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This paper presents an electrochemical sensor for the quantitative determination of phosphate. The 

sensor’s working electrode was modified with a layer of graphene–graphene oxide nanocomposite and 

ammonium molybdate. The reaction of phosphate and ammonium molybdate forms a phosphomolybdate 

complex on the electrode. Furthermore, the nanocomposite with a proper mixing ratio can immobilize 

the phosphomolybdate for cyclic voltammetry (CV) measurement since it possesses both the high 

conductivity of graphene and the polyfunctional groups of graphene oxide. The experimental results 

show that the absolute value of peak reduction current at -0.21 V increased with the increase of phosphate 

concentration and exhibited a linear relationship in the concentration range of 0.2–5 mM. This proposed 

sensor is suitable for detecting phosphate levels in the physiological and higher concentration ranges. 

Moreover, all possible interfering substances in both urethral calculus and human blood, except for 

copper ions, do not influence the detection of phosphate using this proposed sensor. Therefore, it can be 

used to detect the content of phosphate in urethral calculus or human blood. 

 

 

Keywords: Phosphate, Graphene–Graphene Oxide Nanocomposite, Ammonium Molybdate, Cyclic 
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1. INTRODUCTION 

 

Phosphate, derived from phosphoric acid, is an essential substance in the environmental and 

biological systems. In the environmental system, excessive phosphate induces the mass growth of 

microbes and the oxygen content in water is consumed rapidly, leading to the eutrophication 

phenomenon and the death of other organisms. On the other hand, the phosphate in the micro-system is 

an indispensable molecule for all living creatures, particularly in all mineral reactions of bones [1]. In 

the human body, phosphate is involved in the constitution of human body structure, such as bone and 
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tooth composition, metabolic activation (glucose metabolism), energy transfer and storage, and acid-

base balance in the body fluids [2-4]. In physics, phosphate mainly comes from food and is mostly a 

mixture of organic and inorganic phosphorus. In the small intestine, digested phosphorus undergoes 

hydrolysis to form inorganic phosphate, which is absorbed largely via paracellular phosphate transport 

[5]. To maintain constancy, the serum level of phosphorus in the human body remains in a stable range 

(2.5  4.5 mg/dL). However, in some extreme conditions, such as high phosphorus, food is ingested 

without sufficient water intake or excessive water loss, in which the kidneys fail to excrete excessive 

phosphorus from the body, inducing hyperphosphatemia (> 4.5 mg/dL) [6]. Hyperphosphatemia may 

cause an imbalance in calcium metabolism and even secondary hyperparathyroidism [7]. On the other 

hand, when the serum level of phosphate is lowered, hypophosphatemia (< 2.5 mg/dL) induces 

neurological abnormalities, such as paresthesia, thrill, hyperreflexia, ataxia, and even coma. Chronic 

hypophosphatemia also reduces the 2-3-diphosphoglycerate (2-3-DPG), which results in the shorter life 

span of erythrocytes, hemolysis, and osteomalacia, including ostealgia or pseudofracture in long-term 

change [8, 9]. 

Additionally, the phosphate concentration in the urinary system is tightly correlated with 

infectious urinary tract stones. Magnesium ammonium phosphate (MAP) is a common constituent of 

human urine. An unsaturated level of MAP in urine is not a physical burden on the human body. When 

the phosphate concentration in blood is beyond the clearance of kidney or bacteria overgrowth in the 

urinary system, phosphate concentration in urine may gradually reach saturation or over-saturation. 

Thus, the excess phosphorus ions induce the MAP·H2O in urine to form MAP·6H2O micro-crystal. The 

MAP·6H2O micro-crystals will continue to be hydrolyzed, transformed, and crystallized with the other 

molecules in urine, gradually forming calculi in the kidneys [10, 11]. Urinary stone is a major medical 

problem in the urology departments of Taiwan hospitals, where the treatment strategy varies with the 

composition of urinary calculi of different patients. Once phosphate is found in the urinary stone 

composition, the clinical treatment protocol would be switched to controlling infections. Along with 

removing the urinary stone, the doctor needs to administer antibiotics to treat the patient’s urinary tract 

infection to overturn the sickness and further avoid recurrence [12, 13]. 

Therefore, phosphate detection is not only an important tool in environmental surveillance, but 

also a diagnostic tool to survey phosphate conditions in human physiology. In addition, clinical doctors 

may utilize it as a sentinel to detect urinary tract infections. 

Various analytical approaches have been developed for phosphate determination, including 

colorimetry [14-17], chemiluminescence [18-20], and electrochemical analysis. Without using 

potentially toxic agents, electrochemical techniques can detect phosphate by amperometry [21-23] and 

cyclic voltammetry (CV) [24], among others. These techniques exhibit simplicity and offer a high degree 

of sensitivity based on the interaction of electrical energy and matter. 

This study presents an electrochemical approach for the quantitative determination of phosphate 

contained in calcium phosphate. This approach aims to analyze the phosphate content in urinary stones. 

In this study, the electrode of the electrochemical sensor was modified with a nanocomposite layer, a 

mixture of graphene (G) and graphene oxide (GO). Graphene-based materials have been one of the most 

attractive and ideal materials in the development of electrochemical sensors [25-30]. Graphene is a one-

atom-thick graphite. Its carbon atoms exist in sp2 form, and three carbon atoms bond together to form a 
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two-dimensional honeycomb structure. Graphene materials exhibit excellent properties, such as superior 

electron mobility, excellent electrical conductivity, and high surface area. Graphene oxide, on the other 

hand, is a highly oxidized derivative of graphene and has the same hexagonal lattice structure as 

graphene. The basal plane and edges of graphene oxide contain multiple functional groups, including 

carbonyl (C-O), hydroxyl (C-OH), epoxy (C=O), and carboxyl (COOH). Thus, graphene oxide has 

excellent adsorbability and catalytic capability, providing anchor points for the reactants due to its 

amphiphilic and functional properties. Since the two materials have the same physical properties, they 

were mixed in this study to simultaneously highlight the high conductivity of graphene and the 

polyfunctional groups of graphene oxide. Moreover, ammonium molybdate was utilized for phosphate 

determination. Ammonium molybdate is the most commonly used compound in measuring phosphate 

content by the colorimetric method based on the blue phosphomolybdate complex formed by the reaction 

of phosphate and ammonium molybdate [14, 16, 17, 31, 32]. Furthermore, graphene–graphene oxide 

nanocomposite was prepared to immobilize the phosphomolybdate, and cyclic voltammetry was 

employed for detection. 

 

 

 

2. EXPERIMENTAL 

2.1 Materials 

The paper-based chip, with three screen-printed carbon electrodes (SPE), was purchased from 

Zensor R&D Corp. (Taiwan). Graphene (Powder, 8 nm flakes) was purchased from Graphene 

Supermarket (USA). The graphene oxide was synthesized from graphite powder using a modified 

Hammer’s method. The materials necessary for synthesizing the graphene oxide include graphite 

(purchased from SIGMA-Aldrich), H2SO4, Na2SO4, KMnO4, H2O2, and dialysis membrane. 

In this study, (Ca(H2PO4)2)·H2O (99% extra pure powder) purchased from Scharlau (Spanish) 

served as the analyte. Determining phosphate content in calcium phosphate is essential for analyzing the 

ingredient of urethral calculus. Moreover, ammonium molybdate (abbreviated as AMT) is a compound 

usually used as an analytical reagent to measure the amount of phosphates. Thus, AMT (chemical 

formula: (NH4)6Mo7O24, powder, > 98%) was used for surface modification of the SPE electrodes. For 

CV measurements, a 0.65 M sulfuric acid buffer solution was prepared. 

 

2.2 Surface modification 

An appropriate electrode surface that specifically reacts with phosphate is a prerequisite for 

reaching good selectivity in phosphate detection. AMT is known to react with phosphate and produce 

phosphomolybdate, allowing CV measurement to determine phosphate. Hence, a nanocomposite layer 

of graphene and graphene oxide was coated on the electrode of SPE to immobilize the AMT. 

Graphene and graphene oxide were added to deionized (DI) water to prepare the G-GO aqueous 

solution with a weight percentage of 10%, which was stirred with an ultrasonic oscillator. Afterward, 5 

L of mixed G-GO aqueous solution was instilled onto the working electrode of SPE and dried in the 
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oven at 37C to complete the deposition of G-GO nanocomposite on the SPE. The current chip was 

marked as G-GO/SPE. Next, 1.2583 g of AMT was dissolved in 97.417 mL of DI water using the 

ultrasonic oscillator. Then, 10 L of AMT aqueous solution was drop casted onto the G-GO 

nanocomposite layer on SPE and dried in a 37C hot circulator oven. This chip is labeled AMT/G-

GO/SPE. 

 

2.3 CV experiment 

In this study, the CV measurement method was employed to detect the phosphate concentration 

in calcium phosphate. Since calcium phosphate is insoluble in water, an acid buffer solution was 

necessary. In addition to dissolving calcium phosphate, the acid buffer solution also participates in the 

reaction of phosphomolybdate. The reaction of phosphate ions in the presence of molybdate in acidic 

media [23, 33] is as follows: 

7𝐻3𝑃𝑂4 + 12𝑀𝑜7𝑂24
6− + 51𝐻+  → 7[𝑃𝑀𝑜12𝑂40]3− + 36𝐻2𝑂 

Therefore, the experimental steps are as follows. First, calcium phosphate was dissolved in a 

sulfuric acid buffer solution. A drop of 200 L test solution was sucked and dripped to cover the three 

electrodes of AMT/G-GO/SPE. After the reaction of AMT with phosphate for 240 s, a cyclic 

voltammetry measurement was performed. The cyclic voltammetry was carried out with a sweep 

potential between -0.6 to 0.8 V at a scan rate of 50 mVs-1. For each concentration, three AMT/G-GO/SPE 

sensors were prepared for repetitious experiments. The redox reaction equation of cyclic voltammetry is 

as follows: 

[𝑃𝑀𝑜12𝑂40]3− + 𝑛𝑒− + 𝑛𝐻+ ↔ [𝐻𝑛𝑃𝑀𝑜𝑛
5/𝑀𝑜12−𝑛

6 𝑂40]3− 

 

 

 

3. RESULTS AND DISCUSSION 

3.1 Result of surface modification 

The variation of the chip surface before and after the electrochemical experiment on phosphate 

was observed through field emission scanning electron microscopy (FE-SEM). Only the G-GO 

nanocomposite was coated on the SPE before the electrochemical experiment. In the SEM image at 

5000-magnification, as shown in Figure 1(a-1), the G-GO nanocomposite displayed a wrinkled structure 

with plenty of white corrugations, which resulted from the slight changes in height during the stacking 

of flaky graphene and graphene oxide. This result is consistent with the typical morphology of graphene-

based materials, showing wrinkled and folded textures [34-37]. Figure 1(a-2) presents the elemental 

analysis of this sample using energy-dispersive X-ray spectroscopy (EDS). The result of EDS 

demonstrated that only carbon and oxygen were detected.  

After the ionic reaction of molybdophosphoric acid and redox reaction of cyclic voltammetry, 

the phosphomolybdate should be generated on the electrode surface according to the above reaction 

formulas. As shown in Figure 1(b-1), there were particle objects on the electrode surface, apart from the 

original corrugations. In order to confirm that these particles were not atmospheric aerosol particulates, 
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EDS was used again for the elemental analysis of this sample. As shown in Figure 1(b-2), the EDS result 

indicated that this sample contained phosphorus (P) and molybdenum (Mo) in addition to carbon and 

oxygen. The sulfur (S) element came from the sulfuric acid buffer solution. This result proves that the 

particle crystal was not a particulate but a phosphomolybdate crystal. In other words, the G-GO 

nanocomposite can effectively immobilize AMT so that phosphomolybdate crystals can be generated 

after the electrochemical experiment. 

 

 
 

Figure 1. SEM and EDS of electrode surface: (a) Before the electrochemical experiment. (b) After the 

electrochemical experiment on phosphate. 

 

3.2 Comparison of different G-GO mixing ratios 

To validate whether G-GO nanocomposite possesses both high conductivity and sufficient 

functional groups, the authors of this study designed different mixing ratios of graphene and graphene 

oxide for comparison—that is, the ratios of graphene to graphene oxide were 1:2, 1:3, and 1:4, 

respectively. Additionally, the G-GO mixture accounted for 10% wt of the solution. For instance, in the 

1:4 G-GO mixed solution, 0.2 g graphene and 0.8 g graphene oxide were added into 9 mL DI water and 
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mixed thoroughly. Similarly, the G-GO solution with other mixing ratios can be prepared by changing 

the grams of graphene and graphene oxide. 

 
Figure 2. Comparison of different G-GO nanocomposites: (a) The I-V curves of G-GO nanocomposites 

with different mixing ratios. (b) Cyclic voltammograms of different G-GO nanocomposites to 

measure 5 mM test solutions prepared by dissolving calcium phosphate. 
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Then, 5 L of G-GO mixed solution was instilled onto the working electrode of SPE. The chip 

was baked in the oven at 37C for 30 min. Afterward, 0.65 M of sulfuric acid buffer solution was 

employed as an electrolyte for the electrical measurement, which was conducted using a high-accuracy 

electric meter (Keithley 2614B) with a voltage ranging from -0.5 to 1.0 V. As shown in Figure 2(a), the 

experimental results revealed that, in different proportions of G-GO nanocomposites, the working 

electrode of SPE had a larger current-to-voltage (I-V) response as the content of graphene increased and 

the content of graphene oxide decreased. It is in line with common sense that graphene has excellent 

electrical conductivity, unlike graphene oxide. Moreover, the electrical conductivity of other graphene-

based composites, such as graphene- and graphene oxide-doped micro-nanofibrillated cellulose 

(MFC/NFC), was reported to have similar results [38]. The MFC/GO composite showed bad electrical 

conductivity because GO is an insulator. 

The next step was to test the properties of the functional groups of the G-GO nanocomposite to 

anchor the phosphomolybdate using a 5 mM test solution prepared by dissolving calcium phosphate. 

The experimental results, as shown in Figure 2(b), disclosed that the reaction current of the pure GO-

modified chip was the smallest, given the poor conductivity of pure graphene oxide. When the mixing 

ratio was 1:4, the absolute value of the peak reduction current increased from 60.2 A of pure GO 

modification to 780 A. The electrochemical performance was enhanced by about 13 times. When the 

mixing ratio is 1:2, the content of graphene is higher than that of the mixing ratio 1:4; theoretically, the 

electrical conductivity of 1:2 G-GO should be better. However, lower GO content cannot provide 

adequate high specific surface areas and enough functional groups to anchor the phosphomolybdate, 

leading to lower peak oxidation current. Therefore, only a proper G-GO mixing ratio can achieve the 

goal of high conductivity and sufficient functional groups. The experimental result showed that 1:4 was 

the optimal ratio in this study, and the 1:4 G-GO mixed solution was adopted as the electrode 

modification material. 

 

3.3 Comparison of different electrodes 

Four kinds of modified working electrodes were used in this experiment to detect a 1 mM test 

solution of calcium phosphate by cyclic voltammetry to verify the importance of AMT for phosphate 

detection: (1) Bare SPE, (2) G-GO/SPE, (3) AMT/SPE, and (4) AMT/G-GO/SPE. The cyclic 

voltammograms were recorded for comparison, as shown in Figure 3. In the detection with Bare SPE 

and G-GO/SPE, phosphate was inactive to electrochemistry, and there was almost no redox reaction. 

Since phosphoric acid can buffer the pH value of a solution, it is often used as an experimental buffer 

solution. Without AMT, phosphate cannot undergo the ionic reaction to produce molybdophosphoric 

acid for the redox reaction. In this case, phosphate functioned as a buffer; hence, there was no redox 

reaction. 

When AMT/SPE and AMT/G-GO/SPE were adopted for detecting phosphate, apparent CV 

peaks were observed. This phenomenon indicated that AMT and phosphate generated 

molybdophosphoric acid ions in acidic media, allowing the redox reaction to occur with electrons 

transfer in the electrochemical experiment. Therefore, AMT is essential for phosphate detection. 
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Moreover, AMT/G-GO/SPE had the largest peak current in the phosphate detection of these four 

modified electrodes. Except for the function of AMT to detect phosphate, the higher electrical 

conductivity of G-GO nanocomposite contributes to phosphate detection, resulting in the largest peak 

current. 

There are various methods to detect phosphate. However, AMT is the most commonly used 

compound. For previous literatures on phosphate detection using AMT [23, 31, 33, 39, 40], their results 

suggested that AMT was essential for phosphate detection, although different materials were used for 

the surface modification of the electrode.  

 
Figure 3. Cyclic voltammograms of different modified electrodes to detect 1 mM test solution of 

calcium phosphate. 

 

3.4 Effect of scan rate 

In order to evaluate the effect of scan rate on the oxidation of phosphate at AMT/G-GO/SPE, 

linear sweep voltammetry (LSV) was performed using a 1 mM test solution of calcium phosphate. 

The scan rate was changed from 20 to 200 mV/s with an interval of 20 mV/s. As shown in Figure 

4, the peak reduction current of phosphate increased with the increase of the scan rates. Furthermore, the 

peak current was linearly proportional to the square root of the scan rate. This relationship explains that 

the diffusion coefficient could be regarded as 1, meaning that the semi-infinite diffusion of the 

electroactive substance on the electrode surface was consistent. That is, the test solution could diffuse 

and reach the electrode surface. The phosphate reaction at the AMT/G-GO/SPE is a diffusion-controlled 

process. This result is consistent with the results reported in the previous literatures [41, 42]. If the peak 

current has a linear relationship with the square roots of the scanning rates, it indicats the redox process 

to be a diffusion controlled electrochemical process. 
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Figure 4. Effect of scan rate under linear sweep voltammetry at various scan rates from 20 to 200 

mV/s with an interval of 20 mV/s. 

 

3.5 Measurement of different phosphate levels 

Generally speaking, the physiological concentration of phosphate in the human body remains in 

a stable range of 2.5  4.5 mg/dL (i.e. 0.81  1.45 mM). Different phosphate concentrations were 

employed and measured with CV to investigate the applicability of AMT/G-GO/SPE in determining 

phosphate levels. 

The test range was 0.2 to 5 mM. Further, to ensure accurate measurement within the normal 

physiological value range of the human body, 10 test sets were performed in the range of 0.2  2 mM 

with an interval of 0.2-mM. The experiments were carried out according to the aforementioned 

procedure using a 200 L test solution, and three AMT/G-GO/SPE sensors were prepared for each 

concentration for repetitious experiments. 

Figure 5 shows that the absolute value of the peak reduction current was linearly related to the 

phosphate concentration, described by the regression equation 𝑦 = 97.69𝑥 + 130.4772, where y is the 

current (A) and x is the phosphate concentration (mM), with the coefficient of determination R2 = 

0.9904. The experimental result reveals that this proposed AMT/G-GO/SPE sensor is suitable for 

detecting phosphate levels in the physiological concentration range and higher concentration range. The 

detailed comparison of this work with the previous published electrochemical phosphate sensors is listed 

in Table 1. 
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Figure 5. Linear relationship between the absolute value of the peak reduction current and the phosphate 

concentration from 0.2 to 5 mM. 

 

Table 1. Some existing electrochemical SPE sensors to detect phosphate using molybdate 

 

Working electrode Electrochem. method Analyte Linear range Ref. 

CBNPs/SPE a Amperometry Water sample 1–80 μM 23 

CBNPs/SPE a Amperometry Water sample 0.5–100 μM 31 

Paper-CB-SPE CV Water sample 10–300 μM 33 

ZrO2/ZnO/MWCNTs/AMT/SPE b CV Soil sample 0.037–1.1 μM 39 

AHM@PANI/CC/PVDF c CV Water sample 10–114 μM 40 

AMT/G-GO/SPE CV Calcium 

phosphate 

0.2–5 mM d This 

work 
a Carbon black nanoparticles 
b Zirconium dioxide/zinc oxide/multiple-wall carbon nanotubes/ammonium molybdate tetrahydrate/SPE 
c Ammonium heptamolybdate (AHM)/polyaniline (PANI)/coconut shell-derived carbon (CC)/poly(vinylidene fluoride-co-

hexafluoropropylene) 
d To cover the physiological concentration of phosphate in human body 

 

3.6 Anti-interference study 

Anti-interference is an essential assay to ensure that AMT/G-GO/SPE has good selectivity in 

detecting phosphate levels without suffering from the influences generated by the coexisting chemicals 
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in the human body. In the interference experiment, 100 mL of 1 mM calcium phosphate solution was 

mixed with 10 mM of the target interferent powder and stirred by a rotor for 30 min. Then, 200 L of 

the test aqueous solution was extracted by micropipette to cover all electrodes of AMT/G-GO/SPE for 

cyclic voltammetry. The considered interferents were divided into the interfering substances in urethral 

calculus and the interfering substances in human blood. The calculus interferents include uric acid (UA) 

and oxalic acid (OA); the interferents in human blood include ascorbic acid (AA), dopamine (DA), 

glucose (Glu), calcium ion, copper ion, ferri ion, and nitrite ion. 

 

 
Figure 6. Anti-interference study of 1 mM calcium phosphate solution mixed with 10 mM interfering 

compounds by CV measurements at -0.2023 V. 

 

Each bar in Figure 6 represents the current measured at -0.2023 V when the phosphate solution 

was mixed with an aforementioned interferent. The voltage -0.2023 V was the potential at which the 

phosphomolybdate had a peak reduction current. This bar chart shows the effect of CV measurement of 

AMT/G-GO/SPE subjected to interferents. No evident signal changes were found for most interfering 

substances, and the changes in the current signals were within 5% of the original signal without adding 

interferents. The results reveal that most interference factors did not influence the phosphate detection 

of AMT/G-GO/SPE. However, the peak current rose significantly when the copper ions were applied. 

Therefore, copper ion is an interference factor to phosphate detection using AMT/G-GO/SPE. Since 

copper ion is a metal ion, it enhances the conductivity of the experiment and generates a higher peak 

current. Even so, AMT/G-GO/SPE exhibits excellent anti-interference performance, which can be used 

to detect the content of phosphate in urethral calculus or human blood. 
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4. CONCLUSIONS 

Detecting phosphoric acid-derived phosphate is of great significance to environmental and 

biological systems. In this study, an electrochemical phosphate sensor modified with graphene–graphene 

oxide nanocomposite and ammonium molybdate was developed to quantitatively determine phosphate 

levels. This proposed sensor has many advantages, including low consumption of analyte solution, high 

sensitivity, and good selectivity. Furthermore, the detection range of phosphate covers normal 

physiological concentrations and higher concentrations without suffering from the interfering substances 

in urethral calculus and human blood. Therefore, the sensor is suitable for environmental surveillance, 

human physiological monitoring, and urethral calculus analysis. 
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