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Abstract
The peroxidase-like activity of  CdV2O6 nanorods has been considerably improved by modification with N, N-dicarbox-
ymethyl perylene-diimide (PDI) as a photosensitizer. The peroxidase-like behaviors are evaluated by virtue of the color-
less chromogenic substrate 3,3',5,5'-tetramethylbenzidine (TMB), which is fast changed into blue oxTMB in the presence of 
 H2O2 in only 90 s. PDI-CdV2O6 exhibits high stability at elevated temperatures and PDI-CdV2O6 retains more than 70% of 
its catalytic activity over a wide range of 15 to 60 °C. The catalytic mechanism of PDI-CdV2O6 is ascribed to the synergistic 
interaction between PDI and  CdV2O6 and the generation of •O2

− radicals. Based on the enhanced peroxidase-like activity 
of PDI-CdV2O6, a selective colorimetric sensor has been constructed for  H2O2 and pyrogallol (PG) with detection limits of 
36.5 μM and 0.179 μM, respectively. The feasibility of the proposed sensing platform has been validated by detecting  H2O2 
in milk and pyrogallol in tap water.
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Introduction

Natural enzymes have been widely studied and applied 
owing to their high catalytic efficiency and substrate 
specificity [1]. However, they usually face with some dis-
advantages of high extraction and purification cost, low 
yield and strict storage conditions, restricting their practi-
cal application [2]. As we know, artificial nanozymes can 
overcome such shortcoming of natural enzymes. Thereof, 
nanozymes have aroused considerable interests [3]. Over 
the past decades, scientists have prepared numerous 

nanomaterials including metal oxides [4], metal sulfides 
[5], noble metals [6], carbon-based materials [7] and 
metal–organic frameworks [8]. However, how to improve 
the catalytic activity of nanozymes is an urgent task. Sci-
entists have put forward different strategies for improving 
the catalytic activity of nanozymes. For example, various 
composites with the high activity have been prepared, such 
as Co-CeO2 [9], AgNPs@rGO [10], and  Fe3O4@MoS2-
Ag [11], etc. What’s more, to solve the agglomeration of 
inorganic nanoparticles, some supports were employed to 
disperse nanoparticles to expose more active sites and then 
improve the corresponding catalytic activity [12, 13]. Inter-
estingly, some organic conjugate macromolecules as pho-
tosensitizers were used to modify the nanomaterials with 
semiconductivity [14, 15]. The synergistic effect between 
photosensitizers and nano-semiconductors would enhance 
the corresponding catalytic activity. Especially, Perylene 
diimide (PDI), as one of typical photosensitive molecules, 
was used to modify some inorganic nanomaterials to widen 
the absorption in visible region and widely used in organic 
photovoltaic [16] and electronic fields [17].

Pyrogallol (1,2,3-trihydroxybenzene, PG), a deriva-
tive of phenolic compounds, is widely used in pharma-
ceutical, cosmetic, plastic and other industries [18]. Also, 
PG is commonly used as an antioxidant and scavenger of 
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reactive oxygen species, due to intrinsic reductive proper-
ties. Because of the wide application of PG in industry, it 
will inevitably cause pollution to the aqueous environment 
[19]. Therefore, it is necessary to develop a fast cheap 
convenient method for determination of PG. Until now, 
many methods including chromatographic [20], electro-
chemical [21], and chemiluminescence have been devel-
oped to detect PG [22]. Although the other methods (such 
as chromatography or electrochemistry) are simple and 
inexpensive and can be routinely performed by techni-
cians, it is not met requirements for spot testing. Thus, 
the colorimetric method based on the artificial peroxidase 
mimics (one of nanozymes) is a good substitute. However, 
the nanozyme-based colorimetric method for determining 
PG requests for some highly active nanozymes. Based on 
the above strategies of the catalytic activity of artificial 
nanozymes, an organic molecule with the larger conju-
gate structure, N, N-dicarboxymethyl perylene-diimide 
(PDI), can be used as a functional molecule to modify 
inorganic nanomaterials to obtain a nanozyme with the 
enhanced catalytic activity. Considering the rich chemical 
valences of V,  CdV2O6 nanorods are expected to possess 
the peroxidase-like activity. Thus, if PDI molecules are 
used to modify  CdV2O6, the peroxidase-like activity of 
PDI-CdV2O6 composites will be greatly enhanced. To the 
best of our knowledge, there are few reports on the deter-
mination of PG by colorimetric method based on PDI-
CdV2O6 nanozyme.

Herein,  CdV2O6 nanorods were firstly found to pos-
sess the peroxidase-like activity. Furthermore, a conjugate 
organic molecule, PDI was used to modify  CdV2O6 nanorods 
to improve the catalytic activity and robust stability greatly. 
As expected, the peroxidase-like activity and robust stabil-
ity of PDI-CdV2O6 were indeed higher than that of pure 
 CdV2O6. Notably, PDI-CdV2O6 as the artificial nanozyme 
can effectively catalyze the chromogenic substrate TMB to 
be oxidized by  H2O2 only in 90 s, and remains more than 
70% catalytic activity over a wide range of 15 to 60 °C. The 
catalytic mechanism was investigated by free radical trap-
ping and fluorescence experiments, respectively. Thus, a fast 
cheap colorimetric platform based on PDI-CdV2O6 nanorods 
was established for  H2O2 and PG determination.

Experimental section

Materials

NH4VO3,  CdCl2•2.5H2O, Ethylenediaminetetraacetic acid 
disodium salt (EDTA), isopropanol (IPA), terephthalic 
acid (TA), p-benzoquinone (PBQ),  H2O2 (30 wt%), NaCl, 
 BaCl2, KCl and urea, were purchased from Sinopharm 

Chemical Reagent Co., Ltd. (Shanghai, China). Pyro-
gallol (PG) was acquired from Shanghai Ekear Biotech-
nology Co., Ltd. 3,3,5,5-Tetramethylbenzidine (TMB), 
D-Histidine (His), D-Serine (Ser), L-Arginine (Arg), lac-
tose, leucine, fructose and sucrose were purchased from 
Sigma-Aldrich Co., LLC. N, N-dicarboxymethyl Perylene-
diimide (Fig. S1) was synthesis according the previous 
report [23].

Instruments

Details about instruments are presented in supporting 
information.

Preparation

Preparation of  CdV2O6 The  CdV2O6 nanorods was synthe-
sized according to previous reports [24]. The detailed pro-
cedure is presented in supporting information.

Preparation PDI‑CdV2O6 2 mg PDI was dissolved in 10 mL 
deionized water, and 100 mg  CdV2O6 was added into 80 mL 
deionized water. Take 2 mL 0.4 mM PDI sample add to 
 CdV2O6 solution. After 30 min of ultrasound at room tem-
perature, the reaction system was moved into a 100 mL 
of autoclave and maintained for 2 h at 110 °C. Then, the 
precipitate was collected by centrifugation (10,000 r/min, 
11,180 g) and washed with water and ethanol for several 
times. Finally, the product was dried overnight at 60 °C. 
Thus, PDI-CdV2O6 were successfully prepared.

Assay of the catalytic mechanism

To study the generation of active free radicals, holes  (h+), 
superoxide radicals (•O2

−), and hydroxyl radicals (•OH) are 
scavenged by EDTA, PBQ and IPA, respectively. Specifi-
cally, adding 200 μL scavengers into TMB-H2O2 reaction 
systems reacted for 90 s under the optimal conditions, and 
then recording the absorbance at 652 nm.

Fluorescent experiments were implemented by using 
TA (hydroxyterephthalic acid) as a fluorescence probe 
to further explore whether hydroxyl radicals (•OH) was 
produced. TA could easily react with •OH to form a high 
fluorescence product, dihydroxyterephthalic acid (HOTA). 
Specifically, phosphate buffer (pH = 4.0), the aqueous 
solution of PDI-CdV2O6 with different concentration 
(0.1–0.8 mg/mL), 25 mM  H2O2 and fresh TA (5 mM) were 
added into quartz cuvette. After reacted for 30 min, the 
fluorescence spectra were reported. The fixed excitation 
wavelength is 315 nm, and the strongest signal appears 
around 440 nm.
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The detailed experiments

Assays of the peroxidase-like activity, steady-state kinetics 
of PDI-CdV2O6 and colorimetric determination of  H2O2 and 
PG, are provided in the supporting information.

Determination of  H2O2 and PG in real samples

Determination of  H2O2 in milk samples Milk was purchased 
from our local supermarket (Qingdao, China). First of all, 
5 mL milk was diluted to 50 mL with deionized water and 
centrifuged at 10,000 rpm to eliminate the organic compo-
nents. Next, the supernatant was filtrated through a 0.45 µm 
filtered membrane and then different concentrations of  H2O2 
(200 μL) were added to the supernatant. Subsequently, 200 
μL of 1 mM TMB was added to the reaction system con-
taining buffer, PDI-CdV2O6 and the milk sample. After 
incubated for 90  s at the optimal temperature (45 oC), 
the absorbance (652 nm) of solutions was reported on a 
UV–vis spectrophotometer.

Determination of PG in tap water The tap water, from our 
laboratory from Shandong University of Science and Tech-
nology, was treated by being centrifuged (10,000 r/min) and 
filtered through a 0.2 μm membrane. Subsequently, different 
concentrations of PG solutions were added into the treated 
tap water. The standard addition method was used to evalu-
ate the practicability of the method.

Results and discussion

PDI‑CdV2O6 characterization

Figure 1a shows the X-ray diffraction (XRD) spectra of 
 CdV2O6-PDI and  CdV2O6 nanorods, respectively. The char-
acteristic planes (-201), (110), (-202), (201), (111), (-311), 
(-310), (400), (003), (311), (-403), (020), (-204), (203) are 
attributable to  CdV2O6 (JCPDS card no. 22–0134). Nota-
bly, the diffraction peaks of PDI-CdV2O6 are similar to 
those of  CdV2O6, suggesting that the introduction of PDI 
hardly affect the crystalline structure of  CdV2O6.

The surface compositions of PDI-CdV2O6 were explored 
by the X-ray photoelectron spectroscopy (XPS), displayed 
in Fig. 1b. The total XPS spectrum reveals the presence of 
elements Cd, V, O and N. In the Cd 3d spectra (Fig. 1c), the 
peaks located at 411.3 and 404.6 eV are well corresponding 
to Cd  3d3/2 and Cd  3d5/2. In Fig. 1d, there are two peaks at 
524.30 and 516.9 eV corresponding to the V  2p1/2 and V 
 2p2/3, respectively. In addition, the O 1 s spectrum (Fig. 1e) 
exhibits three peaks at 529.67, 530.8 and 532.28 eV, which 
can be assigned to the lattice oxygen, oxygen vacancy and 
absorbed water [25], respectively. Specially, the existence 
of oxygen vacancy is very important for improving the per-
oxidase-like activity of PDI-CdV2O6. Notably, in the N 1 s 
spectrum (Fig. 1f), the peaks at 399.8 eV can be assigned 
to − N − C bonds of PDI, verifying PDI molecules are suc-
cessfully modified on  CdV2O6 nanorods.

Fig. 1  XRD (a) and XPS spectra of PDI-CdV2O6: Survey (b), Cd 3d (c), V 2p (d), O 1 s (e) and N 1 s (f), respectively
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FT-IR spectra (Fig. S2) was further confirm that the intro-
duction of PDI molecule on  CdV2O6 and the coordination 
interaction between them. Figure 2 shows SEM and TEM 
images of  CdV2O6 and PDI-CdV2O6, respectively. From 
Fig. 2a and 2c, the prepared  CdV2O6 exhibits the rod-like 
structure with the diameter range of 50–200 nm and an aver-
age length of 1 μm (± 0.245). Also, compared with that of 
 CdV2O6, the morphology of PDI-CdV2O6 nanorods has 
rarely significantly changed (Fig. 2b and 2d), because of a 
small amount of PDI molecules introduced.

Peroxidase‑like behaviors of PDI‑CdV2O6

The potential peroxidase-like activity of the PDI-CdV2O6 
nanorods were investigated by using TMB-H2O2 reaction 
systems. The visible absorption spectra were recorded 
in the wavelength range of 500–800 nm. As presented in 
Fig. 3, no obvious color change of four systems (system 
a, b, c and d) is found, while the experimental system e 
 (CdV2O6 +  H2O2 + TMB) appears a light blue color, indicat-
ing that  CdV2O6 possesses a weak peroxidase-like activity. 
Interestingly, an obvious blue change can be observed in 
system f, suggesting that PDI-CdV2O6 possesses a stronger 
peroxidase-like activity than that of  CdV2O6. That is to say, 
the peroxidase-like activity of  CdV2O6 is indeed greatly 
enhanced by the introduction of PDI molecules, ascribed to 
the synergistic interaction between PDI and  CdV2O6.

Optimal conditions

The catalytic activity of natural peroxidase (HRP) and 
reported artificial peroxidases were easily  affected  by 
pH and temperature. Thus, we studied comparatively the 
influences of pH and temperature on the catalytic activity of 
 CdV2O6 before and after introduction of PDI (Fig. S3 and 
S4, number of experiment n = 3). The optimal conditions 

Fig. 2  SEM images of  CdV2O6 
(a) and PDI-CdV2O6 (b); TEM 
images of  CdV2O6 (c) and PDI-
CdV2O6 (d), respectively

Fig. 3  UV–visible absorption spectra and corresponding photograph 
of color change of different reaction systems in 90 s
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are pH = 4 and 45 °C. Relevant experimental results are dis-
cussed in the supporting information.

Steady‑state kinetics

To further investigate the peroxidase-like behaviors of PDI-
CdV2O6, steady-state kinetics experiments were carried 
out. Fig. S5a and S5b show the typical Michaelis–Menten 
plots towards substrates TMB and  H2O2, respectively. The 
kinetic parameters (Km and Vmax) were calculated and listed 
in Table 1, according to the double-reciprocal linear Weaver 
Burk plots (Fig. S5c and S5d). As we know, Km is associ-
ated with the affinity between peroxidase mimics and sub-
strates. As shown in Table 1, the Km values of PDI-CdV2O6 
nanorods with TMB and  H2O2 are 0.129 and 2.053 mM, 
respectively, much lower than that of HRP [26] and other 
artificial enzymes. Specifically, the Km value of PDI-CdV2O6 
nanorods for TMB is 62 times lower than that of  AgVO3 
[27], 10 times lower than that of  NiV2O6 [28] and 6.5 times 
lower than that of  ZnFeO4 [29], suggesting a much stronger 
affinity of PDI-CdV2O6 towards TMB.

Catalytic mechanism

According to the previous studies, one of the catalytic mech-
anisms of artificial peroxidase mimics is ascribed to active 
species. Above all, to determine whether •OH occurred in 
the catalytic reaction, TA was selected as a fluorescence 
probe, which can easily react with •OH to produce a remark-
able fluorescent hydroxy terephthalate acid. As seen from 
Fig. 4a, the fluorescence intensity decreases with increasing 
of the amount of PDI-CdV2O6, indicating no •OH produc-
tion during the catalytic reaction.

Furthermore, active free radicals capture experiments 
were carried out by using PBQ, EDTA and IPA as scav-
engers to capture •O2

−,  h+ and •OH, respectively. As 
seen from Fig. 4b, the catalytic activity of PDI-CdV2O6 
is decreased apparently after adding PBQ and decreased 
slightly after adding EDTA, while IPA have negligible effect 
during the catalytic reaction. Thereof, •O2

− can be verified 

to be the primary active species during the catalytic reaction 
in the presence of PDI-CdV2O6.

To further explore the catalytic mechanism, the electron 
transport direction between  CdV2O6 and PDI is obtained by 
measuring the forbidden bandwidth  (Eg) and valence band 
(VB) of  CdV2O6 with UV–vis diffuse reflection and XPS. 
 Eg and VB value of  CdV2O6 are determined to be 2.53 and 
2.14 eV (Fig. 5c and 5d), as well as the conduction band 
(CB) is calculated to be -0.39 eV.

Based on  the  experimental data above, the catalytic 
mechanism of PDI-CdV2O6 was proposed (Scheme 1). As a 
typical photosensitizer, PDI molecules have relatively strong 
absorption in the visible region. Initially, the CB of  CdV2O6 
is higher than that of PDI, so electrons can be transferred 
from  CdV2O6 to PDI under the irradiation of natural light, 
forming an electric field and facilitating the separation of 
electron and hole. The holes in VB of PDI with strong oxi-
dation ability are transferred to  CdV2O6 to further oxidize 
 H2O2, generating  H2O and  O2. Thus, because a lot of oxygen 
vacancies existed in PDI-CdV2O6, the transferred electrons 
are captured by oxygen dissolved in the solution, and accel-
erates the generation of reactive oxygen (•O2

−), which can 
easily catalyze the substrate TMB into blue oxTMB. The 
reducibility of pyrogallol with different concentration can 
fade the blue color of oxTMB to different extent. Thus, the 
concentration of pyrogallol can be determined, according to 
the intensity of absorption of oxTMB at 652 nm.

Determination of  H2O2 and PG

Based on the excellent peroxidase-like activity of PDI-CdV2O6, 
a facile colorimetric sensing platform was established to deter-
mination  H2O2 and PG, respectively. From Fig. 5a, it can be 
found that the absorbance increases gradually as increasing the 
concentration of  H2O2. Figure 5b shows a good linear correlation 
between the absorbance and  H2O2 concentration in the range 
of 50–100 μM  (R2 = 0.9993) and the detection limit (LOD) is 
calculated to be 36.5 μM (LOD = 3 s/k). The comparison of 
LOD with other sensors based on different nanomaterials (PA/
Cu3(PO4)2•3H2O [30], TPyP-CuS [31] NiO/a-Fe2O3 [32], CuS 
[33], PDDA-AgNPs [34] and Ir NPs [35]), shown in Table S1.

Pyrogallol, one of the phenol hydroxyl groups, as a reductant 
molecule, can significantly inhibit the oxidation of TMB and 
make the blue color of ox-TMB faded. Based on this theory, 
a fast cheap colorimetric method was used to determination 
pyrogallol. Figure 5c shows a typical dose-respond plot of the 
absorbance at 652 nm and the concentration of PG from 1 to 
80 μM. Figure 5d shows the linear range of PG deterimination 
in the range of 1–10 μM. The detection limit is calculated as 
0.179 μM, which was 55 times, 10 times and 2 times lower than 
that of reported colorimetric sensors based nanozymes including 
Ch-Ag NPs [36], Cu,N@C-dots [37] and Au-NPs [38], respec-
tively. Our determination limit was even lower than that of some 

Table 1  Comparison of kinetic parameters (Km and Vmax) of different 
peroxidase mimics

Catalyst Km/mM Vmax/10–8  Ms−1 Ref

TMB H2O2 TMB H2O2

NiV2O6 1.359 1.747 0.904 0.412 [28]
HRP 0.434 3.70 10.0 8.71 [26]
ZnFeO4 0.85 1.66 13.31 7.14 [29]
AgVO3 8.03 14 - - [27]
PDI-CdV2O6 0.129 2.053 19.7 7.71 This work
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electrochemical assays (Preanodized SPCE [39], CoPc/SPCE 
[40]) known as the high sensitivity, as well as slightly higher 
than that of chemiluminescence method (N-CDs[18]), listed in 
Table 2. Therefore, the constructed colorimetric sensor of PG 
exhibited a good sensitivity.

The selectivity of this method for  H2O2 and PG 
sensing

The selectivity is important to evaluate the anti-interference 
performance of the constructed colorimetric sensor. Thereof, 
different interfering substances including  Na+,  K+,  Ba2+, Suc, 
Lac, Fru, Arg, Ser, His, UA and Leu were added into the 
catalytic systems, respectively. From Fig. 6a and 6b, absorb-
ance difference value ΔA (ΔA =  Ablank –  Asub) of two systems 
containing  H2O2 and PG are much higher than that of other 
interferents, even though the concentrations of interfering sub-
stances are 10 times that of  H2O2 and 100 times that of PG, 
respectively. As seen from Fig. S6, the good selectivity of the 
colorimetric method in determination of  H2O2 and pyrogallol.

Furthermore, the stability of  CdV2O6 and PDI-CdV2O6 
were investigated by centrifugally recycling and testing the 
peroxidase-like activity (Fig. S7). The relative activity of PDI-
CdV2O6 remains more than 75% after reusing for six times, 
while  CdV2O6 remains less than 40%. It is suggested that the 
stability of  CdV2O6 has been improved by introducing PDI 
molecules as well as the colorimetric sensing platform based 
on PDI-CdV2O6 exhibits stable performance.

Determination of  H2O2 and PG in real samples

The practicability of the established colorimetric sensors 
was investigated by detecting for  H2O2 in milk and PG in 
tap water (Table S2 and S3). As can be seen from these 
Tables, the recovery of  H2O2 and PG is 98.90–102.94% 
and 103.68–105.07%, and the relative standard deviation 
(RSD) is calculated below 1.79% and 1.34% for  H2O2 and 
PG, respectively. It is indicated that PDI-CdV2O6-based 
colorimetric sensors of  H2O2 and PG have the potential 
application in determining of real samples.

Fig. 4  (a) Fluorescence intensity varies with the concentration of PDI-CdV2O6 at different wavelengths. (b) Effect of scavengers on the removal 
capacity of reactive species. (c) Band gaps and (d) XPS-VB of  CdV2O6
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Fig. 5  (a) A dose–response plot 
depending of the absorbance at 
652 nm on the concentration of 
 H2O2 from 0.05 mM to 10 mM; 
(b) The corresponding linear 
calibration plot of  H2O2; (c) A 
dose–response plot depending 
on the absorbance of ox-TMB 
at 652 nm on the concentration 
of PG from 1 μM to 80 μM; 
(d) The corresponding linear 
calibration plot of PG

Scheme 1  The schematic dia-
gram of PDI-CdV2O6 nanorods 
as a peroxidase mimic for PG 
determination

Table 2  Determination limit of 
PG by different methods based 
nanomaterials

Materials Linear range (μM) LOD (μM) Method Ref

Ch-Ag NPs 10–10,000 10 Colorimetry [36]
Cu,N@C-dots 6–140 1.8 Colorimetry [37]
Au-NPs 0.6–100 0.32 Colorimetry [38]
Preanodized SPCE 10–1000 0.33 Electrochemistry [39]
CoPc /SPCE 10–100 2.44 Electrochemistry [40]
PDI-CdV2O6 1–10 0.179 Colorimetry This work
N-CDs 0.1–100 0.046 Chemiluminescence [18]
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Conclusions

In a word, the peroxidase-like activity and the robust stabil-
ity of  CdV2O6 have been significantly increased via modifi-
cation with PDI molecules. PDI-CdV2O6 nanorods rapidly 
catalyze the oxidation of TMB in the presence of  H2O2 
only in 90 s. The peroxidase-like activity of PDI-CdV2O6 
remains more than 70% catalytic activity over a wide range 
of 15 to 60 °C, ascribed to the synergetic effect between 
 CdV2O6 and PDI. Based on the excellent catalytic activity 
of PDI-CdV2O6 nanozyme, a rapid colorimetric sensor for 
determination of  H2O2 and PG has been constructed and 
has been successfully used in determination of  H2O2 in 
milk and PG in tap water. This constructed colorimetric 
sensor has the potential application in fields of food, nano-
technology, medicine and environment.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00604- 023- 05846-4.
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