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ABSTRACT: Determination of phosphate ions in aqueous solutions
attracts a great deal of interest in the areas of environment, medicine,
and agriculture. As phosphoric acid is a poly basic acid, the different
forms of existence at different pH result in direct determination facing
a big challenge. Herein, we reported a potentiometric phosphate ion
sensor based on a surface-modified tungsten electrode. Pure tungsten
was electrodeposited at a constant potential of 0.2 V versus Ag|AgCl in
Na2HPO4. WO3 and H3O40PW12·xH2O were electrodeposited on the
surface of the tungsten electrode. The modified tungsten electrode was
used as a working electrode in a two-electrode system to detect the
concentration of phosphate ions in aqueous solutions. The detection
limit of the modified tungsten electrode for phosphate ions is 10−6 M
from pH 7 to pH 8 and 10−5 M from pH 9 to pH 10. It has good
selectivity to other common anions. The long-term monitoring
experiment showed that the potential fluctuation was less than ±3 mV in 24 h. Compared to conventional determination
methods, the current phosphate ion sensor showed a close value in a real sample. The mechanism of phosphate ion response was
investigated in detail. This sensor possesses advantages of simple manufacture, low cost, a wide pH range for detecting, and good
selectivity.

1. INTRODUCTION
Phosphate is the essential material basis for phytoplankton
growth.1−3 The bioavailability of phosphorus directly affects
the global primary productivity. Phosphorus may also limit
nitrogen fixation and become an important factor limiting
primary productivity. The determination of phosphate content
in water is also one of the important indicators of pollution
investigation.4 In recent years, the excessive discharge of
phosphorus in agricultural and industrial wastewater has led to
eutrophication of nearby water. As a result, algae and other
planktons propagate rapidly, and the dissolved oxygen content
in water decreases. Eventually, the number of algae, planktons,
and aquatic organisms decreased or even disappeared.5−7

Therefore, the accurate determination of phosphorus in water
has important theoretical and practical significance for an in-
depth understanding of the biogeochemical process and
environmental protection.8 Besides this, phosphorus detection
is also important in the domains of medicine, pharmacol-
ogy,9−12 and agriculture.13

The standard method for the determination of phosphate is
phosphomolybdate blue spectrometry, which is also the
commonly used phosphate measurement method in the
world.14 However, the traditional spectrometer method also
has some shortcomings: the operation steps are complicated,
the reagent needs to be used and prepared on site, and the
workload is heavy. Moreover, the turbidity in the water sample

will directly affect the measured absorbance value, and there
are many interference factors, so it is necessary to make
compensation and correction. Therefore, the traditional
spectrometer cannot meet the needs of modern environmental
monitoring, such as fast, simple, and real-time online.
In recent years, the electrochemical phosphate ion sensor

has been widely used in environmental analysis because of its
high sensitivity and selectivity, wide linear range, fast response
time, easy-to-realize online analysis and automatic control. At
present, in the application of the chemical sensor technology
for detecting phosphate in water, the research on liquid
membrane phosphate ion-selective electrodes and solid
membrane phosphate ion-selective electrodes has also made
certain progress, and great progress has been made in the
research and development of the phosphate anion acceptor.15

The electrochemical phosphate ion sensor mainly includes an
amperometric sensor, an impedimetric sensor, and a
potentiometric sensor. Although the amperometric sensor
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can usually realize a relative low detection limit, high energy
consumption of the rotating electrode and applied potential
increase the charge of long-tern in situ monitoring. Moreover,
compared with the potentiometric sensor, the linear range of
the amperometric sensor is commonly no more than 2 orders
of magnitude.16−18 Recently, some researchers of the
impedimetric phosphate sensor reported some sensors that
possess relatively good response characteristics.19−21 However,
they have a common shortcoming of complicated manufacture
steps. Similar to the amperometric sensor, the impedimetric
sensor also meets the problem of high electricity consumption.
As for the potentiometric sensor, the phosphate ionophore was
considered to be an effective tool to establish a poly(vinyl
chloride)-liquid-membrane phosphate sensor.22−25 High se-
lectivity, a wide linear range, and a rapid response time were
achieved. However, the stability and the reproducibility cannot
meet the need of practical measurements to some extent. The
author designed a cobalt-modified electrode as a H2PO4

−

electrochemical sensor that had good response characteristics
at pH 4−7.26 However, a lot of environmental water samples
are alkaline. Consequently, it is urgent to develop a HPO4

2−-
phosphate ion sensor with low cost, simple fabrication, and
good stability for alkaline samples.
In current research, we will present a new type of all-solid

phosphate-ion selective electrode. The tungsten pure metal
was applied as the base electrode. First, we determined the
modification potential of the reaction to form phosphotungstic
acid (H3O40PW12·xH2O) by cyclic voltammetry (CV). Then,
the modified electrochemical method was applied at a three-
electrode system. The tungsten electrode was electrodeposited
under a constant potential certified by CV. Response
characteristics to phosphate ions of the modified tungsten
electrode were evaluated by potentiometry in a two-electrode
system. The current phosphate ion sensor exhibits good
performance in alkaline solutions successfully. Moreover, the
responding mechanism of this sensor was explained clearly by
scanning electron microscopy (SEM), XRD, UV−vis, and CV.

2. RESULTS AND DISCUSSION
2.1. Electrochemical Characteristics of Tungsten in

Na2HPO4 Solution. In order to determine the reaction
potential of the tungsten electrode with phosphate ions, the
CV curve was analyzed. As shown in Figure 1, the tungsten
electrode has an anode peak at about 0.6 V in sodium chloride
at pH 9 and two obvious anodic peaks at 0.2 and 0.6 V in
hydrogen phosphate disodium solution at pH 9. By comparing
the two curves, it is preliminarily proved that the two peaks at
0.2 and 0.6 V may be related to the reaction of phosphate ions.
In order to further explore the properties of these two anodic
peaks, we tested the concentration dependence of the tungsten
electrode in different phosphate solutions. As shown in Figure
2a, as the concentration of hydrogen phosphate disodium
increases from 0.02 to 0.10 M, the positive peak of CV also
rises. As for Figure 2b, we can clearly observe a good linear
relationship between the concentration of hydrogen phosphate
disodium and the peak current at 0.2 V of the corresponding
cyclic voltammograms, with an R-square of 0.9982. It can be
seen that the anodic peak is indeed from the reaction between
the tungsten electrode and phosphate ions.
As phosphoric acid belongs to polybasic acids, it has three-

stage dissociation in aqueous solutions. According to formula
1, it can be seen that the distribution proportion of phosphate
ions in different dissociation states is also different under

different pH. Therefore, in order to identify which form of
phosphate ion reacts with the tungsten electrode, we also

Figure 1. Cyclic voltammogram of the tungsten metal electrode in
Na2HPO4 (a) and NaCl (b) at pH 9.

Figure 2. (a) Cyclic voltammograms in various concentrations of
Na2HPO4 at pH 9.0: (a) 0.02, (b) 0.04, (c) 0.06, (d) 0.08, and (e)
0.10 M. (b) Concentration dependence of the cathodic peak current
(Ip) at 0.2 V.

Figure 3. Influence of pH on the potential response of the modified
tungsten electrode: (a) pH 7.0, (b) pH 8.0, (c) pH 9.0, (d) pH 10.0,
and (e) pH 11.0.
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tested the CV curve of hydrogen phosphate disodium solution
with different pH at the same concentration. It can be seen in
Figure S1a that the anodic peak of the CV curve increases with
the increase of pH value of hydrogen phosphate disodium
solution

H PO H O HPO H O2 4 2 4
2

3F+ +− − +
(1)
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According to formula 1, the effective concentration of
hydrogen phosphate at different pH was calculated, and it is
found that the effective concentration is linear with the
corresponding peak current (Figure S1b). Therefore, we can
infer that the reaction with the tungsten electrode is hydrogen
phosphate. In addition, we also explored the kinetic properties
of the reaction (Figure S2). By analyzing the CV curves of
different scanning rates, it was found that the peak currents
were linearly related to the arithmetic square root of the
scanning rate. It is concluded that the reaction is diffusion-
controlled.
2.2. Modification of the Tungsten Electrode. Through

a series of CV tests, we have a clear understanding of the basic
properties of the electrochemical reaction between the
tungsten electrode and phosphate ions. Based on this, we
determined that the constant potential electrochemical
modification potential is 0.2 V, and the electrolyte is 0.1 M
hydrogen phosphate disodium at pH 9. The three-electrode

system was used for electrochemical modification. The
tungsten electrode was used as the working electrode, Ag|
AgCl was used as the reference electrode, and Pt was used as
the counter electrode. In the process of constant potential
electroplating, the metallic luster on the surface of the tungsten
electrode gradually disappeared, and the color of the
electrolyte changed from colorless transparent to light-yellow
transparent. After 2 h of electroplating, the electroplating was
stopped after the surface morphology of the electrode was no
longer changed. At last, the modified electrode was dried for
the test.

2.3. Response Characteristics of the Modified
Tungsten Electrode. A series of tests on the response of
the prepared tungsten modified electrode to phosphate ions

Table 1. Response Characteristics of References and Current Research

sensing type sensing element/structure detection range (M) pH range refs.

potentiometric nano-IIP/CP 10−5 to 10−1 acidic range 27
potentiometric PTFE-Ag3PO4−Ag2S 10−5 to 10−1 5−8 28
potentiometric CuMAPc-PnBA-coated Au electrode 4 × 10−9 to 10−2 6−9 29
potentiometric Mo electrode 10−5 to 10−1 6.93−8.73 30
impedimetric MWCNT/Ge/RTIL/CAA 10−6 to 10−1 8.0−9.5 19
potentiometric modified W 10−6 to 10−1 7−10 current research

Table 2. Selectivity Coefficient of Common Anions
Measured by the Mixed Solution Method

anion log Kpot

NO3
− −2.8 ± 0.3

Cl− −4.2 ± 0.3
SO4

2− −4.5 ± 0.3
HCO3

− −2.8 ± 0.2
Ac− −3.0 ± 0.2

Table 3. Real-Sample Test Compared to Conventional
Phosphomolybdate Blue Spectrometry

sample W-ISE(mM) colorimetry (mM)

Coca Cola 2.2 ± 0.2 2.4 ± 0.1
orange juice 4.0 ± 0.2 4.3 ± 0.1
wastewater 1.0 ± 0.2 1.1 ± 0.2

Table 4. Recovery Test in Different Solutions

sample added (mM) found (mM) recovery rate (%)

distilled water 10.0 9.8 ± 0.1 98
tap water 10.0 9.8 ± 0.2 98
milk 10.0 9.5 ± 0.3 95

Figure 4. SEM of the tungsten electrode (a) and the modified
tungsten electrode (b).
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were carried out using a two-electrode system. The tungsten
modified electrode was used as the working electrode, and Ag|
AgCl was used as the reference electrode. We tested the
phosphate standard solutions with different pH values. The
phosphate standard solutions with different pH values were
adjusted by using different concentrations of hydrochloric acid
and sodium hydroxide based on dihydrogen phosphate sodium
and hydrogen phosphate disodium. Therefore, the standard
solution does not contain any other buffer solution. As shown
in Figure 3, the detection limit of the sensor is about 10−5 M in
the standard solution of pH 7 and pH 8 and about 10−6 M in
the standard solution of pH 9 and pH 10, while in the standard
solution of pH 11, the detection limit was less than 10−3 M due
to the interference of OH−. Therefore, the sensor can be
applied to the detection of samples with pH from neutral to
weak alkaline. The response slopes from pH 7 to pH 10 were
−19.3, −24.6, −31.2, and −36.9 mV dec−1, respectively. After
removing the interference of OH−, the corresponding slope is a
near-Nernstian response.
As shown in Table 1, the current phosphate ion sensor

possesses a relatively wide pH range for detecting phosphate
ions compared to other reports. The response time was less

than 1 min, and the potential fluctuation was less than ±3 mV
within 24 h (Figure S3). After testing the disposable energy
every week, it is found that the response curve of the sensor
has no obvious change within 4 weeks. In Figure S4, the
phosphate ion response characteristics of the modified
tungsten electrode and the unmodified tungsten electrode
were compared. The modified tungsten electrode showed a
good reproducibility. As for the unmodified tungsten electrode,
an obvious positive potential shift was observed due to the
component change of the electrode surface. In the aspect of
selectivity, we compared the interference of several common
anions to the sensor by the mixed solution method based on
formula 3

E E
RT
n F

a K aln( )n n
ISE

B
B B,A

pot
A

/B A= ′ + +
(3)

The results in Table 2 show that the selectivity coefficients
of all common anions were below −2, that is, there was no
obvious interference on the detection of phosphate ions by the
sensor. In addition, we also compared the sensor with the
traditional spectral method and found that the detection results
of the sensor are close to the traditional spectral method
(Table 3).
In the addition recovery test, we considered that 10 mM

phosphate ion was added to several common liquid samples,
and the results showed that the recovery rate of all samples was
above 95% (Table 4).This shows that the sensor can be used
for the detection of phosphate ions in actual samples.

2.4. SEM Analysis of the Modified Tungsten Elec-
trode. After evaluating the response performance of the sensor
for phosphate ions, we analyzed its response mechanism. The
surface morphology of the tungsten electrode was observed
using a scanning electron microscope. On the surface of the

Figure 5. XRD patterns of (a) tungsten pure metal and (b) modified
tungsten.

Figure 6. pH potential diagram of the W−H2O system.31

Figure 7. UV−Vis spectrometry of (a) electrolyte and (b)
phosphotungstic acid.
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modified tungsten electrode, many electrolytic products with
different shapes can be seen (Figure 4b).
2.5. XRD Analysis of the Modified Tungsten Elec-

trode. In order to further explore the properties of the
compounds attached on the surface of the modified tungsten
electrode, we tried to identify the components of the surface
attachment by X-ray diffraction (XRD). In order to facilitate
the detection, we use 0.1 mm × 50 mm × 50 mm thin tungsten
sheets in the XRD test, and the modification method is
completely consistent with the above.
As shown in Figure 5a, there are two obvious peaks at 58°

and 75° in the XRD spectrum of the pure metal tungsten sheet,
which are the characteristic peaks of tungsten through database
comparison. In addition to the two peaks of 58° and 75°,
respectively, another peak appeared at 30° in the modified
tungsten sheet. Through database comparison, the candidate
compounds were all tungsten oxides of various forms.
However, the specific results of tungsten oxide cannot be
accurately determined by XRD. Therefore, we have consulted
the relevant literature,30 and combined with the pH potential
diagram (Figure 6) of tungsten and the previous CV curve, we
can preliminarily judge that the oxide is tungsten trioxide
(WO3).
2.6. UV−Vis Spectroscopy Analysis of the Solution

after Electrodeposition. In order to further verify this
judgment, we analyzed the composition of the Na2HPO4
electrolyte which turned pale yellow after electrochemical
modification. The electrolyzed electrolyte was diluted 10 times
and detected by UV−Vis spectroscopy (Figure 7a) and then
compared with the standard sample solution of phosphotungs-
tic acid (Figure 7b). The results showed that the spectral
characteristics of the electrolyte and phosphotungstic acid were
highly similar, and the absorption peaks appeared at about 250
nm.
It can be inferred that the main component of the

electrolytic product is phosphotungstic acid. Through the
above series of tests, we have analyzed the phosphate response
mechanism of the sensor in detail. Based on the pH potential

diagram, we can infer the surface component to tungsten oxide
theoretically. According to XRD test, we can prove that the
oxide was WO3 in reality. Furthermore, we applied UV-Vis on
the electrolyte solution, and the result shows that the
composition of the solution was the same as H3O40PW12·
xH2O. Therefore, we can confirm that the response
mechanism was as formula 4

2WO HPO 23H PW O 12H O4
2

4
2

12 40
3

2+ + → +− − + −

(4)

3. CONCLUSIONS
We developed and designed a novel all-solid-state phosphate
ion sensor based on the property that tungsten oxide can form
a complex with phosphate ions. It is the first time to fabricate a
phosphate ion sensor by the tungsten metal. This sensor
possesses advantages of simple manufacture, low cost, a wide
pH range for detecting, and good selectivity. The sensor is
based on tungsten and electroplated at 0.2 V with sodium
hydrogen phosphate at pH 9 as the electrolyte by constant
potential electrolysis. A series of performance tests show that
the sensor can produce Nernstian response to phosphate ions
in the weak alkaline solution between pH 7 and pH 10. The
linear range is 10−6 M to 0.1 M, the response time is less than 1
min, the error fluctuation of the 24 h continuous test is less
than ±3 mV, the detection limit has no obvious change within
4 weeks, and it has good selectivity for common anions. The
response mechanism was also elucidated by CV, XRD, SEM,
and UV−Vis.

4. MATERIALS AND METHODS
4.1. Materials and Reagents. All chemicals were of

analytical grade and used as received without further
purification. All solutions were prepared with ultrapure water
with a resistivity of 18.2 MΩ cm. Hydrogen phosphate
disodium (Na2HPO4), sodium bicarbonate (NaHCO3),
sodium acetate (NaCOOH), sodium chloride (NaCl), sodium
sulfate (Na2SO4), phosphotungstic acid (H3O40PW12·xH2O),

Scheme 1. Technical Routine of Modification and Evaluation of the Tungsten-Based Phosphate Ion Sensor
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hydrochloric acid (HCl), and sodium hydroxide (NaOH) were
purchased from Xinke, Shenyang, China. Tungsten rods (φ2
mm × 100 mm, 99.99%) and tungsten plates (0.1 mm × 50
mm × 50 mm) were obtained from Guantai metal, Tianjin,
China.
4.2. Apparatus. SEM was performed with a Quanta250-

FEG field emission scanning electron microscope (FEI, Czech)
accompanied by energy-dispersive spectrometry. XRD was
performed with a D8 ADVANCE X-ray diffractometer system
(BRUKER AXS GMBH, Germany). UV−Vis spectrometry
was performed with a Lambda 650S (PerkinElmer, UK).
Electrochemical measurements were carried out using a
Versastat3 electrochemical workstation (Ametek, USA).
4.3. Preparation of the Tungsten Electrode. At first,

the surface of the tungsten wire (diameter: 2 mm, length: 100
mm) was polished by sandpapers of #80, #240, and #1000,
respectively. It was then washed for 30 min using an ultrasonic
cleaner. One end of the tungsten wire was covered with a poly
tetrafluoroethylene (PTFE, φ10 mm × 20 mm) tube at one
end as a working electrode. The technical routine is shown as
Scheme 1.
4.4. Cyclic Voltammogram Measurement. All measure-

ments were carried out with a three-electrode system using a
saturated Ag|AgCl reference electrode as a reference electrode,
a tungsten electrode as a working electrode, and a platinum
electrode as a counter electrode.
4.5. Modification of the Tungsten Electrode. Mod-

ification was applied with a three-electrode system. A saturated
Ag|AgCl reference electrode was used as a reference electrode,
a tungsten electrode was used as a working electrode, and a
platinum electrode was used as a counter electrode. Constant
potential electrodeposition was undertaken at 0.2 V in the
solution of 0.1 M Na2HPO4 at pH 9 for about 2 h. After that,
the modified tungsten electrode was dried by air to be tested.
4.6. Response Characteristics. All measurements were

carried out with a two-electrode system using a saturated Ag|
AgCl reference electrode as a reference electrode and a
tungsten electrode as a working electrode.
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