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High-performance dissolved oxygen sensors
based on platinum(II) porphyrin embedded in
polystyrene beads†

Ke Zhang,a Lingling Luo,a Wenjie Li,a Honglin Zhang,a Yi Zhang,b Jiupeng Zhao *a

and Yao Li *b

The preparation of polystyrene (PS) beads loaded with platinum octaethylporphyrin (PtOEP) via a swelling

method has been well incorporated into dissolved oxygen (DO) sensing detection. The experimental

results showed that the highest value of I0/I100 was 7.26 and the loading ratio of PtOEP was 51.33%; the

luminescent intensity declined by only 2.23% under UV light for 1 hour. The response and recovery times

were 16 s and 180 s, respectively. The peak position and intensity of the emission spectrum in buffer

solutions with different pH values did not change. This indicates that this oxygen sensor has excellent

sensitivity, light stability, reversibility, and pH resistance. Moreover, on this basis, we incorporated another

oxygen insensitive dye, coumarin 6 (C6), to prepare a ratiometric oxygen sensor, which showed high

sensitivity towards O2 with superior quenching efficiency. Finally, this oxygen sensor was used to

monitor the content of DO in fish tank, tap water, and the Songhua River. All the measured results were

well within the reference range.

1. Introduction

DO content is one of the most important markers for the quality
of water and the eco-environment, and it is closely related to
biochemical oxygen demand (BOD) and chemical oxygen demand
(COD).1–4 Therefore, scientists have researched many types of
techniques to detect DO and developed low-cost, simple, and
sensitive methods to meet the demands of the production.
Traditional O2 quantification based on chemical analysis include
the Winkler titration. This chemical method has excellent
measurement accuracy and is independent of external influences
(such as temperature and pressure);5 however, the titration is
tedious.6,7 Thus, some new spectral detection methods have been
developed. These include methods involving electrochemical
sensors (using Clark electrodes), which have a simple structure
and can accomplish on-line monitoring in water.8 However, during
testing, oxygen is consumed, and the results are easily influenced
by the external magnetic fields and solvents.9–11 Nowadays,
optical fiber sensors have been widely used in industry, which
can achieve complete quantitative determination and lead to a

more convenient, fast, precise, and green process of detection.
However, they require expensive and sophisticated equipment.
In this regard, oxygen sensors based on the quenching of
luminescent dyes have attracted significant attention because
they do not need reference electrodes and preclude oxygen
consumption.12,13 Moreover, they have strong anti-jamming
capability, excellent repeatability, and stability.14,15 They are
based on the quenching of oxygen by luminescent indicators
incorporated into a polymer matrix and have been applied
in many fields such as environmental protection, ecological
monitoring, medical health, and scientific research.16,17

Numerous techniques have been reported for the produc-
tion of luminescent indicators incorporated into polymer beads
via emulsion polymerization,18,19 dispersion polymerization,20

surface attachment,21 the solvent-induced swelling method,
and other methods. Among these, the solvent-induced swelling
method is considered as an easy and straightforward method
for the incorporation of dyes via a diffusion process, which has
attracted significant attention.22 For example, the fluorescent
dyes meso-tetraphenylchlorin (TPC), meso-tetraphenylporphyrin
(TPP), and chlorophyll-a (CP) were entrapped in commercial
polystyrene (PS) beads using the swelling method in which the
dyes were dissolved in tetrahydrofuran (THF). In the process,
the surfactant F127 was used to reduce the aggregation between
PS beads, which had a positive impact on the diffusion process.
Moreover, the dyes can be saturated until the high dosage
of THF reaches 33 vol%.23 In addition, other researchers have
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prepared oxygen-sensing particles via this method. They pre-
pared the spheres with good acid–base resistance and swelling
equilibrium. However, these methods have some shortcomings
such as serious aggregation,24 particles with large sizes25 and wide
size distribution,26 as well as complicated synthetic structures,27

which can decrease the response rate and sensitivity for oxygen
and provide a high diffusion barrier.

Although the solvent-induced swelling method is an effec-
tive way to prepare beads with the incorporation of dyes via a
diffusion process, some problems also exist, as aforementioned.
In this study, an improved solvent-induced swelling method
was used to prepare polymer beads for DO detection. First,
monodispersed PS particles, with a diameter of about 300 nm,
were prepared via a simple soap-free emulsion polymerization
method. Anionic potassium persulfate (KPS) was selected as an
initiator to stabilize the PS beads in an aqueous medium by its
charged species instead of surfactants.23 PtOEP was selected as
an indicator for the incorporation of the PS particles due to its
excellent biocompatibility, long luminescence lifetime, high
quantum yield, and large Stokes shift.28,29 Moreover, small amount
of THF was used to help the PS beads achieve the swelling process.
The effects of the concentration of the PtOEP/THF solution, the
amount of PtOEP, and pH on the performance of the oxygen
sensor were studied for the purpose of improving the properties
of the material and determining the optimal technological
parameters. Then, we added coumarin 6 (C6) to prepare ratio-
metric PS particles and studied their oxygen sensing properties.
Finally, the sensor was applied to detect DO contents in different
water samples.

2. Experimental
2.1 Materials

Platinum octaethylporphine (PtOEP, 99.0%) and coumarin 6
(C6, 98%) were obtained from J&K Chemical Company Limited.
Tetrahydrofuran (THF) was purchased from Xilong Chemical
Co., Ltd. Styrene (St, 99.0%) was a commercial product of Tianjin
Yongda Chemical Reagent Co., Ltd. Potassium persulfate (KPS,
99.99%) and pH buffer solutions were purchased from Alfa Aesar
and Aladdin, respectively.

2.2 Preparation of luminescent spheres via the
swelling method

2.2.1 Preparation of the PtOEP/PS particles. First, 60 mL of
ultrapure water was added to a jacket glass reactor that was
connected to a condenser and protective gas system. After this,
3 mL of St and 8 mL of 1% KPS were poured into the solution in
an atmosphere of nitrogen, and the reaction was carried out at
70 1C for 24 h to generate the pure spheres.

Then, 10, 20, 30, 60, 100, and 1000 mL of luminescence dye
dissolved in THF were respectively added to six 10 mL of synthetic
sphere emulsion in brown vials. The process of swelling was
achieved after sonication at 401 for 60 min. Finally, the emulsion
was centrifuged for 5 min at 7000 rpm and washed twice with
ultrapure water and kept in the dark place.

2.2.2 Preparation of the PtOEP/C6/PS particles. The ratio-
metric oxygen sensor was obtained by adding 6 mL of 1 �
10�3 mol L�1 of C6/THF solution to the PtOEP/PS particles after
sonication at 40 1C for another 20 min. Then, the emulsion was
centrifuged for 5 min at 7000 rpm, washed twice with ultrapure
water, and protected from light. The process is shown in Fig. 1.

2.3 Characterization of the luminescent beads

The surface morphology of the PS luminescent spheres was
observed via a Quanta 200F SEM. The diameter and polydispersity
index (PDI) of the sphere emulsion were tested via a zeta potential
meter. A lambda 45 ultraviolet-visible spectrophotometer (Perkin
Elmer, America) was used to observe the absorption wavelengths
of PtOEP. On measuring the absorbance of different sphere
emulsions, the loading amount of the indicator was determined.
The changes of the emission spectrum and intensity of lumines-
cence were measured via a LS55 luminescence spectrophotometer.

3. Result and discussion
3.1 SEM images of the luminescent spheres

Fig. 2 shows the SEM images of pure PS (Fig. 2a) and the PS/PtOEP
particles (Fig. 2b–g), showing that the size of the PS/PtOEP
particles slightly enlarges with the increase in the amount of
THF. The average diameter of pure PS spheres is 196 nm, which
is lower than that of the luminescent particles; this shows that
the luminescent dye is successfully incorporated in the PS
particles. The reasons for incorporating the oxygen indicator
into the polystyrene beads are as follows: first, the indicator
PtOEP is hydrophobic and will decay with long-term exposure to
visible light; thus, the indicator needs to be combined with some

Fig. 1 Schematic for the preparation of PtOEP/C6/PS luminescent spheres
via the swelling method.

Fig. 2 (a) SEM images of pure the PS and (b–g) PtOEP/PS spheres (b–g
show the ratio of PS emulsion (mL) to the volume of THF (mL) that are 1/1,
1/2, 1/3, 1/6, 1/10, and 1/100, respectively).
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matrices, and we choose PS beads as the matrix to apply in DO
measurement. In addition, we have obtained the emission spectra
of pure PS; the results show that the pure PS spheres have no
response towards O2 (Fig. S1, ESI†). This indicates that there is no
influence on DO detection when the indicator is incorporated into
the PS beads. Furthermore, the detection accuracy of the oxygen
sensor will be improved by the homogenous and stable micro-
environment within the PS spheres.

The resulting diameters and polydispersity coefficients are
given in Table 1. The sizes of the PS beads increased at first and
then decreased as the amount of THF increased. This is because
THF could expedite the swelling to some extent, which enlarged the
size of the PS beads; however, excess swelling could accelerate the
dissolution of the luminescent spheres, leading to adverse effects on
monodispersion. This is because an increase in the THF amount in
the dispersant could result in the corrosion of the PS beads. We
prepared luminescent spheres of about 300 nm diameter; this is
because larger particles could produce more complex stray light that
would reduce the test stability. Moreover, when the particle sizes are
large, it takes more time for the DO to interact with the indicator and
there would be a reduction in the response speed and sensitivity
when oxygen permeates into the spheres.30

3.2 Quenching ratio study

Herein, three groups of the PtOEP/THF solutions with different
concentrations, 1.0 � 10�2, 1.0 � 10�3, and 1.0 � 10�4 mol L�1,
were respectively diluted to 0.1, 0.3, 1.0, and 2.0 � 10�6 mol L�1,
0.1, 0.3, 1.0, and 2.0 � 10�7 mol L�1, and 0.1, 0.3, 1.0, and 2.0 �
10�8 mol L�1 to draw the absorbance standard curve, as shown in
Fig. 3(a). Based on the standard curve, the PtOEP concentration
was calculated in different PtOEP/PS emulsions to obtain the
loading rate of the luminescent dye. The emulsion spectra were
respectively obtained under saturated oxygen (I100) and nitrogen
(I0). In Fig. 3(b), it is clear that the larger the value of I0/I100, the
greater the sensitivity of oxygen.31 When the concentration of
PtOEP/THF was at 1.0 � 10�2 mol L�1, the maximum value of the
quenching ratio exceeded 7 as 30 mL of the indicator was added;
this indicated that excess swelling can corrode the spheres and
decrease the loading amounts of the luminescence indicator.
Table 2 lists the optimal preparation technology, and the informa-
tion shows us that the PtOEP loading rate is increased from
51.33% to 55.41%, with the concentration of the PtOEP/THF
solution being decreased; however, the I0/I100 is descended from
7.26 to 4.19 due to the self-quenching of the excess indicator.32

The I0/I100 is proportional with the sensitivity of oxygen; thus, we
chose 1.0 � 10�2 mol L�1 as the optimum concentration.

3.3 Stern–Volmer equation

The standard solutions with different DO concentrations were
prepared by changing the flow ratio of the carrying liquid in the
oxygen and nitrogen environments (the amount of oxygen
was 0%, 20%, 40%, 60%, 80%, and 100%).33 The intensity ratio
was measured to establish the Stern–Volmer equation. Fig. 4(a)
shows the emission spectra obtained under different oxygen
atmospheres and implies that the intensity of luminescence
is reduced when the concentration of oxygen is increased.
Fig. 4(b) shows the Stern–Volmer curve, and the equation has
been established as follows:

Y = 0.705 + 5.932x, R2 = 0.95783 (1)

3.4 Reversibility and response time towards dissolved oxygen

As can be noticed in Fig. 5, the response time of the luminescent
spheres to dissolved oxygen is 16 s and the recovery time is 180 s.
A luminescence intensity fall-off of about 2% was observed for
5 cycles under alternating nitrogen and oxygen environments,

Table 1 Statistics of particle size and polydispersity index

Number
THF
(mL)

Average particle
size (nm)

Standard
deviation (nm)

Polydispersity
index (%)

1 10 309.01 5.65 1.83
2 20 315.22 6.53 2.07
3 30 320.83 8.02 2.50
4 60 319.07 8.58 2.69
5 100 310.68 9.41 3.03
6 1000 315.40 18.29 5.80

Fig. 3 (a) UV-vis spectral change and (b) quenching ratio (I0/I100) of
PtOEP/PS luminescent spheres in different concentrations of the PtOEP/
THF solution.

Table 2 Absorbance, PtOEP loading rate, and I0/I100 of PtOEP/PS spheres

PtOEP/THF
(mol L�1)

Absorbance
(a.u.)

PtOEP loading
rate (%) I0/I100

1.0 � 10�4 0.0854 55.41 4.19
1.0 � 10�3 0.1932 52.46 5.81
1.0 � 10�2 0.2237 51.33 7.26
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showing that the luminescent spheres have good reversibility
and stability. There are two possible reasons for this phenom-
enon: (1) the solubility of oxygen is higher than that of nitrogen
in water; thus, the diffusion rate of oxygen is faster than that of
nitrogen, and the dissolution equilibrium of oxygen in water
can be achieved in a short time. (2) PtOEP is only sensitive to
oxygen, and the luminescence spheres have a strong attractive
force towards oxygen, which requires a long time to reach the
dissolution equilibrium from an oxygen to a nitrogen atmo-
sphere. In other studies, C. S. Chu et al.33 prepared an optical
fiber-dissolved oxygen sensor based on a Pt(II) complex and

core–shell silica nanoparticles incorporated within a sol–gel
matrix. The response time obtained in the abovementioned
study was 130 s and the recovery time was 694 s. P. Jin’s group34

used poly (Pt-TPP-TFEMA) as a highly permeable dissolved
oxygen sensor form microbioreactor and obtained a response
time of 50 s and a recovery time of 2 min.

3.5 Photostability of the oxygen sensor

The photostability of the luminescence spheres is shown in Fig. 6.
Luminescent intensity decays of 2.23% for the PtOEP/PS lumines-
cence spheres and 55.5% for the PtOEP/THF solution were obtained
after irradiation for 1 hour, implying that fixing indicators within
the luminescent spheres could reduce the external interference
of fluorophores and improve the photostability of the oxygen
sensor. Table 3 lists the quenching ratios for different tests,
displaying that the stability of luminescent emulsion declines
over time. This is accounted for by considering that the
luminescent molecule degrades under light exposure, which
leads to photobleaching35 of the fluorophore and the attenua-
tion of luminescent intensity. The quenching ratio is slightly
decreased, proving that the swelling method is reliable in
preparing luminescent spheres with a hydrophobic group.
Moreover, the reported metalloporphyrin sensors have been used
to determine the change of gaseous oxygen, dissolved oxygen, and
temperature; they can weaken the influence of the luminescent
background and have superior detection stability.36–38

3.6 Sensing performance for different pH buffer solutions

The maximum quenching ratios of the sphere emulsion diluted
with pH = 2, 4, 7, and 10 buffer solutions are given in Fig. 7.
The experimental data show that the quenching ratio slightly
decreased in an alkaline environment. This is due to excess ions
influencing the surface property of the luminescent spheres,

Fig. 4 (a) Typical oxygen sensing of the PtOEP/PS luminescent spheres
excited at 380 nm. (b) Stern–Volmer responses of the luminescent spheres.

Fig. 5 Response time studied through oxygen and nitrogen saturation in
the emulsion.

Fig. 6 Photostability of the PtOEP/PS particles and PtOEP/THF solution
with 1 h of continuous exposure at 380 nm.

Table 3 Stability of the PtOEP/PS beads

Standing time I0/I100

One month 2.96
Three months 2.84
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hence disturbing the measurement results. The luminescence
emission spectra of the sphere emulsion diluted with different
pH buffer solutions are shown in the inset. The greatest
emission wavelengths at different pH are all about 650 nm,
proving the PS beads provide a protective atmosphere for the
luminescent dye; the polymer chain packed the luminescent
dye tightly to avoid interference by the external solvent. We can
also see a peak at about 690 nm in the inset. When we measured
the emission spectra of the pure PS spheres in different pH
buffer solutions, a peak at about 690 nm was obtained in all
the cases (Fig. S2, ESI†), which is attributed to the scattering
of PS itself.

3.7 Oxygen sensing properties of the ratiometric oxygen
sensor

Fig. 8 shows the luminescence spectra of the PtOEP-doped and
C6-doped ratiometric oxygen sensors at different oxygen con-
centrations. It can be seen there are two separate emission
peaks around 525 nm and 650 nm, which correspond to the
signals of the C6 reference dye and the PtOEP-doped oxygen
sensor. The intensity of PtOEP is quenched with the increase
of oxygen concentration, whereas that of C6 is constant.

This ratiometric method directly confirmed the sensitivity of this
oxygen sensor, and it had the advantage of avoiding the effects of
spurious fluctuations in the intensity of the excitation source.

4. Application of the monitoring of
dissolved oxygen

DO content has a great effect on water quality, and monitoring the
concentration of dissolved oxygen in water is most significant and
has recently been extensively studied. We loaded oxygen-sensitive
luminescence dye in polymer beads to form dye-doped beads to
detect dissolved oxygen in every sample pool. Using the mecha-
nism of luminescence quenching by oxygen, we could measure
oxygen through the Stern–Volmer equation:

I0/I = 1 + Ksv[O2] (2)

where Ksv is the Stern–Volmer quenching constant, [O2] is the
dissolved oxygen concentration, I0 and I are the steady-state
luminescence signals measured in deoxygenated and different
oxygenated environments. Different dissolved oxygen aqueous
solutions can be prepared using eqn (3):

SO2
= MO2

�P�V[O2]%/VH2O�KO2�H2O (3)

where S(O2) is the dissolved oxygen content (mg L�1), M(O2) is
the relative molecular mass of oxygen (g mol�1), V(H2O) is the
molar volume of aqueous solution (E1.8� 10�5 m3 mol�1), P(O2) is
the oxygen partial pressure in standard atmospheric pressure, and
K(O2�H2O) is Henry’s law constant. The intensity of the luminescent
sphere emulsion diluted with ultrapure water is plotted for different
dissolved oxygen concentrations, as shown in Fig. 9. The equation
is as follows:

y = 0.705 + 0.1449x, R2 = 1 (4)

The luminescence sphere emulsion was mixed with water
obtained from a fish tank, with running water (Harbin Water
Supply Group Co., Ltd), and with that obtained from Songhua
River to obtain spectral information and calculate the amount
of DO present in these samples. The results are summarized

Fig. 7 Luminescence intensity (at 650 nm) ratios of luminescent spheres
at pH = 2, 4, 7, and 10. Inset: Emission change of the PtOEP/PS emulsion at
pH = 2, 4, 7, and 10.

Fig. 8 Emission spectra of the PtOEP/C6/PS oxygen sensor at different
oxygen concentrations.

Fig. 9 Stern–Volmer curve of the luminescence spheres at room
temperature.
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in Table 4. The amount of DO in a fish tank, bubbling with
circulating water to maintain the DO content, is 3–5 mg L�1.39

The concentration measured in the experiment was 3.99 mg L�1.
Therefore, the fishes in the fish tank could normally grow. According
to GBT1191-89 (water quality-determination of dissolved oxygen-
electrochemical probe method), DO content is about 8.25 mg L�1

in pure water at 25 1C. Our experimental value was about
5.05 mg L�1, which may due to some impurity existing in running
water. Water resources are being polluted by wastewater, and DO is
one of the important parameters to detect natural water pollution.40

The standard requirement of DO in the Songhua River is not less
than 6 mg L�1.41 The DO content measured in the central avenue in
the Harbin Songhua River was 10.96 mg L�1, as has been referenced
in the literature, which was within the reference range.42 This is
because the sampling time was April when the microbes and aquatic
plants in water had not extensively bred.

5. Conclusions

A ratiometric luminescence oxygen sensor based on PtOEP and
C6 embedded in PS beads has been successfully generated via the
swelling method. During the experimental process, the sensor
exhibits high sensitivity, excellent photostability, fast response
time, and great acid–base resistance property. Moreover, a response
has been obtained between the luminescence intensity and the
concentration of oxygen. In addition, the data obtained using the
oxygen-sensitive luminescence sphere emulsion to monitor the DO
content in the fish tank, running water, and the Songhua River
indicate that the concentration of DO is favorable. The opera-
tion of the experiment is simple, and the results are of the
practical reference value; thus, this method demonstrates
potential application prospects.
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