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A B S T R A C T   

In this work, the metalloporphyrin film of PtOEP/Poly (St-co-TFEMA) modified by nano Al2O3 
powder was prepared, and the enhancement performance of oxygen sensing was studied in detail. 
It was verified that the modified film extended the residence time of oxygen through the char-
acterization of SEM. The phosphorescence intensity changes with the content of Al2O3 and PtOEP 
were studied. The Stern-Volmer equations before and after modification of Al2O3 powder was 
compared. It was found that the linearity of the calibration curve was still high, but the oxygen 
sensitivity value of KSV was significantly improved due to the increase of quenching probability 
between indicator and oxygen. Finally, the stability test shows that the Al2O3@PtOEP/Poly (St- 
co-TFEMA) oxygen sensing film presents a strong anti-photo-bleaching ability, and the response 
time is shortened.   

1. Introduction 

Oxygen is not only an important component of respiration, but also provides energy for cell metabolism, supports combustion [1, 
2]. Hyperbaric oxygen is an effective substance for the treatment of periodontal disease [3–5]. The content of dissolved oxygen in 
water is an important indicator to evaluate the deterioration of water quality [6–8]. In meteorological measurement, the pressure 
distribution of each measuring point at the same height can be calculated by measuring the oxygen partial pressure [9,10], which 
provides a basis for weather forecast. With the progress of science and technology, the standard of oxygen detection has also been 
improved. Therefore, the realization of accurate detection of oxygen content is of great significance to many fields of our production 
and life. 

The optical oxygen measurement method based on room temperature phosphorescence (RTP) oxygen quenching principle [11,12] 
has the advantages of long luminescence lifetime, large Stokes shift [13–15], reversibility and anti-electromagnetic interference [16, 
17]. In recent years, it has gradually replaced the traditional iodometric titration [18] and Clark electrode method [19], and has been 
widely used in the fields of clinical medicine, food safety, environmental detection and aquaculture. The existing oxygen sensing 
materials can meet some application requirements, but the low detection sensitivity limits the further development of the materials. It 
is expected to be an effective method to enhance the sensitivity by modifying the oxygen sensing materials to improve the oxygen 
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quenching sites. Nano alumina Al2O3 has the advantages of high chemical stability, strong adsorption capacity, large surface area, 
concentrated pore distribution and many surface active centers [20,21]. It has shown good affinity with various substrates, which can 
improve the compactness, corrosion resistance, smoothness and storage stability of materials, and gradually become an indispensable 
functional and structural material to promote social development. In addition, Nano Al2O3 can absorb ultraviolet light and emit the 
wavelength equivalent to the particle size under specific excitation, which can greatly improve the luminescence intensity [22]. 

In view of the merits of nano Al2O3, scientists have carried out extensive research. Yousefi et al. [23] studied the effect of nano 
alumina filler on the mechanical properties of polymer-derived SiC coating firstly, found that 20% of nano alumina can activate the 
nucleation of SiC fiber and effectively improve the mechanical properties of the coating. Pitawala et al. [20] explored the influence of 
nano porous Al2O3 on the thermoelectric transport performance of polymer electrolyte. The structural modification of polymer caused 
by Al2O3 enhances the ionic conductivity, thus significantly improving the conductivity (6.05 × 10− 5 S cm− 1). Zhou et al. [24] 
designed a Zn–Al LDH film based on nano porous anodic aluminum oxide. The photoluminescence (PL) intensity and surface enhanced 
fluorescence (SEF) factor of the films were increased by 2 and 6 times, respectively. It was revealed that the enhancement mechanism 
was attributed to the oxygen vacancy, and the larger surface area of 3D sheet structure could capture more fluorescent molecules. 
Zheng et al. [22] investigated the effect of thickness on the oxygen sensing properties of TiO2 thin films on Al2O3 substrates. The 
optimal thickness is 2.3 μm by comparing the oxygen sensitivity and the response time varies with temperature. 

In this study, the highly oxygen-sensitive PtOEP was chosen as the luminescence indicator. Meanwhile, PtOEP has the advantages 
of large Stokes shift, strong phosphorescent emission and well stability compared with other metalloporphyrins, which can effectively 
eliminate the interference of external environment on the test process. We aim to modify the fluoropolymer of Poly (St-co-TFEMA) 
with nano Al2O3 powder to enhance the interaction probability between indicator and oxygen molecule, and then improve the oxygen 
sensitivity. The oxygen sensitivity enhancement mechanism of nano Al2O3 was revealed by comparing the luminescence intensity 
Stern-Volmer calibration equations before and after modification, combined with the morphological characteristics. Furthermore, the 
effect of Al2O3 on photostability and repeatability were investigated. 

2. Experimental section 

2.1. Materials 

Platinum octaethylporphine (PtOEP), Styrene (St) and trifluoroethyl methacrylate (TFEMA) were obtained from J&K Chemical Co., 
Ltd. Solvent of Xylene was from Xilong Chemical Reagent Co., Ltd. Nano α-Al2O3 powder was purchased from Beijing Deke Daojin 
Science And Technology Co., Ltd, and 2, 2-Azobisisobutyronitrile (AIBN) was from Aladdin Chemical Co., Ltd. High-purity (99.99%) 
nitrogen and oxygen were from Harbin Liming Co., Ltd. 

2.2. Preparation of Al2O3@PtOEP/Poly (St-co-TFEMA) oxygen sensing film 

The reaction monomers of St and TFEMA were extracted and washed repeatedly with 1 wt% NaOH solution and ultrapure water to 
remove the polymerization inhibitor of hydroquinone, then stored at low temperature after dried with anhydrous MgSO4. In addition, 
the initiator AIBN needs to be recrystallized to achieve purification. The co-polymer of Poly (St-co-TFEMA) was prepared by sol-
vothermal method. Firstly, 0.0090 g/mL AIBN/xylene was uniformly disperse in 15 mL mixed solution of St/xylene and TFEMA/ 
xylene (concentration ratio of 1:1) to realize premixing. The mixture were added into the three-necked flask with a reflux condenser 
and nitrogen inlet. The copolymerization reaction was takes place for 7 h under the condition of 72 ◦C and stirring speed was 300 rpm. 
Co-polymers were reprecipitated with methanol to remove unreacted monomers. Then the film preparation process was shown in 
Fig. 1. The co-polymer solution were uniformly mixed with the PtOEP/xylene (1 mM) and Al2O3/xylene solution (2 mM). The 
thickness was controlled by a film applicator with controllable thickness of 30 μm. Then the Al2O3@PtOEP/Poly (St-co-TFEMA) 
oxygen sensing film were obtained by coating the mixed solution onto quartz glass (size specification: 45 × 12 × 1 mm) after dried for 

Fig. 1. Schematic diagram of preparation of Al2O3 powder modified metalloporphyrin oxygen sensing film.  
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8 h and stored in the dark place. 

2.3. Instruments and characterization 

During the test process, the surface and sectional morphology of Al2O3@PtOEP/Poly (St-co-TFEMA) sensing film was characterized 
by scanning electron microscope (SEM, SUPRA 55 SAPPHIRE). The properties of the copolymer were characterized by infrared 
spectrum (IR, Nicolet is5003190721) and mass spectrometry (MS, STA449F3-QMS403D-Is 50). The oxygen sensing performance test 
device were shown in Fig. 2, which are composed of the following parts: a laser lamp with central wavelength at 405 nm was chosen as 
excitation light source (continuous wave with excitation light power of 0.2 mW/cm2), the miniaturized optical spectrometer 
(USB2000) was used as the signal detector to record luminescence spectrum. Simultaneous acquisition of phosphorescent excitation 
and detection signals by coupled fiber. A nitrogen/oxygen mixing equipment (pure nitrogen, pure oxygen, nitrogen/oxygen mixing 
chamber) were used to adjust oxygen partial pressure under the total gas mixture pressure of 100 kPa and the ambient temperature of 
25 ◦C. 

3. Results and discussion 

3.1. SEM characterization of PtOEP/Poly (St-co-TFEMA) film without and with Al2O3 powder 

Fig. S2 shows the properties of the Poly (St-co-TFEMA) obtained from the IR and MS characterization, which results verified the 
successful synthesized of copolymer with the molecular weight of 168000. In the preparation process of PtOEP/Poly (St-co-TFEMA) 
oxygen sensing film, although a film coating device was chosen to control the thickness. However, a large amount of toluene solvent 
evaporates during the film drying process, so the actual film thickness needs to be given in conjunction with SEM results. The surface 
and sectional morphology of PtOEP/Poly (St-co-TFEMA) sensing film without and with Al2O3 powder were shown in Fig. 3a、Fig. 3c 
and b、Fig. 3d, respectively. The surface morphology of PtOEP/Poly (St-co-TFEMA) film presents a heterogeneous porous structure 
with the pore size of the film are 10.5 ± 0.4 μm and 8.8 ± 0.3 μm. In comparison, the Al2O3@PtOEP/Poly (St-co-TFEMA) sensing film 
has a smooth and uniform porous surface structure with a size of 1.0 ± 0.1 μm, and the gaussian distribution plot of measured pore size 
were shown in Fig. S1. The cross-sectional SEM characterization results show that the thickness of the two films were 14.4 ± 0.2 μm 
and 15.8 ± 0.3 μm, respectively. The SEM results indicate that the doping of Al2O3 powder has little effect on the thickness, but it 
reduces the pore size of the film and forms a denser internal structure, which will greatly enhance the stability of the film and prolong 
the residence time of oxygen inside the film, increase the value of oxygen sensitivity. Meanwhile, the structure with uniform pore size 
can effectively ensure the uniform distribution of sensitivity in the film, thus enhancing the linearity of the oxygen content calibration 
equation. 

3.2. Variation of phosphorescence intensity changes with Al2O3/xylenes concentration and PtOEP/xylenes 

Since the fluoropolymer is a non-luminescent material (Fig. S3), the phosphorescence intensity of the film are only related to the 
amount of Al2O3/xylenes and PtOEP/xylenes. Fig. 4a and b explore the phosphorescence intensity of oxygen sensing film changes with 
Al2O3/xylenes and PtOEP/xylenes concentration. The results show that the intensity increases first and then decreases with the 

Fig. 2. The device for testing the luminescence spectrum of Al2O3@PtOEP/Poly (St-co-TFEMA) sensing film.  
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increase of Al2O3/xylenes concentration. It was indicate that the phosphorescence intensity can be improved with the appropriate 
amount of Al2O3 powder. However, adhesion phenomenon occurred among the Al2O3 powder when its amount exceeds 2 mM, which 
will change the propagation path of the light in the film, leading to the reduction of the intensity, and this will also directly affect the 
oxygen sensitivity. The relationship between the phosphorescence intensity and the PtOEP/xylenes concentration meets a similar 
tendency, which is due to the self-quenching phenomenon between indicators when the PtOEP concentration is excessive, resulting in 
the attenuation of the luminescence signal. 

3.3. The Stern-Volmer equation of Al2O3@PtOEP/Poly (St-co-TFEMA) film 

RTP oxygen sensing materials are based on dynamic quenching mechanism [11,25]. As a typical luminescent quenching agent, 
oxygen in the ground state will produce singlet oxygen after interacting with triple-excited state phosphors, which leads to the 
reduction of phosphorescent emission. The Stern-Volmer equation [12] is used to describe the quantitative relationship between the 
dynamic quenching degree of RTP and oxygen content, which expression is shown in equation 1-1. 

IP0

IP
= 1 + KSV [O2] (1-1) 

The slope of KSV in the formula is the oxygen sensitivity, IP0 and IP represent the phosphorescence intensity in the absence and 

Fig. 3. Comparison of surface and sectional morphology between PtOEP/Poly (St-co-TFEMA) film oxygen sensing film: (a) (c) Without Al2O3 
Powder; (b) (d) With Al2O3 Powder. 

Fig. 4. The variation of phosphorescence intensity under different condition: (a) Al2O3/xylenes concentration; (b) PtOEP/xylenes concentration.  
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presence of oxygen and in the presence of oxygen, and IP0/IP is defined as the quenching ratio. Fig. 5a shows the phosphorescence 
intensity of Al2O3@PtOEP/Poly (St-co-TFEMA) oxygen sensing film under different oxygen partial pressures. It was found that the 
luminescence intensity of the sensing film decreased significantly with the increase of oxygen content, showing a strong phospho-
rescent quenching property. Furthermore, the comparison of Stern-Volmer equation of Al2O3@PtOEP film in contrast with unmodified 
PtOEP oxygen sensing film were obtained, which is shown in Fig. 5b. The results indicate that there is a high linear correlation between 
IP0/IP and the partial pressure of oxygen of [O2]. It is calculated that KSV value of PtOEP film before modification is 16.45 kPa− 1, while 
the KSV value of modified Al2O3@PtOEP film was increased to 28.60 kPa− 1, which shows that the oxygen detection sensitivity has been 
significantly enhanced. Meanwhile, the KSV value is significantly improved compared with pure PS film [26], and the calibration 
equation shows a higher linearity, as well as our previous study of PtOEP/Poly (p-SFt-co-TFEMA) oxygen sensing film [27]. In 
addition, the Stern-Volmer equation in gas and liquid environments were also compared in Fig. S4. The enhanced oxygen sensitivity is 
mainly attributed to the presence of Al2O3 powder prolong the diffusion path of oxygen molecules in the film, increasing the dynamic 
quenching sites between the indicator PtOEP and oxygen. After multiple movements of oxygen molecules, the quenching effect of 
oxygen on the indicator is more sufficient, thereby increasing the probability of interaction between the indicator and oxygen mol-
ecules, which directly reflecting on the improvement of oxygen sensitivity values. Moreover, the doping of Al2O3 powder enhances the 
mechanical stability of the oxygen sensing film and plays a more effective role in protecting indicator. Therefore, the interaction 
probability between oxygen and indicator is also improved. 

3.4. The optical stability and repeatability of Al2O3@PtOEP/Poly (St-co-TFEMA) film 

Under the condition of excitation light power of 0.6 mW/cm2, Fig. 6a shows the normalized phosphorescence intensity of 
Al2O3@PtOEP/Poly (St-co-TFEMA) (solid-black-square) and PtOEP/Poly (St-co-TFEMA) (hollow-red-square) oxygen sensing film 
varies with time in pure N2 saturated aqueous solution. It can be seen that the attenuation ratio of the oxygen sensing film is only 3.0% 
after continuous irradiation of 405 nm semiconductor laser for 2 h, which is lower than 4.5% of PtOEP/Poly (St-co-TFEMA) film. This 
indicate that the optical stability of the oxygen sensing film have been improved after modified by Al2O3 powder. Furthermore, Fig. 6b 
shows the normalized phosphorescence intensity attenuation of Al2O3@PtOEP film (solid-blue-circle) and PtOEP (hollow-pink-circle) 
film under 5.0 kPa O2 saturated aqueous solution. The comparison results show that the photo-bleaching time in oxygenation envi-
ronment is prolonged due to the stronger protection of Al2O3@PtOEP/Poly (St-co-TFEMA) film against PtOEP by doping of Al2O3 
powder. 

Fig. 7 measured the variation of normalized phosphorescence intensity of PtOEP film (red-solid) and Al2O3@PtOEP film (black- 
hollow) after alternate switching between pure nitrogen and pure oxygen saturated aqueous solution for 3 times (Fig. S5 was the 
comparison in gas and liquid environment). The quenching time tQ of the two oxygen sensing films are 20 s and 10 s by calculating the 
time that the phosphorescence intensity decreased by 90%. The recovery time tR are 250 s and 180 s, respectively. It was shown that 
the Al2O3 powder modified film has a faster response time, which is helpful to shorten the test time of the oxygen sensing film in 
practical applications. Phosphorescence signal attenuation phenomenon occurs in both Al2O3@PtOEP film and PtOEP film after 3 
cycles of testing. Among them, the phosphorescence intensity retention rate of Al2O3@PtOEP film is 98.8%, which is significantly 
higher than 94.9% of PtOEP film, showing good repeatability. 

4. Conclusion 

In summary, the enhancement of oxygen sensing performance of fluoropolymer film modified with nano Al2O3 powder was 
investigated. SEM characterization shows that the doping of Al2O3 increases the density of film surface morphology. The variation of 

Fig. 5. The Al2O3@PtOEP/Poly (St-co-TFEMA) film: (a) Oxygen quenching curve; (b) Stern-Volmer equation.  
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phosphorescence intensity change with Al2O3/xylenes and PtOEP/xylenes concentration were given. The Stern-Volmer equation of 
PtOEP oxygen sensing film before and after Al2O3 modification showed high linear correlation, but the KSV value was increased from 
16.45 kPa− 1 to 28.60 kPa− 1, which owing to the doping of Al2O3 powder enhanced the effective quenching site and improve the 
collision probability between the indicator and oxygen. In addition, the Al2O3@PtOEP/Poly (St-co-TFEMA) oxygen sensing film shows 
strong photo stability with the luminescence intensity attenuation ratio was 3.0%, and the response time of Al2O3@PtOEP film was 
calculated to be 10 s and 180 s, respectively. Consequently, a method to enhance the oxygen sensitivity by Al2O3 powder modified 
metalloporphyrin film was established to achieve accurate oxygen content detection. 
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