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Graphene oxide (GO) films mixed with polyethylenimine (PEI) were prepared by a layer-by-layer assembly (LBL) method, in which the GO component is then converted to reduced GO (rGO) in situ through an electron transfer interaction with a polyoxometalate (POM) that is assembled on the outer surface. With this, devices were manufactured by spreading composite films of (PEI/rGO)n-POM with different numbers of PEI/rGO layers on ITO substrates. Cyclic voltammetry (CV) reveals that the catalytic activity for H2O2 of (PEI/rGO)n-POM films was significantly higher than that of similar films of (PEI/GO)n/PEI/POM manufactured LBL with the same number of layers, although the catalyst POM content of (PEI/rGO)n-POM was only half that of (PEI/GO)n/PEI/POM. The catalytic activity of (PEI/rGO)n-POM films first increases and then decreases as the number of PEI/rGO layers increases. The result shows that (PEI/rGO)3-POM films with three PEI/rGO layers exhibit the highest efficiency. Amperometric measurements of the (PEI/rGO)3-POM films showed improved current response, high sensitivity, wide linear range, low detection limit, and fast response for H2O2 detection. The enhanced catalytic property of (PEI/rGO)n-POM films is attributed to the electron transfer interaction and electrostatic interaction between POM and rGO.
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1 INTRODUCTION
Hydrogen peroxide (H2O2) is a powerful oxidizing agent, widely used to kill intestinal bacteria (Clifford and Repine, 1982), Streptococcus (Pericone et al., 2000), and purulent pathogenic yeasts (Levitz and Diamond, 1984), and for disinfecting surfaces (Barbut et al., 2009) However, high levels of H2O2 in humans would cause cell damage and have adverse health effects (Halliwell and Aruoma, 1991; Finkel and Holbrook, 2000). Therefore, several measures have been developed for the detection of H2O2 (Paolo et al., 1994; Feldman and Bosshart, 2002; Heng-Chia and Ho, 2015; Jiménez-Pérez et al., 2021). Among these techniques, electrochemistry (Zhang and Chen, 2017) is an important method for the detection of H2O2 due to its good stability, simple operation, and low detection limit. Designing a convenient and affordable H2O2 detector with high sensitivity, low detection limit, and fast response is the goal of current research efforts. Currently, new electrode-modifying materials are still being developed to meet the increasing and stringent demands.
Noble metal nanoparticles (Chen et al., 2011; Miao et al., 2014; Zhang et al., 2022) are the most commonly used materials for the preparation of modified electrodes. However, the high cost and complex preparation process of noble metal nanoparticles restrict their application. Transition metal oxides, such as Cu (Othmani et al., 2021), Mn (Yao et al., 2005), and Co (Zhang et al., 2016) oxides, are used as economically viable substitutes for noble metals, owing to their low price. However, the low stability of transition metal oxides in acidic media limits their application. Conductive polymers (Peng et al., 2009; Tao et al., 2014) have received much attention as mounting materials for electrochemical electrodes because of their convenient design and large film-forming area. However, the conductivity of conductive polymers is low, and increased use of conductive polymer materials will affect the conductivity and stability of the electrode (Liu et al., 2012).
Graphene, as a non-enzymatic electrode material for electrochemical detection of heavy metals (Xuan et al., 2016; Prasongpornet al., 2017), organic matter (Fan et al., 2012; Beitollahi et al., 2014), and reactive oxygen species (Xi et al., 2013), with electron transport capabilities and high surface area (Geim, 2009; Kauffman and Star, 2010), is the ideal nanomaterial for immobilized electrochemical catalysts. According to recent studies (Liu et al., 2012; Guo et al., 2013), the electrocatalytic activity displayed significant improvement if graphene was used as a catalyst support. Considering its cost-effectiveness, water compatibility, and ease to combine with other materials, graphene oxide (GO) is a suitable precursor for the large-scale production of graphene (Zhu et al., 2010; Chang and Wu, 2013). In addition, the oxygen-containing groups of GO can be reduced to reduced graphene oxide (rGO) by reducing catalysts, and the combination with rGO can improve the catalytic activity of catalysts. Furthermore, rGO films are a precondition for rGO-based catalytic devices due to the ease of separation. However, most rGO-based films were prepared by drop casting (Gilje et al., 2007; Du et al., 2015), layer-by-layer (LBL) (Yu et al., 2011; Hui et al., 2012), and electrodeposition methods (Liu et al., 2011a); these methods do not make it easy to obtain uniform rGO films or to combine directly with the catalyst. Not to mention that the catalytic efficiency of rGO-based films still needs to be improved. Thus, it is necessary to develop a method to overcome these obstacles.
Polyoxometalates (POMs) are a type of well-defined anionic cluster, consisting of transitional metal oxides (Müller et al., 1998; Yamase, 1998; Pope and Müller, 2001). POMs are suitable materials that act as a photocatalyst (Li et al., 2010; Li et al., 2011; Li et al., 2013; Li and Bubeck, 2013) or electrocatalyst (Li et al., 2013; Ahmed et al., 2022) for the reduction of GO to rGO due to their excellent redox properties. At the same time, POMs retain their structures and adsorb onto the rGO surface (Zhang et al., 2009), which could improve their catalytic activity. Therefore, we believe that rGO-POM films based on this method could greatly improve the catalytic activity of films.
Recently, we reported, for the first time, an example of in situ assisted electroreduction to manufacture rGO-based films with POM as a reducer and bridge molecules for a GO film and Au NPs; electrocatalysis for H2O2 (Zhang et al., 2019) and UA (Bao et al., 2020) showed that the film had enhanced catalytic activity. Compared to the alternately deposited LBL films of GO and POMs, films produced by in situ assisted electroreduction can greatly enhance the electrocatalytic activity due to rGO films having excellent electronic conductivity.
Herein, we describe a new and easy approach to manufacture (PEI/rGO)n-POM films by reducing GO films (fabricated by LBL assembly) in situ with POM as the reducing agent, as shown in Scheme 1 . In this process, POM was adsorbed on rGO films by the electron transfer interaction that was beneficial for the electrocatalytic activity of the films. The catalytic activity for H2O2 of (PEI/rGO)n-POM films was much higher than that of similar films prepared by the LBL assembly with the same number of layers, even though the catalyst POM content was only half that of the latter. The (PEI/rGO)3-POM films exhibited remarkable improvement in electrocatalytic current response, sensitivity, and response time for H2O2 detection. In particular, the sensitivity of (PEI/rGO)3-POM films is the highest among similar films we recovered. Importantly, films based on rGO-POMs manufactured by in situ assisted electrochemical reduction can be treated as high-performance sensors for potentially catalytic activities.
[image: Scheme 1]SCHEME 1 | Schematic illustration of the fabrication procedure of (PEI/rGO)n-POM composite films by in situ assisted electroreduction.
2 EXPERIMENTAL
2.1 Materials
The polyoxometalate K6[P2W18O62]·19H2O (POM) was synthesized according to the literature (Richard et al., 1987) and identified by UV-Vis adsorption spectroscopy and cyclic voltammetry. Graphene oxide (GO) was synthesized according to the Hummers method mentioned in the literature (Li et al., 2011). Poly(ethylenimine) (PEI, MW 750,000) was purchased from Shanghai Macklin Biochemical Co., Ltd. Water purified using a Milli-Q–Milli-rho purification system with a resistivity of 18 MΩ cm was used in all experiments. All other chemicals of reagent grade were used as received.
2.2 Fabrication of composite films
Indium tin oxide (ITO) glass slides were cleaned before use according to the published procedures (Bi et al., 2008). The ITO substrates were cleaned by sonication in a 50% 1M NaOH in ethanol solvent for 5 min. Then, the ITO substrates were rinsed with deionized water for 1 min. The freshly prepared ITO substrates were immersed in a 1.0 wt% PEI solution (pH = 6.0) for 20 min, rinsed by dipping in deionized water twice for 1 min, and then cleaned by rinsing for 10 s. After that, the slide coated with PEI was immersed in a 0.3 mg/mL GO solution (pH = 7.0) for 20 min and rinsed as mentioned previously. The aforementioned steps were repeated, and the multilayer films were denoted (PEI/GO)n where n is the number of layers of GO. Meanwhile, POM (10 mM, 10 mL) was reduced electrochemically at an applied potential of −1.0 V by electrolysis with vigorous stirring to improve the electrolysis rate. Bare ITO was used as the working electrode and a platinum wire and Ag/AgCl were used as counter and reference electrodes, respectively. After the solution turned dark blue (heteropoly blue), the substrate with (PEI/GO)n films was carefully soaked in the solution with high-purity bubbled N2. Then, 20 min later, GO in the (PEI/GO)n films was reduced by POM heteropoly blue, which resulted in rGO-POM hybrids. Films of (PEI/rGO)n-POM were formed. The fabrication procedure of the (PEI/rGO)n-POM composite films is schematically depicted in Scheme 1. For the purposes of comparison, the (PEI/GO)n/PEI/POM films were fabricated by the following steps. The substrate with (PEI/GO)n films was dipped in a 1.0 wt% PEI solution for 20 min, followed by immersion in POM (10 mM, 10 mL) for 20 min. (PEI/GO)n/PEI/POM films were formed.
2.3 Characterization
UV-Vis absorption spectra were obtained using a Lambda 35 UV-Vis spectrometer with a slit width of 2 nm. Scanning electron microscopy (SEM) was performed with a Tescan MAIA-3 field emitting scanning electron microscope for surface morphology. Energy dispersive X-ray (EDX) was recorded using an Oxford X-act Energy Dispersive Spectrometer for compositional analysis of the composite films. X-ray photoelectron spectroscopy (XPS) was performed using an ESCALAB 250 Xi spectrometer with a monochromic X-ray source (Al Kɑ line, 1,486.6 eV).
2.4 Electrochemical experiments
Electrochemical experiments were performed with a CHI 660E electrochemical system. A standard three-electrode configuration was used. The composite films modified on the ITO electrode (ITO-coated glass slide) were used as the working electrode. A platinum wire and Ag/AgCl were used as counter and reference electrodes, respectively. The electrolyte used was a 0.5 M H2SO4–Na2SO4 buffer solution with a pH of 2.5. Before the electrochemical experiments, all the as-prepared composite films were pre-scanned by cyclic voltammetry (CV) to ensure that the curve was invariant. All experiments were carried out at room temperature.
3 RESULTS AND DISCUSSION
3.1 Assembly and structure of (PEI/rGO)n-POM
Here, we present the (PEI/GO)n LBL films electroreduced in situ by using the POM cluster as an electrochemical reducer. In the LBL assembly process, GO nanosheets with a negatively charged surface (Liang et al., 2009) were linked by layers of cationic polyelectrolyte PEI through the electrostatic interaction. In the electroreduced in situ procedure, the (PEI/GO)n films were soaked in the POM heteropoly blue solution by electroreduction at an applied potential of −1.0 V. POM acts as an electrocatalyst for GO in (PEI/GO)n films. The dark blue color of the electroreduced POM originates from W5+ → W6+ intervalence charge transfer (Yamase, 1998), which could transfer electrons to GO in (PEI/GO)n films. Then, GO was reduced to rGO while the electroreduced POM returned to its initial light-yellow state. At the same time, POM was adsorbed onto rGO as an anionic stabilizer (Li et al., 2010), as shown in Scheme 1. In this process, the surface of rGO can retain a small number of C–O groups, while the PEI layers with positive charge can still adsorb rGO with weak negative or neutral groups.
The UV-Vis characteristic absorptions of GO and POM are shown in Figure 1A. There are two absorption bands of GO appearing at 230 and 300 nm. The LMCT transition bands of POM are located at 194, 247, and 302 nm. The maximum wavelength of absorption was 194 nm. The extinction coefficient ε194 at 194 nm of POM can be calculated as 3.78 × 105 M−1 cm−1 according to the absorption of POM with a concentration of 0.001 mM (Figure 1A). The POM content was easy to monitor for the (PEI/rGO)n-POM and (PEI/GO)n/PEI/POM films, according to the absorbance in the POM characteristic absorption bands. Figure 1B shows the UV-Vis absorption spectra of (PEI/rGO)n-POM and (PEI/GO)n/PEI/POM films (with n = 1, 3, and 5) assembled on quartz substrates. The UV-Vis absorption spectra of two types of n-layers composite films were observed based on (PEI/rGO)n as reference films. Therefore, the absorbance originates from the POM content of the two types of composite films. Furthermore, the absorption peaks of the two types of films are similar to those of POM in solution rather than GO, which clearly shows that the UV-Vis absorption bands originate from POM. Interestingly, the UV-Vis absorption at 194 nm (belongs to POM) of (PEI/rGO)n-POM films is approximately half (to be exact 53%–57%) that of (PEI/GO)n/PEI/POM films (with the same GO layer numbers), regardless of the layer number (Inset of Figure 1B). Therefore, the POM content in (PEI/rGO)n-POM was only approximately half of that in (PEI/GO)n/PEI/POM films. This indicates that PEI sites in (PEI/GO)n/PEI/POM films appear to adsorb POM more than rGO sites in (PEI/rGO)n-POM films. Furthermore, comparing the absorbance in different layers of (PEI/rGO)n-POM films, it is clear that with an increasing number of layers, the POM content increases significantly first and then remains stable. This scenario can be attributed to the permeability of POM to (PEI/GO)n films. An increased number of layers in the (PEI/rGO)n-POM films can carry more GO, which leads to more POM adsorption onto the GO surface in the manufacturing process. However, as the number of layers increases, the capacity of POM adsorbed by GO in (PEI/rGO)n-POM films does not increase due to blocking of POM mass transfer. A similar situation was observed in (PEI/GO)n/PEI/POM films as the POM content increases significantly first and then remains stable with increasing number of layers. This is probably due to an increase in the roughness of LBL films as the number of layers increases.
[image: Figure 1]FIGURE 1 | (A) UV-Vis absorption spectra of 0.001 mM POM aqueous solution (red line) and an aqueous 0.01 mg/mL GO solution (black line). (B) UV-Vis absorption spectra of (PEI/rGO)3-POM and (PEI/GO)3/PEI/POM films with different layers. Inset: plots of the absorbance values at 194 nm vs. the (PEI/GO) layer number n for (PEI/rGO)n-POM and (PEI/GO)n/PEI/POM films.
In terms of the ratio of Γ = (NA Aλ)/2ελ (NA = 6.02 × 1023 mol−1), the surface coverage density Γ of the POM in each films can be calculated according to the UV-Vis spectra, where NA is Avogadro’s constant, Aλ is the POM absorbance in each (PEI/rGO)n-POM or (PEI/GO)n/PEI/POM film with different layer numbers at a given wavelength λ, and ελ is the isotropic molar extinction coefficient of POM in λ (Xu et al., 2009). As ε195 was calculated to be 3.78 × 105 M−1 cm−1 as mentioned previously, A195 was divided by 2 to obtain the absorbance for a single layer of POM. According to the abovementioned parameters, the average coverage density of the POM surface was obtained, as shown in Table 1. According to the crystalline structure of the POM, the average area per anion is 1.72 nm2 in the (001) plane, 2.56 nm2 in the (010) plane, and 3.33 nm2 in the (100) plane (Richard et al., 1987). Thus, the amount of POM surface coverage in all composite films is much greater than that of the crystalline material. This can be attributed to the large surface area of GO and the increase in surface roughness as the number of layers increases. However, compared to the (PEI/rGO)1-POM films, the average area per anion of the (PEI/rGO)3-POM and (PEI/rGO)5-POM films is smaller (Table 1). This could be caused by penetration of the POM into the GO inner layer. However, from (PEI/rGO)3-POM to (PEI/rGO)5-POM, the PEI/rGO layer number increased from three to five, which did not cause an increase in the average area per anion, indicating that the POM could not penetrate the deeper GO layers of the (PEI/rGO)5-POM. The issue of POM penetration is discussed in the XPS testing in the following section.
TABLE 1 | UV-Vis absorbance (A195), surface coverage (anions/cm2), and area per anion [nm (Pericone et al., 2000)] for composite films.
[image: Table 1]3.2 Structure characterization of composite films
SEM was performed on (PEI/rGO)n-POM films to investigate the surface morphology and homogeneity of composite films with different layer numbers, as shown in Figure 2.
[image: Figure 2]FIGURE 2 | SEM images of (PEI/rGO)n-POM composite films with 1 (A), 3 (B), and 5 (C) layers. The scale is 2 μm. (D) EDX analysis of (PEI/rGO)3-POM composite films. Corresponding elemental mapping of C (E) and W (F) for (PEI/rGO)3-POM composite films.
A typical SEM image in Figure 2A of (PEI/rGO)1-POM shows the GO nanosheet structure mounted on a silicon substrate, which exhibited a crumpled and paper-like structure. Figures 2B, C are (PEI/rGO)3-POM and (PEI/rGO)5-POM films, respectively. These two films, with different numbers of GO layers, show a similar structure with superposition of the GO nanosheet, indicated as GO multilayer films manufactured by LBL.
In situ EDX was used to analyze the composition of (PEI/rGO)3-POM films (Figure 2D). The peaks for C and W correspond to rGO and POM attracted in the rGO. The elemental mapping of (PEI/rGO)3-POM films shows that the C and W elements (Figures 2E, F) are uniformly distributed on the surface of the films. The result indicates that POM uniformly adsorbed on the rGO surface.
XPS spectroscopy was used to verify the composition of the two types of films and the chemical states of the graphene C atoms. Figures 3A, B show the C 1s XPS spectra of the (PEI/rGO)3-POM and (PEI/GO)3/PEI/POM films. There are four evident types of carbon for (PEI/GO)3/PEI/POM films, appearing at 284.7, 286.2, 287.8, and 289.0 eV attributed to different chemical states of GO, which are similar to graphite C, C–O, C=O, and O–C=O (Li et al., 2010), respectively. However, compared to (PEI/GO)3/PEI/POM films, the C–O group content in the (PEI/rGO)3-POM films decreases from 39.8% to 19.3%. The result indicates that the reduction of POM heterpoly blue could effectively eliminate the oxygen-containing GO groups. Moreover, the graphite-like C group content increased from 50.7% to 73.2%, verifying the restored sp3/sp2-hybridized carbon structures in the (PEI/rGO)3-POM films. The presence of tungsten in the POM was also determined by XPS of the (PEI/rGO)3-POM and (PEI/GO)3/PEI/POM films (Figures 3C, D). Peaks for W4f 5/2 and W4f 7/2 with binding energies of 37.95 and 35.7 eV were observed in the two types of films. The values for the W peaks indicate a fully oxidized form of tungsten (WVI) in POM in films not fabricated by LBL or in situ assisted electroreduction.
[image: Figure 3]FIGURE 3 | C1s XPS spectra of (A) (PEI/rGO)3-POM and (B) (PEI/GO)3/PEI/POM composite films. XPS spectra of W 4f in (C) (PEI/rGO)3-POM and (D) (PEI/GO)3/PEI/POM composite films.
In addition, comparing the intensity of the C XPS spectra of the (PEI/rGO)3-POM and (PEI/GO)3/PEI/POM films, the area of the C peaks is almost the same in the two types of films, which is due to the identical manufacturing process used for (PEI/GO)3 films, resulting in the same GO content. However, the POM content in (PEI/rGO)3-POM films is only approximately 57% of that in (PEI/GO)3/PEI/POM films upon comparison of the area of the W peaks in the two types of films. This result is consistent with the results of the UV-Vis absorption spectra.
To compare the permeability of POM to (PEI/GO)n films, XPS spectroscopy was conducted on (PEI/rGO)n-POM films with one to six PEI/rGO layers, the results of which are are shown in Supplementary Figure S1. The contents of the graphite-like C group in (PEI/rGO)n-POM films with 1 (76.5%) to 2 (75.3%) PEI/rGO layers are similar, and the content in (PEI/rGO)3-POM films slightly decreased (73.2%) (Supplementary Table S1). This suggests that POM could penetrate into (PEI/GO)n films with 2.6 layers and reduce GO to rGO at the same time. However, the graphite-like C group content of (PEI/rGO)4-POM (69.6%), (PEI/rGO)5-POM (65.9%), and (PEI/rGO)6-POM (62.1%) films decreased gradually, which is consistent with the extent of POM reduction of (PEI/GO)n films, implying that POM could not penetrate into (PEI/GO)n films with more than three layers. Furthermore, the extent of rGO reduction by POM may affect the catalytic efficiency of (PEI/rGO)n-POM films.
According to the aforementioned discussion, there are four interaction forces on (PEI/rGO)n-POM films in the manufacturing process. In the LBL assembly process, a cationic polyelectrolyte PEI is adsorbed onto the ITO substrate by electrostatic interaction. After that, GO with a negative charge is bonded by PEI layers with the electrostatic interaction as a driving force. In the electroreduced in situ procedure, the electroreduced POM transfers electrons to GO in (PEI/GO)n films, while the POM is adsorbed on rGO as an anionic stabilizer. At the same time, since part of the POM can penetrate into (PEI/GO)n films, a small amount of POM can be adsorbed onto PEI by electrostatic interaction.
3.3 Electrochemical and electrocatalytic properties
The CV pattern of (PEI/rGO)1-POM films modified with one layer of rGO and POM exhibits four redox waves (I/I′, II/II’, III/III’, and IV/IV’), which indicates a six-electron redox process for W (WV/WVI) (see inset of Supplementary Figure S2). (PEI/rGO)n-POM films with one POM layer and different numbers of PEI/rGO layers were also monitored by CV (Supplementary Figure S2). The area of the enclosed cyclic voltammogram increases as the number of PEI/rGO layers increases. According to the capacitance formula C=S/2v∆U (S is the area of the enclosed cyclic voltammogram, v is the scanning speed, and ∆U is the voltage difference), the greater the area of the enclosed curve, the greater the capacitance of the corresponding films (Xiang et al., 2012). It is evident that the capacitance of (PEI/rGO)n-POM films increases as the number of PEI/rGO layers increases.
According to the literature (Lu et al., 2013; Suo et al., 2016), polyoxometalate nanohybrids have catalytic activity against H2O2. Therefore, electrocatalytic exploration in H2O2 was selected as a preliminary test of the catalytic behaviors of prepared films. To compare the catalytic activity for H2O2 of different types and film layer numbers, cyclic voltammetry was performed. Supplementary Figure S3 shows the CVs of the manufactured (PEI/rGO)n-POM films with one (Supplementary Figure S3D), three (Supplementary Figure S3F), and five (Supplementary Figure S3H) GO layers for different H2O2 concentrations. Evidently, all CVs of (PEI/rGO)n-POM films exhibit an increase in W-centered reduction currents with increasing H2O2 concentrations, while the oxidation peak decreases. The CVs of the (PEI/GO)n/PEI/POM films with one (Supplementary Figure S3A), three (Supplementary Figure S3B), and five (Supplementary Figure S3C) GO layers also exhibit increasing reduction currents and decreasing oxidation currents under the aforementioned conditions. Apparently, composite films produced by in situ assisted electroreduction can effectively electrocatalyze H2O2 reduction. Furthermore, comparative investigations of the electrocatalyzed response to H2O2 reduction, based on cathodic reduction of the six types of films, were used. For convenience, cathode currents at −0.8 V were selected as the catalytic current for each film. All catalytic currents of the composite films exhibit a linear response to H2O2 concentrations (Figure 4). The linear relationship of different composite films was normalized for comparison. The following points can be obtained: the catalytic efficiency of the two films is similar when n = 1 (black curves in Figure 4), while the efficiency of the (PEI/rGO)n-POM films is significantly higher than that of (PEI/GO)n/PEI/POM films when n = 3 or 5 (red and blue curves in Figure 4). However, the POM content in (PEI/rGO)n-POM was only approximately half of that in (PEI/GO)n/PEI/POM films according to the UV-Vis results (Figure 1). Interesting findings illustrate that the catalytic efficiency of composite films prepared by in situ assisted electroreduction is much higher than that of films prepared by the LBL method. This result may be due to electron exchange and adsorption between POM and GO during manufacture of the (PEI/rGO)n-POM films. Therefore, POM can directly exchange electrons with PEI/rGO layers in the catalysis process. Furthermore, the GO layers were converted to rGO by reduced heteropoly blue in the reduction process. Structural defects in sp2 carbons caused by oxygen-containing groups of GO were recovered, making the properties of rGO closer to those of graphene than those of GO (Gómez-Navarro et al., 2010; Moon et al., 2010), thus promoting excellent electron transport efficiency in (PEI/rGO)n-POM films. However, POM was adsorbed onto GO by PEI on (PEI/GO)n/PEI/POM films. In the catalysis process, the POM needs to transfer electrons to the PEI medium before transferring the electrons to the GO layers. The (PEI/rGO)n-POM films prepared by in situ assisted electroreduction can greatly improve the electron transport efficiency compared to (PEI/GO)n/PEI/POM films prepared by LBL. Thus, the current response of (PEI/rGO)n-POM films to H2O2 has been greatly enhanced (Li et al., 2013).
[image: Figure 4]FIGURE 4 | Linear correlation plots of peak currents of (PEI/GO)n/PEI/POM and (PEI/rGO)n-POM films with different layers vs. the concentration of H2O2.
Finally, an electrochemical mechanism for H2O2 catalyzed on (PEI/rGO)n-POM films was proposed, as shown in the following formula (Meng et al., 2011).
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The catalytic efficiency of (PEI/rGO)n-POM films with 1 to 6 GO layers was also investigated. The linear relationship of different H2O2 concentrations catalyzed on (PEI/rGO)n-POM films was normalized (Supplementary Figure S4). The slope of the linear relationship first increases and then decreases as the number of PEI/rGO n-layers increases, and reaches a maximum when n = 3. The result revealed that increasing the number of PEI/rGO layers results in two opposing factors affecting the catalytic efficiency of (PEI/rGO)n-POM films. According to the XPS results, POM can penetrate into 2.6 layers of (PEI/GO)n films and reduce GO to rGO. In view of the high active surface area (Zhang et al., 2015) and high conductivity (Bolotin et al., 2008; Mak et al., 2008) of graphene, the electron transport properties of composite films should improve as the number of PEI/rGO layers is increased; accordingly, electrocatalyzed reduction of H2O2 is promoted. Therefore, increasing the number of layers to more than three will lead to reduced catalytic efficiency due to the remaining GO not being reduced and adsorbed by the POM (all remaining GO is reduced to rGO by electrodes during the pre-scan procedure). The remaining PEI/rGO layers without POM adsorption cannot promote the electron transport of the redox processes and reduce the catalytic activity due to an increase in layer thickness (Liu et al., 2011b). As a result of both of these factors, the catalytic efficiency is highest when the PEI/rGO layer number is three.
For the (PEI/GO)n/PEI/POM films (see Figure 4), the catalytic efficiency increased only slightly when n increased from 1 to 3, but greatly decreased when n reached 5. According to the UV-Vis results (Figure 1B), the POM catalyst content for (PEI/GO)n/PEI/POM films nearly doubled when n increased from 1 to 3; however, there is no corresponding doubling of catalytic efficiency but only a small increase. It is implied that the mass transfer resistance caused by the thickness of the GO layers was the main factor in the (PEI/GO)n/PEI/POM films. Nevertheless, the catalytic efficiency of (PEI/GO)n/PEI/POM films is higher than (PEI/POM)1 films that are similar to (PEI/GO)5/PEI/POM with the lowest catalytic efficiency (Supplementary Figure S5). The results show that (PEI/GO)n/PEI/POM films assembled by the LBL method can improve the catalytic efficiency if the thickness is adequate.
3.4 Electrochemical sensor of H2O2
Amperometric detection was used to verify whether (PEI/rGO)3-POM films were a promising type of electrochemical sensor in the H2O2 test application. The result can provide evaluation of the main characteristics of the sensor. According to the CVs of the (PEI/rGO)3-POM films shown in Supplementary Figure S3F, the cathodic reduction peaks disappeared when the H2O2 concentration increased to 2 mM, due to a significant increase in the catalytic current. For convenience, the applied potential for amperometric detection was selected to be −0.8 V. Figure 5A shows a typical amperometric i-t curve of (PEI/rGO)3-POM films after successive addition of different H2O2 concentrations at 30-s intervals. The applied potential was controlled at −0.8 V for 600 s. With the addition of H2O2, a well-defined and stable amperometric curve was obtained. The response time was only 1 s after adding a certain amount of H2O2 (see Figure 5A). Meanwhile, the cathodic current gradually increased as the H2O2 concentration increased from 2 μM to 6.5 mM. Furthermore, a significant increase in the cathodic current is still be observed when the H2O2 concentration is as low as 2 μM, which is the lowest value of the linear range (Figure 5B). The calibration curve exhibits a large linear correlation in the range (LRR) from 2.0 × 10−6 to 6.5 × 10−3 M (Figures 5C, D), while the linear regression equation (LRE) is expressed as I (mA) = −1.05 CH2O2(mM) − 0.815 with R2 = 0.9930. The limit of detection (LOD) was calculated to be 1.5 μM according to the criterion of S/N = 3. The sensitivity was estimated to be 875 μA mM−1·cm−2 based on the area of the composite films, which was 1.2 cm2.
[image: Figure 5]FIGURE 5 | (A) Amperometric responses of the (PEI/rGO)3-POM films with successive additions of H2O2 at an applied potential of −0.8 V vs. Ag/AgCl and (C) the corresponding calibration plot of steady-state currents vs. the concentration of H2O2. (B) and (D) are local parts corresponding to the marked areas in (A) and (B), respectively. Error bars represent the standard deviations of three independent experiments.
A comparison of the detection performance of our proposed H2O2 sensor with previously reported sensors that were prepared as POM- and/or GO-based films is shown in Table 2. All other composite films were modified with catalyst multilayers or Au NPs, while (PEI/rGO)3-POM films loaded only the POM monolayer catalyst on the ITO substrate, which is the most economical and effortless method. Compared to other sensors, the proposed sensor has a wider linear range than most others. In particular, the minimum linear range is as low as 2 μM, which is lower than all other sensors. Meanwhile, the detection limit of 1.5 μM is lower than most other reports. Its sensitivity of 875 μA mM−1 cm−2 is much higher than that of all other sensors and is even approximately 10 times higher than that of K5[Ru(bpy)3]H4PW18O62/GC (Ammam and Easton, 2012), MWCNTs/[C8Py]-PMo12/GC (Haghighi et al., 2010), (H6/5bppy)5[P2W18O62]/graphite (Tian et al., 2010), and Au NPs@POM-GNSs/GC (Liu et al., 2012). The (PEI/rGO)3-POM response time is much lower than that of the other sensors in Table 2, which is competent for the fast detection of H2O2.
TABLE 2 | Comparison of our as-prepared sensor films and various others for determination of H2O2.
[image: Table 2]3.5 Selectivity, anti-interference, and stability analysis
Selectivity is an important factor for sensors; therefore, the amperometric method was used to investigate the selectivity of (PEI/rGO)3-POM films. As shown in Supplementary Figure S6, with the successive addition of electroactive materials, including 20 μM H2O2, 1 mM methanol, 1 mM ethanol, 1 mM glucose, 1 mM ascorbic acid, and 50 μM H2O2, the i-t curve displayed an obvious amperometric response immediately after the addition of 20 μM H2O2 at 30 s. However, there were no distinct amperometric responses upon the subsequent addition of other interferents, even if their concentrations were 20–50 times that of H2O2. The subsequent addition of 50 μM H2O2 at 180 s led to a proportional current change in the presence of interferents, which reveals the excellent selectivity of (PEI/rGO)3-POM films to H2O2. High stability is one of the most important prerequisites of a sensor. The stability of (PEI/rGO)3-POM films, which were stored in a humid, enclosed environment and not used, was determined by electroactivity measurements at 7, 14, 21, and 28 days, as shown in Supplementary Figure S7. The films retained 99.6%, 96.7%, 94.3%, and 92.1% of their initial amperometric responses. The result indicated that as an electrochemical sensor, (PEI/rGO)3-POM films have long-term storage stability.
4 CONCLUSION
An easy, eco-friendly, and green method using POM as an electrocatalyst to reduce GO LBL films by in situ assisted electroreduction was developed to manufacture (PEI/rGO)n-POM composite films without the use of high temperature or pressure and without noble metals. In this process, GO films were reduced to POM-attracted rGO composite films. rGO restores the conjugated structure of graphene, which greatly promotes the conductivity and electron transport of the films. In the H2O2 catalysis process, POM can directly exchange electrons with PEI/rGO layers, which greatly improves the catalytic activity of (PEI/rGO)n-POM films, whereas for (PEI/GO)n/PEI/POM films manufactured by the LBL assembly method, the POM needs to transfer electrons to the PEI medium before the GO layers. Hence, the in situ assisted electroreduction method can significantly improve the electrocatalytic activity of (PEI/rGO)n-POM films. (PEI/rGO)3-POM films with three PEI/rGO layers exhibit the highest efficiency. (PEI/rGO)3-POM films bearing a POM monolayer exhibited improved current response, high sensitivity, broad linear range, low detection limit, and fast response to H2O2 detection. The excellent electrocatalytic performance of the (PEI/rGO)3-POM films indicated the competitiveness of nanohybrid sensors in H2O2 detection. Furthermore, the in situ assisted electrochemical methodology can be treated as a general approach to explore other rGO-POM nanohybrid films for potential catalytic activities.
5 SUPPORTING INFORMATION
C1s XPS spectra in (PEI/rGO)1-POM (PEI/rGO)2-POM, (PEI/rGO)3-POM (PEI/rGO)4-POM, (PEI/rGO)5-POM, and (PEI/rGO)6-POM composite films (Supplementary Figure S1); fitting of the C 1s peak binding energy of (PEI/rGO)n-POM films with n ranging from 1 to 6 (Supplementary Table S1); cyclic voltammograms of the (PEI/rGO)n-POM films with different layers (Supplementary Figure S2); cyclic voltammograms of the (PEI/GO)n/PEI/POM films with one, three, and five layers, and the (PEI/rGO)n-POM films with 1–6 layers (Supplementary Figure S3); linear correlation plots of peak currents of (PEI/rGO)n-POM films with different layers vs. the concentration of H2O2 (Supplementary Figure S4); linear correlation plots of peak currents of (PEI/GO)n/PEI/POM films with different layers and (PEI/POM)1 films vs. the concentration of H2O2 (Supplementary Figure S5) and amperometric responses of the (PEI/rGO)3-POM films with successive additions of 20 μM H2O2, 1 mM methanol, 1 mM ethanol, 1 mM glucose, 1 mM ascorbic acid, and 50 μM H2O2 at an applied potential of −0.8 V vs. Ag/AgCl (Supplementary Figure S6). Amperometric response of the (PEI/rGO)3-POM film to 1 mM H2O2 at an applied potential of −0.8 V vs. Ag/AgCl at different days (Supplementary Figure S7).
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material; further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
YB: conceived ideas and formulation or evolution of overarching research goals and aims, development or design of the methodology, creation of models, performed the experiments and the data analyses, and wrote the manuscript. ZC: provision of study materials, reagents, and instrumentation. YW: helped perform the analysis with constructive discussions and financial support. LL: helped perform the analysis with constructive discussions and financial support. HW: helped perform the analysis with constructive discussions and financial support. ZL: helped perform the analysis with constructive discussions and financial support. FF: helped perform the analysis with constructive discussions, oversight, and leadership responsibility for research activity planning and execution, management and coordination responsibility for the research activity planning and execution, and financial support. All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.
FUNDING
The study was supported by the following: FF: the National Natural Science Foundation of China (21375083); YW: the Natural Science Foundation of Shanxi (201701D121016); LL: the Science and Technology Achievements Transformation Guide Project of Shanxi province (201804D131041); HW: the Scientific and Technological Innovation Programs of Higher Education Institutions in Shanxi (2019L0758); HW: the Higher Education Technology Innovation Project of Shanxi Province (2019L0750); ZL: the Applied Basic Research Project Fund of Shanxi Province (201901D211434).
ACKNOWLEDGMENTS
The authors acknowledge the financial support from the National Natural Science Foundation of China (21375083), the Natural science Foundation of Shanxi (201701D121016), the Science and Technology Achievements Transformation Guide project of Shanxi province (201804D131041), the Scientific and Technological Innovation Programs of Higher Education Institutions in Shanxi (2019L0758), the Higher Education Technology Innovation Project of Shanxi Province (2019L0750), and the Applied Basic Research Project Fund of Shanxi Province (201901D211434).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fchem.2023.1199135/full#supplementary-material
REFERENCES
 Ahmed, T., Asghar, M. A., Ali, A., Akhter, Z., Ali, S., Ullah, I., et al. (2022). High-nuclearity cobalt(II)-containing polyoxometalate anchored on nickel foam as electrocatalyst for electrochemical water oxidation studies. J. Alloys Compd. Interdiscip. J. Mater. Sci. Solid-state Chem. Phys. 909, 164709. doi:10.1016/j.jallcom.2022.164709
 Ammam, M., and Easton, E. B. (2012). Novel organic–inorganic hybrid material based on tris(2,2'-bipyridyl)dichlororuthenium(II) hexahydrate and Dawson-type tungstophosphate K 7 [H 4 PW 18 O 62 ]·18H 2 O as a bifuctional hydrogen peroxide electrocatalyst for biosensors. Sensors Actuators B Chem. 161, 520–527. doi:10.1016/j.snb.2011.10.070
 Bao, Y., Li, Z., Wang, H., Li, N., Pan, Q., Li, J., et al. (2020). Electrochemical reduction-assisted in situ fabrication of a graphene/Au Nanoparticles@polyoxometalate nanohybrid film: High-performance electrochemical detection for uric acid: High performance electrochemical detection for uric acid. Langmuir 36, 7365–7374. doi:10.1021/acs.langmuir.0c00893
 Barbut, F., Menuet, D., Verachten, M., and Girou, E. (2009). Comparison of the efficacy of a hydrogen peroxide dry-mist disinfection system and sodium hypochlorite solution for eradication of Clostridium difficile spores. Infect. Control Hosp. Epidemiol. 30, 507–514. doi:10.1086/597232
 Beitollahi, H., Tajik, S., and Biparva, P. (2014). Electrochemical determination of sulfite and phenol using a carbon paste electrode modified with ionic liquids and graphene nanosheets: Application to determination of sulfite and phenol in real samples. Measurement 56, 170–177. doi:10.1016/j.measurement.2014.06.011
 Bi, L. H., Zhou, W. H., Jiang, J. G., and Dong, S. J. (2008). Synthesis, characterization of magnesium-substituted tungstoarsenate, [As2W15Mg3O62]18- [As2W15Mg3O62]18- mathContainer Loading Mathjax, and its electrochromism. J. Electroanal. Chem. 624, 269–274. doi:10.1016/j.jelechem.2008.09.019
 Bolotin, K. I., Sikes, K. J., Jiang, Z., Klima, M., Fudenberg, G., Hone, J., et al. (2008). Ultrahigh electron mobility in suspended graphene. Solid State Commun. 146, 351–355. doi:10.1016/j.ssc.2008.02.024
 Chang, H., and Wu, H. (2013). Graphene-based nanomaterials: Synthesis, properties, and optical and optoelectronic applications. Adv. Funct. Mat. 23, 1984–1997. doi:10.1002/adfm.201202460
 Chen, H., Zhang, Z., Cai, D., Zhang, S., Zhang, B., Tang, J., et al. (2011). A hydrogen peroxide sensor based on Ag nanoparticles electrodeposited on natural nano-structure attapulgite modified glassy carbon electrode. Talanta 86, 266–270. doi:10.1016/j.talanta.2011.09.011
 Clifford, D. P., and Repine, J. E. (1982). Hydrogen peroxide mediated killing of bacteria. Mol. Cell. Biochem. 49, 143–149. doi:10.1007/bf00231175
 Du, W., Qi, S., Zhu, Y., Sun, P., Zhu, L., and Jiang, X. (2015). A simple and practical route to prepare useable pristine graphene for electrochemical applications. Chem. Eng. J. 262, 658–664. doi:10.1016/j.cej.2014.10.022
 Fan, H., Yan, L., Dan, W., Ma, H., Mao, K., Fan, D., et al. (2012). Electrochemical bisphenol A sensor based on N-doped graphene sheets. Anal. Chim. Acta. 711, 24–28. doi:10.1016/j.aca.2011.10.051
 Feldman, F. J., and Bosshart, R. E. (2002). Direct coulometric titration of hydrogen peroxide with electrogenerated hypobromite. Anal. Chem. 38, 1400–1401. doi:10.1021/ac60242a026
 Finkel, T., and Holbrook, N. J. (2000). Oxidants, oxidative stress and the biology of ageing. Nature 408, 239–247. doi:10.1038/35041687
 Geim, K., A. (2009). Graphene: Status and prospects. Science 324, 1530–1534. doi:10.1126/science.1158877
 Gilje, S., Han, S., Wang, M., Wang, K. L., and Kaner, R. B. (2007). A chemical route to graphene for device applications. Nano Lett. 7, 3394–3398. doi:10.1021/nl0717715
 Gómez-Navarro, C., Meyer, J. C., Sundaram, R. S., Chuvilin, A., Kaiser, U., Burghard, M., et al. (2010). Atomic structure of reduced graphene oxide. Nano Lett. 10, 1144–1148. doi:10.1021/nl9031617
 Guo, S. X., Liu, Y. p., Lee, C. Y., Bond, A. M., Zhang, J., Geletii, Y. V., et al. (2013). Graphene-supported [{Ru4O4(OH)2(H2O)4}(γ-SiW10O36)2]10− for highly efficient electrocatalytic water oxidation. Energy Environ. Sci. 6, 2654–2663. doi:10.1039/c3ee41892h
 Haghighi, B., Hamidi, H., and Gorton, L. (2010). Formation of a robust and stable film comprising ionic liquid and polyoxometalate on glassy carbon electrode modified with multiwalled carbon nanotubes: Toward sensitive and fast detection of hydrogen peroxide and iodate. Electrochim. Acta. 55, 4750–4757. doi:10.1016/j.electacta.2010.03.041
 Halliwell, B., and Aruoma, O. I. (1991). DNA damage by oxygen-derived species its mechanism and measurement in mammalian systems. FEBS Lett. 281, 9–19. doi:10.1016/0014-5793(91)80347-6
 Heng-Chia, C., and Ho, JA. (2015). Gold nanocluster-assisted fluorescent detection for hydrogen peroxide and cholesterol based on the inner filter effect of gold nanoparticles. Anal. Chem. 87, 10362–10367. doi:10.1021/acs.analchem.5b02452
 Hui, Z., Anjian, X., Yuhua, S., Lingguang, Q., and Xingyou, T. (2012). Layer-by-layer inkjet printing of fabricating reduced graphene-polyoxometalate composite film for chemical sensors. Phys. Chem. Chem. Phys. Pccp 14, 12757–12763. doi:10.1039/c2cp41561e
 Jiménez-Pérez, R., Iniesta, J., Baeza-Romero, M. T., and Valero, E. (2021). On the performance of carbon-based screen-printed electrodes for (in) organic hydroperoxides sensing in rainwater. Talanta 234, 122699. doi:10.1016/j.talanta.2021.122699
 Kafi, A. K. M., Wu, G., and Chen, A. (2009). A novel hydrogen peroxide biosensor based on the immobilization of horseradish peroxidase onto Au-modified titanium dioxide nanotube arrays. Biosens. Bioelectron. 24, 566–571. doi:10.1016/j.bios.2008.06.004
 Kauffman, D. R., and Star, A. (2010). Graphene versus carbon nanotubes for chemical sensor and fuel cell applications. Analyst 135, 2790–2797. doi:10.1039/c0an00262c
 Levitz, S. M., and Diamond, R. D. (1984). Killing of Aspergillus fumigatus spores and Candida albicans yeast phase by the iron-hydrogen peroxide-iodide cytotoxic system: Comparison with the myeloperoxidase-hydrogen peroxide-halide system. Infect. Immun. 43, 1100–1102. doi:10.1128/iai.43.3.1100-1102.1984
 Li, H. L., and Bubeck, C. (2013). Photoreduction processes of graphene oxide and related applications. Macromol. Res. 21, 290–297. doi:10.1007/s13233-013-1139-x
 Li, H. L., Pang, S. P., Feng, X. L., Müllen, K., and Bubeck, C. (2010). Polyoxometalate assisted photoreduction of graphene oxide and its nanocomposite formation. Chem. Commun. 46, 6243–6245. doi:10.1039/c0cc01098g
 Li, H. L., Pang, S. P., Wu, S., Feng, X. L., Müllen, K., and Bubeck, C. (2011). Layer-by-layer assembly and UV photoreduction of graphene-polyoxometalate composite films for electronics. J. Am. Chem. Soc. 133, 9423–9429. doi:10.1021/ja201594k
 Li, S., Liu, R., Biboum, R. N., Lepoittevin, B., Zhang, G., Dolbecq, A., et al. (2013). First examples of hybrids based on graphene and a ring-shaped macrocyclic polyoxometalate: Synthesis, characterization, and properties. Eur. J. Inorg. Chem. 2013, 1882–1889. doi:10.1002/ejic.201201218
 Liang, Y., Frisch, J., Zhi, L., Norouzi-Arasi, H., Feng, X., Rabe, J. P., et al. (2009). Transparent, highly conductive graphene electrodes from acetylene-assisted thermolysis of graphite oxide sheets and nanographene molecules. Nanotechnology 20, 434007. doi:10.1088/0957-4484/20/43/434007
 Liu, C., Wang, K., Luo, S., Tang, Y., and Chen, L. (2011). Direct electrodeposition of graphene enabling the one-step synthesis of graphene–metal nanocomposite films. Small 7, 1203–1206. doi:10.1002/smll.201002340
 Liu, R., Li, S., Yu, X., Zhang, G., Ma, Y., and Yao, J. (2011). Facile synthesis of a Ag nanoparticle/polyoxometalate/carbon nanotube tri-component hybrid and its activity in the electrocatalysis of oxygen reduction. J. Mat. Chem. 21, 14917–14924. doi:10.1039/c1jm12270c
 Liu, R. J., Li, S. W., Yu, X. L., Zhang, G. J., Zhang, S. J., Yao, J. N., et al. (2012). Facile synthesis of Au-nanoparticle/polyoxometalate/graphene tricomponent nanohybrids: An enzyme-free electrochemical biosensor for hydrogen peroxide. Small 8, 1398–1406. doi:10.1002/smll.201102298
 Lu, K., Ma, H., Yan, Y., Pang, H., Song, Y., and Di, Z. (2013). Study on amperometric sensing performance of a crown-shaped phosphotungstate-based multilayer film. Sensors Actuators B Chem. 177, 270–278. doi:10.1016/j.snb.2012.10.126
 Mak, K. F., Sfeir, M. Y., Wu, Y., Lui, C. H., Misewich, J. A., and Heinz, T. F. (2008). Measurement of the optical conductivity of graphene. Phys. Rev. Lett. 101, 196405. doi:10.1103/physrevlett.101.196405
 Meng, F., Yan, X., Liu, J., Jun, G. U., and Zou, Z. (2011). Nanoporous gold as non-enzymatic sensor for hydrogen peroxide. Electrochim. Acta. 56, 4657–4662. doi:10.1016/j.electacta.2011.02.105
 Miao, Z., Zhang, D., and Chen, Q. (2014). Non-enzymatic hydrogen peroxide sensors based on multi-wall carbon nanotube/Pt nanoparticle nanohybrids. Materials 7, 2945–2955. doi:10.3390/ma7042945
 Moon, I. K., Lee, J., Ruoff, R. S., and Lee, H. (2010). Reduced graphene oxide by chemical graphitization. Nat. Commun. 1, 73. doi:10.1038/ncomms1067
 Müller, A., Peters, F., Pope, M. T., and Gatteschi, D. (1998). Polyoxometalates: Very large clusters-nanoscale magnets. Chem. Rev. 98, 239–272. doi:10.1021/cr9603946
 Othmani, A., Kouki, Z., Kouass, S., Touati, F., and Dhaouadi, H. (2021). A highly sensitive hydrazine and hydrogen peroxide non-enzymatic sensor based on CuO nanoplatelets. J. Mater. Sci. Mater. Electron. 32, 3566–3576. doi:10.1007/s10854-020-05103-x
 Paolo, M. L. D., Scarpa, M., and Rigo, A. (1994). A senstive spectrophotometry-based mehtod for the determination of the rate of hydrogen peroxide generation in biological systems. J. Biochem. Biophys. Methods. 28, 205–214. doi:10.1016/0165-022x(94)90017-5
 Peng, W., Li, S., and Kan, J. (2009). A hydrogen peroxide biosensor based on polyaniline/FTO. Sensors Actuators B Chem. 137, 662–668. doi:10.1016/j.snb.2008.12.055
 Pericone, C. D., Overweg, K., Hermans, P. W. M., and Weiser, J. N. (2000). Inhibitory and bactericidal effects of hydrogen peroxide production by Streptococcus pneumoniae on other inhabitants of the upper respiratory tract. Infect. Immun. 68, 3990–3997. doi:10.1128/iai.68.7.3990-3997.2000
 Pope, M. T., and Müller, A. (2001). Polyoxometalate Chemistry from topology via self-assembly to applications. Berlin, Germany: Springer. 
 Prasongporn, R., Eakkasit, P., Orawon, C., and Chuanuwatanakul, S. (2017). Graphene oxide-modified electrode coated with in-situ antimony film for the simultaneous determination of heavy metals by sequential injection-anodic stripping voltammetry. Electroanalysis 29, 1022–1030. doi:10.1002/elan.201600568
 Richard, G. F., Michael, W. D., and Peter, J. D. (1987). Trivacant heteropolytungstate derivatives. 3. Rational syntheses, characterization, two-dimensional tungsten-183 NMR, and properties of tungstometallophosphates P2W18M4(H2O)2O6810- and P4W30M4(H2O)2O11216- (M = cobalt, copper, zinc). Inorg. Chem. 26, 3886–3896. doi:10.1021/ic00270a014
 Suo, L., Gao, W. M., Du, Y., Wang, R. Q., Wu, L. X., and Bi, L. H. (2016). Preparation of polyoxometalate stabilized gold nanoparticles and composite assembly with graphene oxide: Enhanced electrocatalytic performance. New J. Chem. 40, 985–993. doi:10.1039/c5nj01983d
 Tao, Y., Ju, E., Ren, J., and Qu, X. (2014). Polypyrrole nanoparticles as promising enzyme mimics for sensitive hydrogen peroxide detection. Chem. Commun. 50, 3030–3032. doi:10.1039/c4cc00328d
 Tian, A., Han, Z., Dr, J. P., Zhai, J., and Zhao, Y. (2010). Inorganic-organic microporous solid of wells-dawson type polyoxometalate: Synthesis, characterization, and electrochemical properties. Z. Fã¼r Anorg. Und Allg. Chem. 633, 495–503. 
 Xi, F., Zhao, D., Wang, X., and Chen, P. (2013). Non-enzymatic detection of hydrogen peroxide using a functionalized three-dimensional graphene electrode. Electrochem. Commun. 26, 81–84. doi:10.1016/j.elecom.2012.10.017
 Xiang, Y., Lu, S., and Jiang, S. P. (2012). Layer-by-layer self-assembly in the development of electrochemical energy conversion and storage devices from fuel cells to supercapacitors. Chem. Soc. Rev. 41, 7291–7321. doi:10.1039/c2cs35048c
 Xu, B. B., Xu, L., Gao, G. G., Guo, W. H., and Liu, S. P. (2009). Effects of film structure on electrochromic properties of the multilayer films containing polyoxometalates. J. Colloid Interface Sci. 330, 408–414. doi:10.1016/j.jcis.2008.10.064
 Xuan, X., Hossain, M. D. F., and Park, J. Y. (2016). Solvothermal-assisted, reduced-graphene-oxide-modified bismuth electrode for an electrochemical heavy-metal-ion sensor. J. Nanosci. Nanotechnol. 16, 11421–11424. doi:10.1166/jnn.2016.13521
 Yamase, T. (1998). Photo- and electrochromism of polyoxometalates and related materials. Chem. Rev. 98, 307–326. doi:10.1021/cr9604043
 Yao, S., Xu, J., Wang, Y., Chen, X., Xu, Y., and Hu, S. (2005). A highly sensitive hydrogen peroxide amperometric sensor based on MnO2 nanoparticles and dihexadecyl hydrogen phosphate composite film. Anal. Chim. Acta. 557, 78–84. doi:10.1016/j.aca.2005.10.052
 Yu, A., Park, H. W., Davies, A., Higgins, D. C., Chen, Z., and Xiao, X. (2011). Free-standing layer-by-layer hybrid thin film of graphene-MnO2 nanotube as anode for lithium ion batteries. J. Phys. Chem. Lett. 2, 1855–1860. doi:10.1021/jz200836h
 Zhang, R., and Chen, W. (2017). Recent advances in graphene-based nanomaterials for fabricating electrochemical hydrogen peroxide sensors. Biosens. Bioelectron. 89, 249–268. doi:10.1016/j.bios.2016.01.080
 Zhang, J., Li, D., Liu, G., Glover, K. J., and Liu, T. B. (2009). Lag periods during the self-assembly of {Mo(72)Fe(30)} macroions: Connection to the virus capsid formation process. J. Am. Chem. Soc. 131, 15152–15159. doi:10.1021/ja903548m
 Zhang, Q. Q., Xu, X., Li, H., Xiong, G. P., Hu, H., and Fisher, T. S. (2015). Mechanically robust honeycomb graphene aerogel multifunctional polymer composites. Carbon 93, 659–670. doi:10.1016/j.carbon.2015.05.102
 Zhang, X., Li, K., Li, H., Lu, J., Fu, Q., and Zhang, L. (2016). Hydrothermal synthesis of cobalt oxide porous nanoribbons anchored with reduced graphene oxide for hydrogen peroxide detection. J. Nanopart. Res. 18, 232. doi:10.1007/s11051-016-3544-5
 Zhang, X., Bao, Y., Bai, Y., Chen, Z., Li, J., and Feng, F. (2019). In situ electrochemical reduction assisted assembly of a graphene-gold nanoparticles@polyoxometalate nanocomposite film and its high response current for detection of hydrogen peroxide. Electrochim. Acta. 300, 380–388. doi:10.1016/j.electacta.2019.01.084
 Zhang, L., Chen, F., Ren, G., and Wang, Z. (2022). Hydrogen peroxide electrochemical sensor based on gold nanoparticles modified with nitrogen-doped and nanoperforated graphene nanozymes. Funct. Mater. Lett. 15, 2250004. doi:10.1142/s1793604722500047
 Zhu, Y., Murali, S., Cai, W., Li, X., Ji, W. S., Potts, J. R., et al. (2010). Graphene and graphene oxide: Synthesis, properties, and applications. Cheminform 22, 3906–3924. doi:10.1002/adma.201001068
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Bao, Chen, Wang, Liu, Wang, Li and Feng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fchem-11-1199135-g005.gif





OPS/images/fchem-11-1199135-g006.gif





OPS/images/fchem-11-1199135-g003.gif
T s"é]% ;






OPS/images/fchem-11-1199135-g004.gif





OPS/images/math_qu1.gif





OPS/images/fchem-11-1199135-t001.jpg
Composite film

 (PEI/FGO),-POM
‘ (PEI/GO),/PEI/POM
‘ (PEI/rGO);-POM
‘ (PEI/GO),/PEI/POM
(PEIFGO), POM

 (PEI/GO)5/PEI/POM

Absorbance
0078
0.145
0.141
0255
0136

0243

Surface coverage

621x10"
11.5x10"
11.2x10"
20.3x10"
10.8x10"

19.4x10"

Area per anion
161
087
089
049
093

052






OPS/images/fchem-11-1199135-t002.jpg
Electrode Linear Detection Sensitivity (HA/ Response Reference

range (UM) limit (M) mM cm) time (s)

(PEI/rGO);-POM/ITO 2-6,500 15 875 1 This work

(PEL(P Wy chitossn)ITO 25-2,300 | 13 [ 530 5 Lu et al. (2013)
Ks[Ru(bpy)s|H;PW 3052/ GC | 500-90000 05 [ 78 5 Ammam and Easton

(2012)

MWCNTS/[CqPy]-PMo,,/GC 20-800 12 [ 81 | 2 | Haghighi et al. (2010)
(Hgsbppy)s[PaW 14Oz )/Graphite | 20-2,200 13 27 4 Tian et al. (2010)
TiTIO2/Au/HRP/GC s | 2 | ~107.9 | 5 Kafi et al. (2009)
(PDDA/Au@P;W 3,/PDDA/ 400-3,200 35 2209 >20 Suo et al. (2016)
GO)/ITO
Au NPs@POM-GNSS/GC 5-18000 154 58.87 25 Liu et al. (2012)
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