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Abstract
A new type of composite metal–organic framework (Fe3O4@Au/MOF) nanoparticle was prepared by self-assembly method, 
which had the recyclability of Fe3O4 magnetic particles (Fe3O4NPs) and the advantage of gold nanoparticles (AuNPs) 
that could accelerate electron transfer. In addition, the mimic enzyme activity of Fe3O4@Au/MOF has been significantly 
increased because of the presence of Fe3O4NPs and AuNPs. Then physical and chemical characterization of the composite 
nanoparticle was carried out through advanced technologies, such as Fourier transform infrared spectroscopy, transmis-
sion electron microscope and X-ray photoelectron spectroscopy. Finally, based on the peroxidase-like activity enhanced 
by Fe3O4@Au/MOF composite nanoparticle, a highly specific enzyme-free electrochemical sensor was prepared for the 
detection of p-aminophenol. The results showed that the optimal catalytic system was the reaction temperature of 50 °C, the 
addition amount of Fe3O4@Au/MOF of 0.005 g, scanning rate of 0.1 V s−1, and buffer solution pH 5. The working curve 
equation is |Ipa|= 2.7372C + 2.1068, R2 was 0.9952, and the minimum detection limit was 0.38 μmol L−1 (S/N = 3) when the 
p-aminophenol concentration was located in the range of 0.1–10 mmol L−1. The detection system possessed an excellent 
recovery rate and anti-interference. In addition, the proposed method was validated to determine p-aminophenol in water 
samples with satisfactory results.
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1  Introduction

P-aminophenol, also named 4-aminophenol (4-AP), 
belongs to the phenolic compound, a widely used indus-
trial raw material and an important intermediate of fine 
chemicals [1]. Meanwhile, p-aminophenol is a significant 
impurity present in the paracetamol containing pharma-
ceuticals [2, 3]. Thus, the decomposition of paracetamol 
could lead to the formation of p-aminophenol. In addition, 
p-aminophenol always is widely used in various fields, 
such as petroleum, rubber, photography, feeding stuff, sul-
fur, and azo dyes [4, 5]. Thus, there is a high possibility to 
contaminate the environment, especially the water bodies 
with p-aminophenol [6, 7]. What’s more, p-aminophenol is 
harmful to humans due to its nephrotoxic, teratogenic, and 
mutagenic effects and DNA cleavage in living organisms 
[8]. Thus, it is a necessity to establish a fast, sensitive, 
simple, and economical analytical method for detecting 
p-aminophenol in the water bodies, which is of great sig-
nificance for environmental protection and human health. 
At present, the detection methods of p-aminophenol 
mainly include chromatography [9], spectrophotometry 
[10, 11], capillary electrophoresis [12, 13], fluorescence 
analysis [14], and colorimetry [15, 16]. However, all these 

instrumentation techniques are expensive, time-consum-
ing laboratory processes, difficult detection procedures 
and need well-equipped skilled persons. Compared to the 
above method, the electrochemical analysis has the advan-
tages of simple detection, high sensitivity, low detection 
cost, and real-time monitoring [17, 18]. Therefore, it is a 
good method for the detection of p-aminophenol.

Compared with the natural enzymes that are prone to 
inactivation, artificially synthesized materials with enzyme-
like activity instead of natural enzymes have attracted wide-
spread attention [19]. Among them, metal–organic frames 
(MOFs) are considered to be ideal materials for simulating 
enzymes [20]. The metal–organic framework is a nanohy-
brid material with a porous network structure formed by the 
self-assembly of metal ions or metal clusters and organic 
ligands through coordination bonds [21]. The metal clusters 
or metal ions in MOFs are generally transitioning metal ions 
and lanthanide ions, while organic ligands usually contain 
functional groups, such as pyridine and cyano groups, crown 
ethers, polyamines, phosphonates, and carboxylates. These 
functional groups act as a bridge connecting metal ions in 
MOFs [22].

In recent years, the research of metal–organic frame-
work as mimic enzymes has received more and more 
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attention. Compared with natural enzymes, MOFs have 
obvious advantages, such as low cost, stable structure, 
easy storage, and adjustable activity [23]. However, com-
pared with other composite MOFs, single MOFs exhibit 
poorer enzymatic activity. Therefore, other nanomate-
rials are usually added on the basis of single MOFs to 
prepare composite MOFs to improve enzymatic activity 
[24]. Among many nanomaterials, Fe3O4 magnetic parti-
cles and gold nanoparticles have peroxidase-like activity 
[25, 26]. Adding to the MOFs could significantly increase 
the peroxidase-like activity of composite nanoparticles. In 
addition, Fe3O4, as a biocompatible magnetic material, can 
be recycled and reused by magnets [27, 28]. Gold nanopar-
ticles can amplify and accelerate electron transfer through 
tuning signals, greatly enhancing the sensitivity and selec-
tivity of electrochemical sensors [29, 30]. Therefore, com-
posing of Fe3O4 magnetic particles and gold nanoparticles 
combined and single MOFs, nanoparticle composite mate-
rials have all the advantages of these materials, which they 
can be more widely used. The previous research results of 
our team showed that Fe3O4 magnetic particles and gold 
nanoparticles have good peroxidase-like activity and cata-
lytic performance, so they are chosen to be added to the 
metal–organic framework [31–33].

In this paper, the copper-based metal–organic frame-
work (Fe3O4@Cu-MOF) was synthesized by dispersing 
Fe3O4 magnetic particles and transition metal copper ions 

(Cu2+) in a two-dimensional network structure formed by 
terephthalic acid (PTA). The metal–organic framework 
mimic enzyme (Fe3O4@Au/MOF) with enzymatic-like 
activity was prepared after gold nanoparticles (AuNPs) 
were embedded in the network structure. There are previ-
ous studies reported to illustrate that H2O2 can be catalyzed 
due to the mechanism of Cu-MOF with exposed active sites. 
However, compared to monometallic–organic frameworks, 
composite metal–organic frameworks incorporating multi-
metal elements have better enzyme-like activities. There-
fore Fe3O4 magnetic particles and AuNPs were added on 
the basis of Cu-MOF to make Fe3O4@Au/MOF possess 
multiply enhanced peroxidase-like activity. In addition, due 
to the network structure of Cu-MOF, it can be effective as a 
support to prevent the activity decrease resulting from metal 
particle aggregation. In Fe3O4@Au/MOF, Fe3O4 magnetic 
particles not only function in enhancing enzyme-like activity 
but also allow Fe3O4@Au/MOF to be recycled for reuse due 
to its magnetism. Similarly, in the Fe3O4@Au/MOF, AuNPs 
not only play the role of peroxidase-like enzymes but can 
also tune the signal to make the sensor sensitive to capture 
the transfer of electrons from the system. As shown in Fig. 1, 
it described the working principle of the electrochemical 
method for p-aminophenol detection based on Fe3O4@Au/
MOF peroxidase-like mimetic catalytic activity. Fe3O4@Au/
MOF catalyzed the decomposing H2O2 to release hydroxyl 
radicals with oxidative activity, which further accelerated 

Fig. 1   Schematic illustration of the enhanced electrochemical detection of p-Aminophenol based on the Fe3O4@Au/MOF
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the oxidation reaction of electrochemical signal substance 
p-aminophenol on the surface of the glassy carbon electrode, 
thereby increasing the movement of charges in the system. 
Based on this principle, a Fe3O4@Au/MOF mimic enzyme-
enhanced electrochemical p-aminophenol detection system 
was constructed. Finally, it was successfully used for the 
detection of p-aminophenol in water samples. In addition, 
electrochemical sensors based on Fe3O4@Au/MOF pos-
sessed the advantages of sensitivity, high efficiency, good 
selectivity, and high stability. Due to the recyclability of 
Fe3O4@Au/MOF, the sensor also exposed the advantage of 
low cost. Therefore, the current work provided an effective 
p-aminophenol measurement method, which could broaden 
the application prospects in the fields of environmental anal-
ysis and biomedicine.

2 � Experimental

2.1 � Reagents and instruments

P-aminophenol was obtained from Guangfu Fine Chemi-
cal Research Institute. (Tianjin, China). Ferric chloride 
hexahydrate (FeCl3·6H2O), ethylene glycol (C2H6O2), ace-
tic acid sodium salt trihydrate (NaAc·3H2O), Chloroauric 
acid (HAuCl4), and Copper sulfate (CuSO4) were all pur-
chased from Kemiou Chemical Reagent Co., Ltd. (Tian-
jin, China). Polyvinylpyrrolidone (PVP) and polyethylene 
glycol (PEG-4000) were all sourced from Gongbike New 
Material Technology Co., Ltd. (Shanghai, China). N,N-
dimethylformamide (DMF) was purchased from Yubo 
Biochemical Co., Ltd. (Luohe, China). Terephthalic acid 
(H2BDC) was obtained from Oen Ruisi Chemical Reagent 
Co., Ltd. (Chengdu, China). Sodium borohydride (NaBH4) 
was sourced from Hongrui Chemical Co., Ltd. (Shanghai, 
China). 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic 
acid) (ABTS) was obtained from Shanghai Aladdin Bio-
Chem Technology Co., Ltd (Shanghai, China). All the chem-
icals used were of analytical grade and used as received. 
Acetic acid and sodium acetate were used to configure the 
buffer solution that was required in the reaction. The buffer 
solution with a total concentration of 1 mol L−1 was pre-
pared according to the ionization equation of acetic acid and 
sodium acetate and the calculation formula of pH. The pH 
value was changed by adjusting the volume of acetic acid 
and the mass of sodium acetate.

P-aminophenol is detected by a CHI660E electrochemi-
cal workstation (Shanghai Chenhua Instrument Co., Ltd., 
China), which is equipped with a three-electrode cell was 
used for the electrochemical characterization and sens-
ing applications, including a bare glass carbon electrode 
(GCE) with a diameter of 5 mm as the working electrode, a 

platinum electrode as the counter electrode, and the silver 
electrode (Ag/AgCl) as a reference electrode. During the 
experiment, the buffer solution added to the electrochemical 
cell was 10 mL.

The metal–organic framework was synthesized in an 
YH-1019 hydrothermal reactor (Henan Yuhua Instrument 
Technology Co., Ltd., China). The appearance character-
istics and particle size of the nanoparticles were exposed 
on the F200X S transmission electron microscope (TEM) 
image (Oubotong Optical Technology Co., Ltd., Beijing). 
The bonds between the molecules were recorded on the 
EDK 9500 Fourier Transform Infrared (FT-IR) spectrometer 
(Duke Tech, Beijing) and X-ray photoelectron spectroscopy 
(XPS).

2.2 � Synthesis of Fe3O4@Au/MOF

Firstly, the preparation of Fe3O4 nanoparticles by hydrother-
mal method referred to a document with minor modification 
[32]. Adding 3 g FeCl3·6H2O, 6.3 g NaAc·3H2O, and 1.8 g 
PEG-4000 to a beaker containing 80 mL ethylene glycol. 
Pouring the homogeneous mixed solution into a hydrother-
mal reaction kettle after thoroughly shaking for 30 min and 
keeping it at 200 °C for 8 h. After cooling at room tempera-
ture, washed with ethanol and deionized water until pure and 
dried to constant weight.

Fresh orange peel was used as the material to prepare 
gold nanoparticles using a modified green reduction method 
[33], soaked 20 g of chopped orange peels in deionized 
water at 80 °C for 1 h and then centrifuged the filtrate at 
3500 r min−1 for 5 min to obtain the supernatant. Diluted the 
supernatant with deionized water to obtain an orange peel 
backup solution and stored it at 4 °C. 20 mL of pre-cooled 
4 °C chloroauric acid was placed in a beaker by stirring 
evenly using a magnetic stirrer and quickly added 5 mL of 
orange peel backup solution into the beaker. With the con-
tinuous increase of the stirring speed, the color of the system 
changed from yellow to wine red. The reactions were com-
pleted when the color does not change within 30 min. It is 
worth noting that the synthesized nanogold solution needs 
to be stored at 4 °C.

At last, 2 g of synthesized Fe3O4 nanoparticles and 10 mL 
of standard ethanol solution were thoroughly mixed in a 
shaker for 30 min. Then add 3 g of polyvinylpyrrolidone 
(PVP), 20 mL of standard ethanol solution, and 45 mL of 
N,N-dimethylformamide (DMF) in it and perform ultrasonic 
treatment for 45 min. After that, 10 mL of the bivalent cop-
per ion standard solution and 2 g of terephthalic acid powder 
were added and fully reacted with shaking in a shaker for 
30 min. The mixed solution was placed in a high-tempera-
ture hydrothermal reactor at 200 °C for 6 h. The standard 
ethanol solution and distilled water were used for multiple 
pieces of washing of the mixed solution until the washing 
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water became clear. Finally, the cleaned metal–organic 
frame (Fe3O4@Cu-MOF) was placed in a drying box and 
dried to a constant weight. After Fe3O4@Cu-MOF was ultra-
sonically dispersed in 5 mL of distilled water, 5 mL of gold 
nanoparticle solution was added to it, and placed in a shaker 
for 6 h. Then 10 mL of sodium borohydride aqueous solution 
with a concentration of 0.1 mol L−1 was added and sonicated 
for 45 min. Finally, distilled water was used to wash it and 
Fe3O4@Au/MOF two-dimensional magnetic metal–organic 
framework was obtained after drying to constant weight.

2.3 � Verification of Fe3O4@Au/MOF mimic enzyme 
activity

Five different reaction systems were prepared to 
verify the mimics enzyme activity of Fe3O4@Au/
MOF in the electrochemical system: (a) buffer solu-
tion + H2O2 + Fe3O4@Au/MOF; (b) buffer solu-
tion + 4-AP; (c) buffer solution + 4-AP + Fe3O4@Au/MOF; 
(d) buffer solution + H2O2 + 4-AP; and (f) buffer solu-
tion + H2O2 + 4-AP + Fe3O4@Au/MOF. The CV method 
was used to monitor the change of (a) → (f) oxidation peak 
current.

Then, the kinetics of the catalytic reaction of Fe3O4@Au/
MOF was further studied by colorimetric method. Changed 
the concentration of substrate H2O2 (0–50 mmol L−1) and 
ABTS (0.1–2.0 mmol L−1) to collect absorbance data. The 
maximum absorption wavelength of ABTS is 420 nm. The 
enzyme-like kinetics of Fe3O4@Au/MOF was evaluated by 
the steady-state kinetics method and constructed double the 
reciprocal curve to calculate the reaction kinetic parameters. 
According to the obtained data, the Lineweaver–Burk dia-
gram is made and calculated the Michaelis constant by the 
formula of 1/V0 = Km/Vmax (1/[S] + 1/Km).

2.4 � Electrochemical detection of p‑aminophenol

P-aminophenol detection was done as follows: (a) 0.1 g of 
Fe3O4@Au/MOF powder and 600 μL of H2O2 (50 mmol 
L−1) in HAC-NaAC buffer solution (pH = 5) were reacted at 
50 °C for 5 min. (b) The reaction was initiated by the addi-
tion of 400μL of p-aminophenol (1 mmol L−1). (c) The oxi-
dation–reduction reaction of p-aminophenol sensing on the 
surface of the GCE was performed by recording the cyclic 
voltammograms at a scan rate of 0.1 V s−1 in the potential 
range of 0–0.5 V.

Investigated the influence of four factors on the detection 
system of p-aminophenol to obtain the best detection sys-
tem, including temperature (20, 30, 40, 50 and 60 °C), pH 
value (4, 5, 6, 7 and 8), scan rate (0.02, 0.04, 0.06, 0.08 and 
0.1 V s−1) and Fe3O4@Au/MOF addition amount (0.0025, 
0.0050, 0.0075, 0.01 and 0.0125  g). Under optimized 
conditions, researched the electrochemical behavior of 

p-aminophenol on the surface of the glassy carbon electrode 
from the concentration of 0.1–10 mmol L−1 and established 
the work curve of p-aminophenol with the concentrations as 
the abscissa and |Ipa| as the ordinate. Furthermore, based on 
the p-aminophenol working curve, the LOD and recovery 
rate of the detection system were calculated. Then under the 
best detection system, the interference of several common 
substances in the water on the electrochemical detection sys-
tem was investigated.

2.5 � Real sample analysis

The p-aminophenol was quantified in laboratory tap water 
samples by addition and recovery experiments. Detected 
the |Ipa| of tap water samples with three different concentra-
tions of p-aminophenol standard solutions respectively. The 
results of the detection of p-aminophenol by electrochemi-
cal method and high-performance liquid chromatography 
(HPLC) were compared and then repeated the experiment to 
determine the recovery rate of standard addition and evalu-
ate the detection system’s accuracy.

3 � Results and discussion

3.1 � Characterization of Fe3O4@Au/MOF

The morphology of Fe3O4@Au/MOF was observed by TEM 
(Fig. 2). Figure 2 shows the TEM images of Fe3O4@Au/
MOF metal–organic framework at different resolutions. The 
images revealed that the average particle size of the nano-
particles was 8–15 nm and the diameter of the large clus-
ters composed of scattered spheres with rough surfaces was 
about 600 nm. According to the comparison of Fig. 2b and c, 
it is found that the magnetic particles and gold nanoparticles 
are dispersed in the clusters without aggregation, indicating 
that the copper-based metal–organic framework can effec-
tively isolate the aggregation between large metal particles. 
Meanwhile, magnetic particles and gold nanoparticles were 
successfully combined with copper-based metal–organic 
frameworks, which enhanced the catalytic activity of the 
composite nanoparticles.

XPS was used further to analyze the composition of 
Fe3O4@Au/MOF. In the XPS spectrum, the three prominent 
peaks were Fe 2p, Au 4f, and Cu 2p, respectively. The high-
resolution XPS spectrum of Fe 2p contained two binding 
energies, 710.55 and 724.32 eV, respectively (Fig. 3). These 
two binding energies represented the bimodal Fe 2P3/2 and 
Fe 2P1/2, which were characteristic of Fe3O4 magnetic parti-
cles (Fig. 3a). The spectrum of Au 4f region can be observed 
at 93.55 eV, which indicates that AuNPs maintain a metallic 
state in the system solution (Fig. 3b) [34]. The spectrum of 
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Fig. 2   Transmission electron microscopy (TEM) images of Fe3O4@Au/MOF with the scale bar 200 nm (a), 50 nm (b) and Fe3O4 with the scale 
bar 500 nm (c)

Fig. 3   XPS spectra in the regions of Fe2p (a), Au4f (b), and Cu2p (c) for Fe3O4@Au/MOF
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Cu 2p region can be observed at 932.52 eV, which is consist-
ent with the standard binding energy of metal Cu (Fig. 3c) 
[35]. It means that the synthesized composite nanomaterials 
successfully contain Fe3O4NPs, AuNPs, and Cu2+.

We carried out FT-IR measurements on the Fe3O4@Au/
MOF [32], as shown in Fig. 4. For Fe3O4@Au/MOF, the 
peak at 560.19 cm−1 could be attributed to the vibration of 
the Fe–O bond in magnetic particles. The absorption peak of 
about 1117.31 cm−1 was put down to the C–O stretching. In 
addition, the absorption peak at 1631.33 cm−1 could be due 
to the presence of amino groups. The two absorption peaks 
between the wavelengths of 2250–2750 cm−1 could be by 
the vibration of the long-chain alkyl groups –CH2 and –CH3. 
Moreover, the peak at 3846.44 cm−1 could be attributed to 
the characteristic peak of –OH bond with specific catalytic 
oxidation.

3.2 � Analysis of simulated enzyme activity of Fe3O4@
Au/MOF composite particles

To investigate the peroxidase-like activity of Fe3O4@Au/
MOF, Fe3O4@Au/MOF was evaluated by the catalytic 
redox reactions of p-aminophenol in the presence of H2O2. 
As shown in Fig. 5, the low-concentration H2O2 cannot pro-
duce the oxidation current peak in the presence of Fe3O4@
Au/MOF, indicating that there was no movement of elec-
trons on the surface of the glassy carbon electrode or the 
reaction in the system was not enough to generate the cur-
rent response. When only p-aminophenol was present in the 
HAc-NaAc buffer system, a weak electrochemical signal was 
generated, attributed to the unique electrochemical activity 
of p-aminophenol [36]. Both the 4-AP + Fe3O4@Au/MOF 
buffer solution system and the H2O2 + 4-AP buffer solution 
system produced prominent oxidation peak currents and the 

current response showed an increasing trend. The results 
showed that H2O2 and Fe3O4@Au/MOF could, respectively, 
catalyze the redox reaction of p-aminophenol to different 
degrees. It is worth noting that Fe3O4@Au/MOF catalyzed 
several oxidizing substances in the solution and reacted 
with p-aminophenol, promoting electron transfer. Thus 
reflected the activity of peroxidase mimics. The Fe3O4@
Au/MOF + H2O2 + 4-AP system had a significantly ampli-
fied peak oxidation current compared to other systems. It 
indicated that Fe3O4@Au/MOF, as a peroxidase mimetic 
enzyme, catalyzed H2O2 to reintroduce a large amount of 
oxidative active substances (mainly ⋅OH and HOO⋅ free 
radicals with oxidative activity), which significantly further 
promoted the oxidation of p-aminophenol. In addition, since 
Fe3O4@Au/MOF contains a small amount of Fe3O4NPs, 
the Fenton reaction also occurs in the system in the pres-
ence of H2O2. When Fe3O4@Au/MOF catalyzes H2O2 to 
produce a large amount of ⋅OH, its Fe3+ will be converted 
into Fe2+ and the generated Fe2+ can trigger Fenton reac-
tion with the ⋅OH generated in the catalytic process. After 
the Fenton reaction is completed, Fe2+ will be converted 
into Fe3+ to become cyclic catalysis. During this process, 
due to the synergistic effect of Fe3O4@Au/MOF catalytic 
reaction and Fenton reaction of Fe3O4NPs, a large number 
of active hydroxyl radicals exist in the system. The redox 
reaction involves a reversible transfer process of two pro-
tons and two electrons, so that the p-aminophenol would be 
oxidized to 1,4-benzoquinone [8]. The results demonstrated 
that under normal circumstances, p-aminophenol might 
undergo a small degree of oxidation. However, Fe3O4@Au/
MOF composite particles could catalyze hydrogen perox-
ide to produce free radicals with oxidative activity in the 
presence of hydrogen peroxide, which could significantly 

Fig. 4   Fourier infrared spectrum of Fe3O4@Au/MOF
Fig. 5   CV curve of Fe3O4@Au/MOF peroxidase activity
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promote the redox reaction of p-aminophenol. In summary, 
it can be proved that Fe3O4@Au/MOF exhibited peroxidase-
like activity, which can effectively catalyze H2O2 and further 
oxidize p-aminophenol. Therefore, it can be added to the 
electrochemical detection of p-aminophenol to speed up.

3.3 � Catalytic kinetic analysis of Fe3O4@Au/MOF 
enzyme‑like activity

The evaluation results of enzyme-like kinetics of Fe3O4@
Au/MOF composite nanomaterials are shown in Fig. 6. 
As shown in Fig. 6a and b, within a certain concentra-
tions range of H2O2 or ABTS, the initial velocity of the 
catalytic reaction gradually increases as the substrate con-
centrations increase. Moreover, it tended to be constant 
under high concentrations of substrate. The enzymes were 

almost saturated with the substrates, which follows the 
typical Michaelis–Menten mechanism. Then made the 
Lineweaver–Burk double reciprocal diagrams (Fig. 6c, d) 
to calculate the constant (Km) and the maximum initial 
velocity (Vmax). There is no doubt that Km is considered 
to be an essential parameter for evaluating the affinity 
between the substrates and the enzymes. The smaller the 
Km, the stronger the affinity between the enzymes and 
the corresponding substrates. The calculation results are 
summarized in Table 1. It is worth noting that compared 
with horseradish peroxidase (HRP) and other reported 
nanozymes, Fe3O4@Au/MOF had a relatively higher 
affinity for these two substrates. This could be due to the 
fact that Fe3O4@Au/MOF has multiple catalytically active 
sites and effective electron transfer pathways on the sur-
face, which greatly improve the catalytic performance of 
Fe3O4@Au/MOF composite particles for H2O2 as well as 
the electrode’s capture ability for electron transfer.

Fig. 6   Steady-state kinetic assay of Fe3O4@Au/MOF. Michaelis–Menten curves of Fe3O4@Au/MOF on ABTS (a) and H2O2 (b); Lineweaver–
Burk linear fit chart of Fe3O4@Au/MOF on ABTS (c) and H2O2 (d)
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3.4 � Optimization of electrochemical detection 
conditions

It is well known that the scan rate has an important influence 

on the sensitivity of electrochemical sensors. This work 
investigated the impact of different scan rates on detection 
and the screened appropriate level. The results showed that 
the |Ipa| of p-aminophenol keeps increasing as the scanning 
rate increases in Fig. 7a. Under the premise of the same 
scan cycles, the diffusion time of the fixed concentration 
of p-aminophenol on GCE will change substantially due to 
the difference of the scan rate. However, the oxidation reac-
tion of p-aminophenol occurs instantaneously, so slightest 
nuance of time changes can also affect the electron transfer 
rate during the reaction and the adsorption accumulation 
process on the surface of GCE. It further proved that the 
electrochemical processes of p-aminophenol on GCE were 
diffusion control processes [37]. However, it can be clearly 
seen that the rate of increase from 0.08 to 0.1 V s−1 has 
been significantly reduced. Although because Ipa obeys the 
Randles–Sevcik equation and will be proportional to square 
root of scan rate, it means Ipa still increases when scan rate 
increases. However, for the scan rate of the electrochemical 

Table 1   Comparison of catalytic kinetic constants

Catalyst Substrate Km/mmol L−1 Vmax/M s−1 Reference

HRP H2O2 3.7 8.7 × 10–8 [40]
HRP ABTS 0.4 1.0 × 10–7 [40]
NiFe2O4 ABTS 0.46 17.48 × 10–8 [41]
MoS2@

MgFe2O4

ABTS 1.03 1.41 × 10–8 [42]

Co(OH)2/
FeOOH/WO3

H2O2 6.9 1.97 × 10–7 [43]

Fe3O4@Au/
MOF

H2O2 0.131 2.8 × 10–8 This work

Fe3O4@Au/
MOF

ABTS 0.327 1.6 × 10–8 This work

Fig. 7   Effect of scan rate (a), pH (b), temperature (c), and Fe3O4@Au/MOF addition (d) on the Fe3O4@Au/MOF-H2O2 system for p-aminophe-
nol detection. The highest point was defined as 100% relative activity
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workstation, the previous experimental studies by our team 
showed that when the scan rate exceeds 0.1 V s−1, the stabil-
ity of the detection system will be affected, so it means that 
0.1 V s−1 could be selected as the optimal scan rate rate.

Secondly, since the pH value can directly affect the con-
centration of protons in the system solution, the influence 
of pH value on the electrochemically enhanced detection 
system was investigated. It can be seen from Fig. 7b that the 
peak oxidation current reached its highest point at pH = 5 
and at the same time, the catalytic activity of the Fe3O4@
Au/MOF was the most significant. As the pH continued to 
increase, the oxidation peak current showed a significant 
downward trend when the pH changed in the range of 5–8. 
This might be due to the fact that the protons in the system 
continue to decrease with the increase of pH and the protons 
participate in the redox reaction in the system [38]. There-
fore, the amount of electron transfer and the electrochemical 
response in the system were reduced. This current response 
behavior suggests that the acidic and basic systems reduce 
the activity of the electrode, leading to an inhibition of the 
response. Thus, it is most appropriate to choose pH 5.0 to 
participate in the following experiment.

In order to investigate the influence of temperature on 
the detection of p-aminophenol in the system, experiments 
were designed at five different temperatures. It can be seen 
from Fig. 7c that the reaction rate increased with the tem-
perature increasing when the temperature was in the range 
of 20–50 °C. The increase in the number of electrons trans-
ferred on the electrode surface contribute to the enhance-
ment of the electrochemical signal, so that |Ipa| continued to 
rise. This might also be that the increase in the solubility of 
p-aminophenol due to temperature changed, which can fully 
react with the free radicals generated by Fe3O4@Au/MOF 

catalyzed. When the temperature exceeded 50 °C, the |Ipa| 
decreased, which might be due to the inhibition of Fe3O4@
Au/MOF mimic enzyme activity at higher temperatures. 
Therefore, the optimal temperature was 50 °C.

Furthermore, as shown in Fig. 7d, the |Ipa| of the system 
rose suddenly when the addition of Fe3O4@Au/MOF was 
from 0.0025 to 0.0050 g. This means that the amount of 
Fe3O4@Au/MOF greatly affected the reaction rate in the 
electrochemical-enhanced detection system. At this time, the 
mimic enzyme activity in the system was enhanced, thereby 
promoting H2O2 to generate more oxidative active free 
radicals, further accelerating the electron transfer rate and 
increasing the amount of electron transfer. However, the |Ipa| 
of the system decreased when the addition of Fe3O4@Au/
MOF continues to increase. When there was a lot of Fe3O4@
Au/MOF in the system, the nanoparticles will agglomerate 
further leading to the gradual decrease of the catalytic activ-
ity of the composite nanomimetic enzyme.

3.5 � Electrochemical system for detection 
of p‑aminophenol

According to the optimal detection conditions obtained 
above, the behaviors of the redox reaction in the detection 
system under different concentrations of p-aminophenol 
were investigated. Figure 8a depicts the incremental rela-
tionship between |Ipa| and the concentrations of p-aminophe-
nol and made a working curve image to show their linear 
relationship (Fig. 8b). As observed, |Ipa| had an inevitable 
increasing trend as the concentrations of p-aminophenol ana-
lyte increased from 0.1 to 10 mmol L−1. The positive shift 
of the redox peaks could be attributed to the kinetics of the 
electrochemical reactions controlled by the adsorption of 

Fig. 8   A response curve for p-aminophenol detection using Fe3O4@
Au/MOF-H2O2 system (a). The linear relationship between |Ipa| with 
the p-aminophenol concentrations in the range from 0.1 to 10 mmol 

L−1 (b). Error bars represent the standard derivation (SD) of repli-
cates measurements with n = 3
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p-aminophenol. Moreover, it can be seen from Fig. 8b that 
p-aminophenol had a good linear relationship with |Ipa| in 
the concentration range of 0.1–10 mmol L−1. The regression 
equation of the working curve is |Ipa|= 2.7372C + 2.1068, 
which had an excellent linear fit and excellent dependence 
(R2 = 0.9952), as well as the detection limit of 0.38 μmol L−1 
(S/N = 3). In order to evaluate the analytical practicability of 
the electrochemical detection system, under the optimized 
electrochemical-enhanced detection system, the recovery 
rate of the aminophenol standard solution (0.25, 0.5, and 
1 mmol L−1) was evaluated according to the obtained work-
ing curve regression equation. The recovery rate was cal-
culated to range from 98.6 to 105.3%. And the RSD was 
less than 2.38%, which indicated the degree of mutual con-
sistency of the results of several parallel determinations. It 
meant that the electrochemical sensor has favorable preci-
sion and reproducibility, and it also proved that the electro-
chemical sensor has outstanding stability for the detection 
of p-aminophenol [39]. In addition, other different electro-
chemical sensors for p-aminophenol were compared with 
the present work and the results are shown in Table 2. The 
results showed that the established method had high sensitiv-
ity and precision for the detection of p-aminophenol under 
the electric signal enhancement effect catalyzed by Fe3O4@
Au/MOF mimic enzyme.

In this work, six common substances in food wastewater 
were selected as interfering substances to evaluate the anti-
interference performance of the electrochemically enhanced 
p-aminophenol detection system. Tyrosine, cysteic acid, 
glucose, CuCl2, NaCl, and K2SO4 with a concentration of 
0.25 mol L−1 were selected as interfering substances, and 
p-aminophenol with a concentration of 2.5 mmol L−1 was 
used as a reference system for comparative study. The con-
centration of interfering substances was 100 times that of 
p-aminophenol. As shown in Fig. 9, compared with higher 
concentrations of interfering substances, the detection sys-
tem showed a significant current response to p-aminophe-
nol. It showed that the electrochemical enhancement system 
based on Fe3O4@Au/MOF mimic enzyme exhibited good 
selectivity and anti-interference performance for the detec-
tion of p-aminophenol.

3.6 � Real sample analysis

The method of adding different concentrations of p-ami-
nophenol standard solutions to the tap water in the labora-
tory was selected to evaluate the practical sample practica-
bility of the established electrochemical detection method. 
According to the optimized electrochemical-enhanced detec-
tion system, the oxidation peak current values of the three 
sample solutions of different concentrations were detected 
and brought into the regression equation of the working 
curve to determine the recovery rate of the standard addi-
tion and evaluate the accuracy of the detection system. The 
results are shown in Table 3. The electrochemical sensor 
to determine the concentration of p-aminophenol in labora-
tory tap water is in good agreement with the HPLC method 
[44]. Moreover the standard addition recovery rate of the 
enhanced detection system was 96.4–101.8% and the RSD 
is less than 3.59%, indicating that the electrochemical-
enhanced detection system had a good addition recovery rate 

Table 2   Comparison of 
different electrochemical 
sensors for p-aminophenol 
detection

Electrochemical sensors Method Linear range/
mmol L−1

LOD/μmol L−1 References

VMSF/ITO electrode DPV 0.5–400 0.32 [44]
Poly(3,4-ethylenedioxythiophene)/GCE DPV 4–320 1.20 [45]
Au0.5Pt0.5/ZnO CV/CA 3.60 [46]
Fc-PAA-AuNPs/GCE CV 30–1064 7.61 [47]
Microfluidic paper-based device 0.05–2000 10.00 [48]
G-PANI/CPE CV 50–500 15.68 [49]
Fe3O4@Au/MOF peroxidase-like CV 0.1–10 0.38 This work

Fig. 9   Selectivity of the assay for p-aminophenol compared to 
other potential interferences. The concentration of p-aminophenol 
is 2.5 mmol L−1, and other interferences concentration are 0.25 mol 
L−1. Error bars represent the standard derivation (SD) of replicates 
measurements with n = 3
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and precision for samples. The detection of p-aminophenol 
in actual samples can be realized.

4 � Conclusion

In summary, an electrochemical sensor based on Fe3O4@Au/
MOF has been successfully constructed, which has enhanced 
peroxidase-like properties and realizes high-efficiency real-
time monitoring of p-aminophenol. Fe3O4@Au/MOF syn-
thesized via a simple self-assembly method could catalyze 
the oxidation–reduction reaction of p-aminophenol by H2O2. 
Based on it, p-aminophenol detection could be realized. 
The electrochemical sensor exhibited higher sensitivity and 
stronger anti-interference ability to coexisting molecules, 
as well as possessed a linear electrochemical response to 
p-aminophenol within a more comprehensive concentration 
range. The electrochemical sensor exhibited excellent sens-
ing performance in aqueous samples. Therefore, Fe3O4@
Au/MOF electrochemical sensor exhibited the potential to 
detect environmental pollutants.
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