and gaseous O, levels is of great
importance. In recent decades, optical chemical
sensors based on spectroscopic changes are
currently preferred for oxygen detection due to
many advantages such as easy fabrication, high
sensitivity, low detection limit, and low cost. Most
optical sensors are fabricated by doping different
types of oxygen-sensitive organic dyes into gas
permeable sol-gel or polymeric matrices. There are

different types of organic dyes such as transition
metal complexes of ruthenium (2), iridium (6),
palladium (7), platinum (8), osmium (9), pyrene
(10), and porphyrin and derivatives (11) used as
oxygen-induced optical sensors based on the
working principle of luminescence-quenching. One
of the most important phosphorescence dyes used
in oxygen gas sensors is metal-free and metal-
carrier forms of tetraphenylporphyrins (TPPs),
because of their long fluorescence lifetimes
(microsecond to millisecond range), high oxygen
sensitivity, large Stokes' shifts, high quantum
yields, fast response times, and long stabilities.
Table 1 summarizes previous studies with different
porphyrin derivatives (12-20).
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Table 1: Comparison of the oxygen sensing properties of porphyrin derivatives.

Dynamic Response
Sensitive Matrix Sensitivit wZ;rkin Detection time Stabilit Ref
dye material y range 9 Jimit (N2-02 y '
9 /0 2-N2)
o/, -1
PATPA sy (%7) 0.00098 After 8
. _ o,
PETPA poly(TMSP) 2.48 0-100% 0.012 6; 5; 13; 6 months (12)
PATPP 0.47 Poz 0.0062 /117; 46s  20% lost
PtTPP ) 0.0047 !
0.63
10/1100
PATFPP 0-40
PATCPP Sol-gel ;147 ma/L NR NR / NR NR (13)
s KSv 0.02-100
PdTFPP Silica-gel 67 kPa-! Pa NR 150ms / NR NR (14)
After 9
PdTPP PMMA KSV 1 0-20_? NR NR / NR months (15)
0.071 Torr Torr
75% lost
s 213 hPa
Silicone KSV
PATPTBP rubber 0.921 hPa- t0020 hPa NR <1s / NR NR (16)
—_ o,
PtTFPP PS KSV (%) 0-100%  \g NR / NR NR (17)
0.018 Po2
IO/IIOO
H,TPP 1.46 0-100% After 3
H,TPA poly(TMSP) 2.85 NR NR / NR months (18)
H.OHe . Po2 6% lost
2.16
KSV (%) oo After 5
ﬁnTT;r? poly(TMSP)  0.0052 0-20% R 2/3s months  (19)
2 0.0384 Po2 2% lost
KSV =
plastic-clad ~ 7.5x10* 55-760
H.TPP silica optic Torr - NR 1s / NR NR (20)
) Torr
fiber Io/
1100=N1.55
H,TPP 11
H.TPP-ZnO el 1.25%x10? .
H>TPP-CuO 3.39 0-100%  2.21x102  16i12 After6 = rhis
poly(TMSP)  6.02 2 14;10s/ months
H.TPP- Po2 1.89x10 ' work
4.88 - 34;24; 3% lost
Zn0O/Cu0O 2.84%x10 !
. 7.35 28;20 s
Hybrid

NR= Not Reported

The sensing properties of fluorescent dyes depend
on the interactions between the kind of solid matrix
and the type of micro-environment of dyes. The
appropriate polymer matrix can play a role as an
enhancer agent in the oxygen sensitivity properties
and provide mechanical stability due to being a rigid
support  material. However, the polymer-
immobilized organic dyes still need some further
modifications to improve their oxygen sensing
performances. To increase the oxygen sensitivity of
organic dyes, different ligand groups are attached to
the structure of the dye, which can interact with
oxygen groups during dye synthesis, or different
semiconducting metal oxides known to have oxygen

adsorption abilities are added to the dye as a
dopant during the preparation of the chemical
sensor.

Semiconducting metal oxides (SMO) are promising
candidate materials for gas sensing applications due
to their easy production methods, high sensitivity to
many target gases, low cost and being highly
compatible with other processes (21). According to
the literature, many gas sensor studies containing
metal oxide nanoparticles due to porous structure
and change of conductivity properties are based on
electrical measurement. Recently, the use of many
metal oxide nanoparticles such as ZnO, CuO, NiO,,
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TiO,, etc. has become a new and popular application
to improve electronic tape structure and enhance
gas detection performance. Wang et al. reported
that the CO gas detection capability of CuO/ZnO
composite nanostructure was measured by the
relative resistance techniques (22). Jiang et al.
found that the fabricated ure and Pr-modified ZnO
nanofibers  synthesized using electrospinning-
calcination techniques showed intensity-based O;
sensing responses as 52% and 71%, at 115°C,
respectively (23). Inspired by these studies, today
researchers include metal oxides with gas
adsorption properties in optical chemical sensor
studies. The advantage of fluorescence-based
measurement is to be seen as an alternative in the
absence of electrical contact between the resulting
impurities and nanostructures. Last decades, many
approaches were used such as adding some dopants
like metals (Au (24), Ag (25), etc.) and/or metal
oxides (Sn0O; (26), ZnO (27), TiO, (28), CuO (29)
and Fe;O; (30), etc.) because of their gas
adsorption properties. Mariammal and colleagues
reported that ZnO and ZnO:CuO nanoparticle-based
sensing composites were used to detect ethanol
vapor using the fiber optic sensor method (31). The
emission and excitation spectra of transparent
nanocolumnar porous ZnO thin films prepared by
plasma-enhanced chemical vapor deposition were
measured in the presence and absence of dissolved
oxygen by Sanchez-Valencia et al. (32). Nowadays,
researchers work on the enhancement of the gas
sensitivity  properties of organic dyes by
supplementing additives such as metal and/or metal
oxides. Jiang and co-workers fabricated a
ratiometric optical sensor for dissolved oxygen in a
form of nanofiber and thin-film using together Ag
NPs and (Ru(dpp)sCl.) composite via immobilized in
polymethylmethacrylate matrix (33). Ozturk et al.
investigated the effect of Ag NPs and ionic liquids
(1-butyl-3-methylimidazolium tetrafluoroborate) on
oxygen sensitivity of the ruthenium (II) dye in a
form of fiber materials and nanoporous film
structures (34). Ongun developed a high sensitive
oxygen-induced sensor including the meso-
tetraphenylporphyrin (H.TPP) dye encapsulated in a
silicon matrix in the presence of additives as Ag NPs
and ionic liquids (ILs) (35). Oguzlar reported that
the Fe;0. and Fe;0,@Ag NPs as additives were used
for improving oxygen sensing properties of the
[Ru(bpy)s]** dye both in EC thin-film and nanofiber
form (36).

In this study, we aimed to improve the oxygen-
induced sensitivity of commercially available meso-
tetraphenylporphyrin (H.TPP) dye in the presence of
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different metal oxide additives. While both ZnO and
CuO particles were produced by the sol-gel method,
ZnO/CuO hybrid nanoparticles were synthesized
using the complex directed hybridization method.
The synthesized particles were characterized using
photoluminescence  spectroscopy (PL), X-ray
photoelectron spectroscopy (XPS), X-ray diffraction
spectroscopy (XRD), and scanning electron
microscopy (SEM). The oxygen sensing responses of
the H,TPP-based composites along with metal oxide
additives embedded in the poly(1-trimethylsilyl-1-
propyne) matrix were tested by measuring the
fluorescence-based emission spectra and decay time
measurements. The relative signal intensity (Io/Iic0)
values of H,TPP along with the znO, CuO, and
Zn0O/CuO hybrid additives were found as 6.02, 4.88,
and 7.35 between the concentration range of 0 and
100% [O:], respectively. The enhancement of the
emission-based optical properties and the decay
kinetics can be based on the adherence of the
oxygen molecules to the surface or inside of the
metal oxide crystalline structures via adsorption.
The usage of the ZnO, CuO and ZnO/CuO hybrid
particles along with the H,TPP resulted in higher
oxygen sensitivity, faster response, more linear
calibration plots, and better sensor dynamics
compared to the non-additive free-form of dye.

EXPERIMENTAL SECTION

Reagents

Precursors were used without further purification in
the synthesis of metal oxide nanoparticles. Zinc
acetate dihydrate (Zn(CHs;COO).x2H,0, =99%),
zinc nitrate heptahydrate (Zn(NO3).x7H,0, =99%),
and copper(II) acetate dihydrate
(Cu(CHsC00).x2H,0, =299%) were purchased from
Sigma Aldrich. Oxygen sensitive fluorescent dye,
free-form of meso-tetraphenylporphyrin (H,TPP),
was supplied from Sigma-Aldrich. The structural
formula of the employed metal-free porphyrin dye
was shown in Scheme 1. Poly(1-trimethylsilyl-1-
propyne) (poly(TMSP)) as polymeric support
material was provided by ABCR Company. 1-Butyl-
3-methylimidazolium tetrafluoroborate [BMIM]
[BF+], used as an ionic liquid (IL), was obtained
from Fluka. Sodium hydroxide (NaOH, >99%) was
from Alfa-Aesar Sigma-Aldrich. The solvents of
ethanolamine (=98%) and toluene (=99%) were
purchased from Sigma-Aldrich. Mylar, polyester
support for thin-film preparation, was supplied from
DuPont polymers. Cylinders of nitrogen and oxygen
gases (99.99%) were provided from Tinsa Gas,
Izmir, Turkey.
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Scheme 1: Structural formula of the metal-free tetraphenylporphyrin (H.TPP).

Instrumentation

The phase structure of the synthesized powders was
investigated by an X-ray diffractometer (XRD,
Thermo Scientific ARL X-ray diffractometer, Cu-Ka,
1.5405 A, 45kV, 44mA). Thermo Scientific K-Alpha
X-ray Photoelectron Spectrometer (XPS) equipped
monochromatic Al-Ka source was used to determine
the elemental compositions of metal oxide particles.
For morphological characterization, microstructure
images were studied at different magnifications by
COXEM EM-30 Plus scanning electron microscopy
(SEM). The excitation-emission spectra were
measured via Edinburgh FLSP920 spectrometer
(PL). Decay time measurements under the
excitation of a microsecond flash lamp were
determined by the photoluminescence spectrometer
operating on the time-dependent single-photon
count (TCSPC) principle. Oxygen and nitrogen gases
were mixed between 0% and 100% [O:]
concentration range using a gas blending system
(Sonimix 7000A) and the gas mixture was
introduced to the sensing thin film membrane in
septum-sealed cuvette at room temperature via a
diffuser needle.

Syntheses of ZnO, CuO and ZnO/CuO Hybrid
Particles

The ZnO and CuO particles were synthesized by the
sol-gel method. For the production of ZnO NPs,
0.5M Zn(NOs3),x7H,0 solution was added dropwise
into the 1 M NaOH solution and heated at 70 °C for
2h. The obtained white precipitates were dried at
200 °C for 1 h and then calcinated at 500 °C for 2h
(25). Similarly, in the preparation of CuO NPs,
Cu(CH3C00),x2H,0 powder (0.5 M) was dissolved
in isopropanol, stirred and heated for 1 h at 50 °C.
The pH value of the copper solution was adjusted
using ethanolamine. The black precipitates were
dried at 100 °C for 5 h and calcinated at 600 °C for
2h, respectively (37). To prepare the ZnO/CuO
hybrid NPs were used the complex directed
hybridization method; 0.5 M Zn(CHs;COO),x2H20
and 0.5 M Cu(CHsCOO),x2H.0 solutions were
dissolved separately in distilled water and then
mixed. While 10M NaOH solution was added
dropwise, the solution was stirred with a magnetic

stirrer. The final solution was heated for 12 h at 100
°C, then the calcination process was applied for 3 h
at 500 °C (38).

Preparation of H.TPP-based oxygen sensing
slides

Nowadays, researchers work on the enhancement of
0,-sensing characteristics of porphyrin dyes along
with different kinds of additives embedded in
several polymeric matrices. The fluorescent-based
sensing abilities of gas sensors are severely
connected to the type of solid matrix and possible
additive. In our previous works, we found that
poly(TMSP) is an ideal polymeric matrix according to
the optical transparency, high diffusibility toward
oxygen, and stability. Therefore, poly(TMSP) was
selected as a polymeric support material due to the
high polymer permeability (oxygen permeability
coefficient (L=7700 cm® (STP) cm/cm?.s.cm Hg)
and rapidly in contact with molecular oxygen
(11,18). Also, we found in our previous work that
the best ionic liquid additive is the [BMIM][BF.] in
terms of compatibility and oxygen gas solubility in a
polymeric matrix and providing long-term stability
to the indicator dye doped-sensing slides (39).
Considering this information, thin films were
prepared by placing meso-tetraphenylporphyrin
(H.TPP) dye embedded in poly(TMSP) matrix along
with both different metal oxide additives and ionic
liquid in close proximity.

The homogenous sensing slides were prepared by
mixing 75 mg of poly(TMSP), 0.25 mg porphyrin
dye, and 25 mg of [BMIM][BF4+] in 2.5 mL toluene
under magnetic stirring. To improve the oxygen
sensitivity of the H.TPP dye, 0.25 mg of metal oxide
(ZnO, CuO and ZnO/CuO hybrid) particles were
individually added to the cocktail solution. Table 2
presents the compositions of the utilized cocktails.
Afterwards, the prepared viscous solutions were
coated onto a Mylar support using the knife spread
method. Tencor Alpha Step 500 Profilometer was
used to measure the thickness of the coated thin
films (7.63£0.18 ym (n=28)). The measurements
were recorded after each thin film was cut to
appropriate sizes and placed in the septum cuvette.
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Table 2: Cocktail compositions used as oxygen-sensing agents.

Cocktail poly(TMSP) toluene ILs  Additive/  Additives ~dditive/
Dye Name (mg) (mL) (mg) 2ZnO (mg) CuO (mg) ZnO/Cu0
Hybrid (mg)
C1 75 2.5 25 - - -
H.TPP Cc2 75 2.5 25 0.5 - -
(0.5mg) 3 75 2.5 25 - 0.5 -
C4 75 2.5 25 - - 0.5
RESULTS AND DISCUSSION 32.6°, 35.7°, 38.9°, 49.0°, 53.6°, 61.7°, 66.2°,
68.4°, 66.2°, 68.4° corresponding to (110), (002),
Characterization of metal oxide particles (111), (202), (020), (202), (113), (022), (220),

The structural changes of the produced particles
were examined by XRD (Figure 1 (a)). XRD peaks of
the ZnO [JCPDS No. 36-1451] at 26 = 31.8°, 34.5°,
47.5°, 56.5°, 62.9°, 66.4°, 67.9°, 69.2°, 72.6° and
77.0° were observed, consist with (100), (002),
(101), (102), (110), (103), (112), (004) and (202)
crystallographic planes of the ZnO hexagonal
wurtzite phase, respectively (40). The diffraction
peaks of the CuO [JCPDS No. 48-1548] at 26

—— Zn0/CuO Hybrid

(101)

(002)

Intensity (a.u.)

35

40 45 50 55 60 65 70 75
20 (degrees)

1 1
20 25 30 80

intensity (a.u.)

(312), and (203) crystallographic planes of the CuO,
which indicates that the CuO is monoclinic (41).
Additionally, the diffraction peaks of the ZnO/CuO
hybrid (1:1 molar ratio) nanocomposite were well
matched with the above JCPDS cards, and the XRD
patterns can be easily indexed to a mixed crystal
phase containing a hexagonal wurtzite ZnO phase
and a monoclinic (38).

| Zn(2p;,)
£0(2P12)/ Cu(2p, )

Cu(2psp)

Zn0O/CuO Hybrid

O1s
Cis

1200 1000 800 600 400

Binding energy (eV)

Figure 1: (a) XRD patterns, and (b) XPS spectra of ZnO, CuO and ZnO/CuO hybrid particles.

XPS analysis was studied to clarify the chemical
structure of all prepared particles in terms of weight
(%) values and binding energies of elements (Table
3). Figure 1 (b) shows that the XPS spectrum of

ZnO/CuO hybrid, ZnO and CuO structures and the
binding energies related to Zn2p, Cu2p, O1ls, and
Cls peaks. When the binding energies of the
ZnO/CuO hybrid structure are compared with the
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pure form of ZnO structures, it is seen that the
binding energy for Zn2p (1022 eV) shifts to higher
binding energy (~0.3 eV) than for the pure form of
ZnO. Furthermore, the binding energy of Cu2p (933
eV) shifted to lower energy (~0.7 eV) than pure
CuO upon the ZnO/CuO hybrid structure formation.
These shifts in binding energies can be attributed to
differences in the electronegativity of metal ions.
The electronegativity of Cu®* is 2.0 while Zn** is 1.7
and for this reason, Cu?*" can easily remove
electrons from Zn?*. The electron shielding effect of
Cu?* increases and the main peak of Cu2p moves

RESEARCH ARTICLE

toward lower binding energy, while Zn2p moves to
the higher binding energy. For the ZnO/CuO hybrid,
ZnO and CuO structures, the peaks of Ols coincide
with the binding energies of 531.15, 531.04, and
531.26 eV (Table 3). According to previous studies,
the peaks observed around ~530 eV were attributed
to the lattice oxygen and the presence of O, and O~
on the surface of the metal oxide structure. It has
been also reported that the sensor detection
performance is due to its ability to adsorb oxygen
on the metal oxide surface (42).

Table 3: Binding energy (BE) and atomic weight (%) values of all metal oxide particles.

Zn0/CuO Hybrid ZnO CuO
Name Peak BE Weight Peak BE Weight Peak BE Weight (%)
(%) (%)
Zn2p 1022.06 28.18 1021.78 74.82 - -
Cu2p 933.85 31.05 - - 934.59 49.57
O1ls 531.15 25.20 531.04 18.62 531.26 28.91
Cils 285.16 15.57 285.29 6.56 286.04 21.52

Figure 2 (a), (b) and (c) show SEM micrographs that
characterize the morphologies and microstructures
of ZnO, CuO, and ZnO/CuO hybrid particles at
x10.0 k magnification, respectively. According to
the results, the aggregation of nanoparticles may be
based on the high surface areas and energies of

ZnO and CuO particles. The formation of p-n
heterojunctions along with pores and voids between
p-type CuO and n-type ZnO in ZnO/CuO particles
also contributes to gas sensitivity (31). As can be
seen, there are much finer pores and cavities in the
structure of the ZnO/CuO hybrid material.

Figure 2: SEM images of (a) Zn0O, (b) CuO, (c) ZnO/CuO hybrid particles at x10.0 k magnification.

Spectral behavior of H.TPP along with metal
oxide particles

Herein, we investigated the oxygen-induced spectral
response of the H,TPP along with nanoscale ZnO,
CuO and ZnO/CuO hybrid particles in the
poly(TMSP)-based thin films. When the H,TPP-based
sensing slides were excited at 420 nm, yielded with
two emission bands at 652 and 717 nm. In all of the
forms under study, the oxygen-induced emission
intensities decreased which can be used as the
analytical signal with the increasing quencher

I
I

:1+K5v[oz]

amounts between the concentration ranges of O-
100% [O:]. The relative signal change resulting
from dynamic quenching depends on triple oxygen
quenching the excited-state fluorescence of H.TPP-
based sensing composites through collisions. The
following Stern-Volmer equation was used, which
reveals the relationship between quencher
concentration and fluorescence intensities, as it is
most suitable for linearizing experimental data in
the concentration interval of 0-100% [O:] (Eq. 1);

(Eq. 1)
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where I, and I are the fluorescence intensities in the
absence and presence of quencher, respectively,
KSV is the Stern-Volmer constant and [O.] is the
oxygen concentration. When all other variables are
kept constant, the higher the KSV, the lower
concentration of quencher required to quench the
luminescence (19).

The oxygen-induced fluorescence spectra of C1, C2,
C3, and C4 composites were shown between Figure
3 and 6, respectively. When the porphyrin dye was
used along with the metal oxide nanoparticles in the
poly(TMSP) matrix in close proximity, it became
extremely sensitive toward oxygen. The C1

1.2x10° -

C1

1.0x10° ~

8.0x10°

Counts

6.0x10°

4.0x10° 4

2.0x10° 4
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exhibited a 70% signal drop for the 0-100% [02]
range, the C2, C3 and C4 composites yielded 80%,
75%, and 88% signal changes when exposed to the
same concentration range of the oxygen,
respectively. The comparative calibration plots of
the utilized composites for the concentration range
of 0-100% [O.] and the related equations of the
calibration curves were reported in Figure 7 and
Table 3, respectively. All of the H,TPP-based sensing
slides in the presence of metal oxide additives
revealed linearly emission-based response in
direction of decrease and exhibited good linearity
and high regression coefficient (R?*) values in
oxygenated conditions.

—0% 0,
—10% O,
20% O,
—30% O,
40% O,
60% O,
80% O,
100% O,

0.0

1
600 650

1 1 1
700 750 800

Wavelength (nm)

Figure 3: The oxygen induced-emission spectra of C1 in poly(TMSP) thin film for the concentration range of
0-100%.

1.2x108
C2

1.0x10° ~

8.0x10°

Counts

6.0x10°

4.0x10°

2.0x10° H

0.0

—0% 0,
10% O,
20% O,
30% O,
40% O,
60% O,
——80% O,
100% O,

1
600 650

T T - 1
700 750 800

Wavelength (nm)

Figure 4: The oxygen induced-emission spectra of C2 in poly(TMSP) thin film for the concentration range of
0-100%.
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Figure 5: The oxygen induced-emission spectra of C3 in poly(TMSP) thin film for the concentration range of

0-100%.
1.4x10° ~
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0.0 f r T —
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Figure 6: The oxygen induced-emission spectra of C4 in poly(TMSP) thin film for the concentration range of
0-100%.

When the emission-based signal drops of the
utilized composites between 0% and 100% [O;]
were compared, C4 exhibited a superior linear
response and a fairly high slope on the calibration
plot relative to C1, C2, and C3; this case can be
considered an indicator of the hypersensitivity of the

ZnO/CuO hybrid particle doped composite for the
analyte. However, a linearized calibration plot of the
C4 composite can be defined as; y=0.0604x+1 and
the R? value of 0.9817 for the concentration range
of 0-100% [O-].
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Figure 7: The comparative calibration plots of the C1, C2, C3, and C4 composites for the concentration
range of 0-100% [O-].

Table 4 reveals the equations of the calibration
curves, the regression coefficients, the Stern-
Volmer constants (Ksv), the relative signal changes
(Io/I100) and the limit of detection (LOD) values of
the utilized composites. The Io/Ii0 ratio has been
accepted as a display of indicator sensitivity where
Io and I are the signal intensities of the indicator
dye in the lack of and the maximum concentration
levels of quencher, respectively. Nevertheless, the
researches to improve the I¢/lico parameter of the
H,TPP are still in progress. Herein, the utilization of
the ZznO, CuO and ZnO/CuO hybrid powders along
with the H,TPP in the silicon matrix resulted in
enhanced sensitivity with respect to the former
literature (18,19). The Io/li00 values were found to
be 3.39, 6.02, 4.88, and 7.35 for the C1, C2, C3,
and C4, respectively. The Stern-Volmer (Ksy) values,
which quantifies the quenching efficiency of the
sensor, were found in the range of 2.25 x 1072 -

6.04 x 1072 for all of the thin film-based composites.
As a result, it can be concluded that C4 exhibits
better oxygen gas sensitivity as it shows higher
relative signal change and KSV values compared to
other cocktails. This result makes the C4 composite
an encouraging sensor slide for developing a
luminescence-based oxygen detecting device. Also,
the limit of detection (LOD) value is calculated using
both the slope of the extinction plot in the
calibration graph and the resolution of the
spectroscopic instrument and calculated by dividing
the 0.003/slope at a signal-to-noise ratio of 3.0.
Considering the fully-nitrogen gas moiety as the
blank, the LOD values for the C1, C2 ,C3, and C4
were found to be 1.25%x1072 p[0.]% (1.66x10*
mg/L), 2.21x107? p[0:]% (2.94x10" mg/L),
1.89x107 p[0;]% (2.51%x10* mg/L), and 2.84x107
p[0:]% (3.78x10" mg/L), respectively (Table 4).

Table 4: Optical properties and O, sensitivity of H,TPP dye included sensing agents.

Equation Stern- Regression
Cocktail (gonc range of Volmer cogfficient I/I LoD I(-OD/L)
. 0o/ 1100 o mg

name 0-100%[0]) ::(onstant RZ (p[02]1%)

C1 y=0.0225x + 1 2.25%x10%? 0.9702 3.39 1.25x107 1.66x10*
C2 y=0.0471x + 1 4,71x107 0.9798 6.02 2.21x10%2 2.94x10*
C3 y=0.0355x + 1 3.55x10? 0.9785 4.88 1.89%x107 2.51x10%
c4 y=0.0604x + 1 6.04x102 0.9817 7.35 2.84%x102 3.78x10*

In this study, we independently measured the
absorption and the emission bands of the
heterostructures of H,TPP and all utilized additives
to clarify the reasons behind the increase of oxygen-
induced sensitivity. The normalized intensity-based
spectra of ZnO, CuO and ZnO/CuO hybrid particles
were individually shown in Figure 8 (a), (b) and (c),
superimposed with the intensity-based spectrum of

the H,TPP dye. All the utilized powders embedded in
the poly(TMSP) thin-film were excited at their own
excitation wavelength. Both ZnO, CuO and ZnO/CuO
hybrid additives excited in a wide range wavelength,
which covers the excitation band of H,TPP, between
300 and 450 nm and emitted in broadband of
approximately 400 to 720 nm.
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Figure 8: The excitation and emission spectra of the poly(TMSP) embedded H,TPP, (a) ZnO, (b) CuO and
(c) ZnO/CuO hybrid, individually.

The gas sensing performances of ZnO and CuO
semiconductor materials are related to the oxygen
adsorption and electron transfer process. The
presence of active pores, void spaces and oxygen
vacancies, which act as active centers for the
adsorption of oxygen molecules, enable the
semiconductor oxides to exhibit high gas sensing
capacity. Also, the free electrons on the surface of
ZnO and CuO semiconductors result in the
enhancement of gas sensitivity by adsorbing a large
number of oxygen species from the air. When CuO
and ZnO materials have interacted, electrons can
migrate from n-type ZnO to p-type CuO as a result
of a strong effect between both semiconductor
materials and hence more free electrons are
available in this system. The more enhanced oxygen
response of ZnO/CuO hybrid heterostructures is due
to larger p-n junction depletion regions, larger
surface area, and more oxygen adsorption at the
surface, resulting from the formation of p-n
heterojunctions between p-type CuO and n-type
ZnO (31).

The enhancement in the oxygen sensitivity of H,TPP
in the presence of the metal oxide particles may be
attributed to the strong excitation-emission abilities
of the metal oxides, which act as a light-harvesting
agent, and the energy transfer between the metal
oxide particles and the dye. According to Figure 8
(a), (b) and (c), the emission bands of all utilized
metal oxide additives partially overlaps with the
absorption band of the H.TPP, which makes
interaction and an energy transfer from the metal
oxide particles (donor) to the porphyrin dye
(acceptor), possible. The strong absorption and the
broadband emission of ZnO and CuO semiconductor
materials are associated with a charge transfer from
the 2p levels of the O, at the valence band (VB) to
the 3d orbitals of the metal ions lying in the
conduction band (CB). However, the coexistence of
the CuO and ZnO nanocrystals in the hybrid

structure resulted in an unexpected enhancement in
the oxygen sensitivity of the H.TPP. The broad
emission band (from 450 to 720 nm) of the
ZnO/CuO hybrid crystals may be attributed to the
direct electron transitions between the CB and the
VB or the transition of the electrons from the defect
orbitals to the CB or VB. However, the emission
performance corresponds to the green-yellow region
of the spectrum of ZnO/CuO hybrid particles
originating from metal ions and cavities of oxygen,
interstitial metal ions, electronic transitions between
interstitial metal ions, and oxygen antisite increases
the oxygen detection abilities of H,TPP (25,42,43).

Decay Time Measurements

In this work, the luminescence decay time kinetics
of all the used sensing slides were measured under
oxygenated and deoxygenated atmosphere (Figure
9). When excited at 418 nm, the H.TPP-based
composites exhibited tri-exponential and bi-
exponential decays in oxygen-free and fully-
oxygenated conditions, respectively. Short and long
decay time components and their distribution statics
for all sensing slides were shown in Table 5. The
observed multi-exponential features in decay
kinetics may be ascribed to as the structural
features of the fluorophore composites and the
hassle of the accessibility of the quencher. In
deoxygenated moieties, the decay-time values of
the wundoped- and the additive doped-H,TPP
composites varied between 2.40 and 2.47 ps for the
short lifetime components and between 100.86 and
109.32 us for the long one. When exposed to
oxygen, the shorter decay time components
between 2.98 and 1.06 ps and the longer lifetime
components between 11.54 and 9.88 ps were
observed for all of the sensing slides. When exposed
to oxygen, the longer lifetime component got lost
(around ~100.00 ps) and the average decay times
showed a decrease of 20, 30, 25, and 40% for C1,
C2, C3, and C4, respectively.
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Figure 9: The decay kinetics of C1, C2, C3, and C4 under exposure to under fully-nitrogen and fully-oxygen
atmosphere.

In fully oxygenated moieties, the increased signal
decrease rates observed in both the emission-based
intensity and the decay kinetics can be explained by
the existence of metal oxides providing better
adsorption properties of oxygen. In such metal
oxide particles, the adsorbed oxygen gas diffuses to
the inside or subsurface layer of the oxygen-induced
luminescent dye. Also, the adsorbed or diffused gas
in metal oxide semiconductors creates potential
barriers between the oxide grains, which reduction
in electrical conductivity. This charge mobility in
metal oxides, which affects Iuminescence and
conductivity decreases in decay time values (44).

Reversibility and Stability of the H.TPP-based
Composites

Response-regeneration time and stability are
significant properties of optical sensor performance.
The intensity-based kinetic response of the H,TPP-
based composites along with the ZnO, CuO and
ZnO/CuO hybrid additives were individually
investigated and evaluated to time under fully-

nitrogen and fully-oxygen atmosphere. The
reversible signal cycles for kinetic measurements
were measured along 1000 s. After exposure to
fully-oxygenated atmosphere, the response times of
C1, C2, C3, and C4 were measured as 16, 12, 14,
and 10 s, and the regeneration times for the reverse
direction were determined as 34, 24, 28, and 20 s,
respectively (Figure 10). Considering these results,
when compared to the other H,TPP based-sensing
slides, the C4 showed better response-regeneration
time and repeatability results over multiple
detection cycles under conditions of constantly
changing gas concentrations between 0% and 100%
02. Also, no significant decrease was monitored in
the oxygen-induced intensities and decay kinetics of
the sensing agents when stored at the ambient air
of the laboratory conditions (20+ 1°C) in the dark
for 6 months. The utilized sensing slides had lost
their original intensity-based signal values less than
3%, but they still had the potential for O, gas
measurements.
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Table 5: Decay kinetics of C1, C2, C3, and C4 embedded in the poly(TMSP)-based thin films.

Sample F(’J . TDi?‘f:V ?td. Dev. Rel. T TD;‘::V Std. Dev. Rel.
2 (us) Hs) (%) (100% O) (us) (ps) (%)
T2 2.47 0.07 21.48 T2 2.98 0.16 33.46
c1 T3 11.73 0.08 77.27 T3 11.54 0.20 66.54
T4 107.98 1.08 1.25 T4 - - -
Tavr 10.95 ps Tavr 8.67 us
T2 2.45 0.06 22.43 T2 2.19 0.14 35.38
c2 T3 11.96 0.07 76.60 T3 10.44 0.19 64.62
T4 109.32 1.22 0.97 T4 - - -
Tavr 10.77 ps Tavr 7.52 ps
T1 2.46 0.07 21.41 11 2.82 0.09 33.98
o3 T2 11.72 0.08 77.34 T2 11.19 0.12 66.02
T3 107.12 1.06 1.26 T3 - - -
Tavr 10.94 ps Tavr 8.34 us
T1 2.40 0.06 19.91 711 1.06 0.01 38.77
c4 T2 11.69 0.06 79.10 T2 9.88 0.06 61.23
T3 100.86 0.09 0.99 T3 - - -
Tavr 10.72 ps Tavr 6.46 ys
CONCLUSION 6.02, 4.88, and 7.35 were reported for the
poly(TMSP) embedded C1, C2, C3, and (4,

In this work, we reported the effect of the gas
adsorption properties of metal oxide additives on
the oxygen sensitivity of the H,TPP via the
enhancement in the emission spectra. The XRD,
XPS, SEM, and PL spectroscopic techniques were
used for the characterization of the synthesized
ZnO, CuO and ZnO/CuO hybrid particles. The
oxygen-sensitivities of the H,TPP-based composites
and the interactions between the porphyrin dye and
the metal oxide additives were tested with
fluorescence-based measurements and decay time
kinetics. The relative signal changes (Io/I100) of 3.39,

respectively. The most sensitive detection slide, C4,
showed a linear response for the concentration
range of 0-100% [O.] with an R2 value of 0.9817
and a high slope on the calibration graph. The
enhancement in the oxygen-induced sensitivity of
H,TPP should be attributed not only to the
excitation-emission abilities of the ZnO/CuO hybrid
additives but also to the free electrons formed
during the generation of heterojunction between
ZnO and CuO in the synthesis of the ZnO/CuO
structure, which facilitates the adsorption of O,
molecules on the surface.
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