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a b s t r a c t

Herein, a novel type of flexible network hydrogel was formed by cross-linking of chitosan (CS) and acry-

lamide (AM) monomer through non-covalent bond, and was named CS/PAM/hydrogel (CPH). Subsequent

functional modification of the CPH was then undertaken through the implementation of in-situ green

growth technology, and the cobalt organic framework (ZIF-67) was successfully grown on the hydrogel.

Ultimately, the composite hydrogel CS/PAM/ZIF-67/hydrogel (CPZH) was prepared. Subsequently, an elec-

trochemical sensor was developed by combining a composite hydrogel with a glassy carbon electrode,

and it was demonstrated that this combination exhibited excellent performance, especially in the elec-

trochemical detection of the target molecule 2,4.6-trichlorophenol. Excellent linear ranges (0.01–10 and

10–1000 μmol/L) and low detection limit (0.003 μmol/L) were achieved. The excellent electrochemical

performance can be attributed to (i) 3D network structure of the hydrogel provides an effective mass

transfer channel for the electrochemical reactants; (ii) The MOF layer provides a wealth of catalytic ac-

tive sites, resulting in electrochemical signal amplification of the CPZH composite, (iii) The growth of

ZIF-67 in the original location of the hydrogel network successfully solved the problem that traditional

ZIF-67 particles are prone to agglomeration and exhibit weak bonding force with the substrate, which

significantly improved the stability and electrochemical performance.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

In the contemporary era, when environmental and food safety

concerns are mounting, trichlorophenol (2,4,6-trichlorophenol,

TCP) represents a significant environmental pollutant. The World

Health Organization has identified it as a priority pollutant and

potential carcinogen, citing its hepatotoxicity, developmental tox-

icity, and endocrine-disrupting properties as primary concerns

[1–3]. In light of the potential risks associated with TCP, the de-

tection and monitoring of this compound have become crucial as-

pects of environmental and public health research. It is important

to note that, in comparison with conventional detection method-

ologies (which include chemiluminescence, high-performance liq-

uid chromatography, fluorescence method), electrochemical sens-

ing technology possesses the advantageous qualities of rapid re-
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sponse speed, high sensitivity, straightforward operation, and min-

imal cost [4–7]. Consequently, it has garnered increased attention

in the domains of detection and analysis. In the process of con-

structing an electrochemical sensor, the selection of an appropriate

material for modification of the working electrode is a pivotal step

in enhancing the electrochemical performance of TCP detection.

In recent years, metal-organic frame materials (MOFs) have at-

tracted considerable attention in the field of electrochemical sens-

ing due to their high specific surface area, controllable pore struc-

ture and excellent chemical stability [8,9]. Among them, ZIF-67 (ze-

olite imidazolate frame-67), a cobalt-based MOF material, exhibits

good electrical conductivity and catalytic activity, and is considered

to be an ideal material for constructing high-performance elec-

trochemical sensors [10]. However, challenges remain in terms of

achieving optimal functionality, including instances of agglomer-

ation of particles and inadequate binding strength with the sub-

strate, consequently diminishing the full potential of the material

https://doi.org/10.1016/j.cclet.2025.112067
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[11]. It is important to note that hydrogel materials have significant

potential for application in the field of electrochemical sensing due

to their unique three-dimensional network structure, high water

content and excellent biocompatibility [12,13]. In particular, chi-

tosan (CS) and polyacrylamide (PAM) hydrogels are ideal substrates

for loaded functional materials due to their controllable mechani-

cal properties, good film formation and environmental friendliness

[14–16]. Theunique three-dimensional network structure of hydro-

gels has the potential to increase the effective electrochemical area,

as well as to provide high-speed channels for analyte transport

and electron transfer [17]. However, the application of traditional

hydrogel materials in electrochemical sensing is often limited by

their low electrical conductivity and limited active sites [18]. Most

of the current studies on the integration of MOF and hydrogel have

adopted the method of directly integrating pure MOF powder into

hydrogel. However, this approach is often accompanied by issues

such as uneven distribution of MOF powder, internal agglomera-

tion, and decreased catalytic activity [19,20]. Consequently, a sig-

nificant challenge for researchers is the combination of the flexible

matrix of hydrogel with the superior performance of MOF func-

tional materials to create high-performance composite sensing ma-

terials.

In light of the aforementioned background, a novel strategy was

devised in this study: The in-situ growth of ZIF-67 in a composite

of chitosan-polyacrylamide hydrogel, the construction of a flexible

composite with high electrical conductivity, excellent catalytic ac-

tivity and good mechanical properties, and its utilization for highly

sensitive electrochemical detection of TCP. The agglomeration of

ZIF-67 particles is effectively prevented by growing ZIF-67 in situ

growth of the hydrogel network, and the binding force between

ZIF-67 and the substrate is enhanced, which significantly improves

the stability and electrochemical performance of the composite.

The use of the flexible three-dimensional network structure and

high ion conductivity of the chitosan-polyacrylamide hydrogel is

pivotal. The uniform dispersion environment thus provided is con-

ducive to the effective growth of ZIF-67, thereby enhancing the

electrochemical response performance of the composite. The con-

struction of an electrochemical sensing platform with high sensi-

tivity, excellent selectivity and good stability is thus achieved, pro-

viding a novel method for the rapid detection of TCP. It is notewor-

thy that there are no reports of the detection of TCP using an elec-

trochemical sensing platform for signal amplification using CPZH.

The microstructures of the prepared materials were visualized

by scanning electron microscope (SEM). In Figs. 1A and B, ZIF-67

displays regular dodecahedral crystals with a consistent particle

size and well-defined crystal structure [21], with an average diam-

eter of approximately 200nm. As illustrated in Fig. 1C, CPH dis-

plays a distinctive three-dimensional network configuration, char-

acterized by smooth surfaces and uniform channels. It is notewor-

thy that the SEM image of CPZH (Fig. 1D) displays 3D network

structure comparable to that of CPH, yet the surface is uneven. Fur-

thermore, the CPZH magnification in Figs. 1E and F demonstrates

that the nanoparticles are embedded on the wall of the hydro-

gel pore [22]. Energy dispersive X-ray spectroscopy (EDS) spectrum

was subsequently employed to analyze the elements present on

CPZH. In Fig. 1G, the elements C, N, O and Co were observed to be

distributed uniformly across the hydrogel, detailed element con-

tent can be seen in Table S1 and Fig. S1 (Supporting information).

The distribution of ZIF-67 nanocrystals on the hydrogel is uniform.

Compared with the pure ZIF-67 in Fig. 1A, the ZIF-67 grown in situ

on CPH (Fig. 1F) has better dispersion. Figs. 1H-K illustrates the

macroscopic diagram of pure CPH, CPH/Co2+ and CPZH. Because

of the fixation of metal ions, the hydrogel undergoes a change in

color from light yellow to pink. Under the influence of organic lig-

ands, the hydrogel assumes a purple hue, akin to that of ZIF-67.

The combination of macroscopic and microscopic characterization

preliminarily proves the successful preparation of composites.

The crystallinity of ZIF-67, CPH and CPZH was characterized

by X-ray diffraction (XRD). Fig. 2A illustrates that CPH exhibits a

broad curve, which aligns with the amorphous nature of hydro-

gels. As anticipated, ZIF-67 exhibits a high degree of crystallinity,

with characteristic peaks at 7.28, 10.35, 12.62, 14.71, 16.44, 18.11,

22.18, 24.53, and 26.67, corresponding to (011), (002), (112), (022),

(013), (222), (114), (233), and (134) crystal planes. These coincide

with the diffraction peak positions of the characteristic peaks [23],

indicating that the ZIF-67 nanocrystals have been successfully syn-

thesized. It is noteworthy that the characteristic peaks of ZIF-67

at (002), (112), (222), (114) and (233) are discernible in the XRD

pattern of CPZH. However, the characteristic peak at 7.28 is barely

perceptible and exhibit lower crystallinity than pure ZIF-67. It is

conceivable that the ZIF-67 synthesized locally in the CPH matrix

is influenced by the amorphous state of CPH, resulting in a distinct

crystal orientation compared to that of pure ZIF-67. Nevertheless,

this phenomenon provides further confirmation of the successful

synthesis of CPZH.

To further validate the successful preparation of CPZH, the

chemical bonds and functional groups of the prepared materials

were studied by FTIR. FTIR spectra of the samples in the range

of 400–4000 cm-1 are presented in Fig. 2B. For the pristine ZIF-67,

the IR peak at 427 cm-1 is attributed to the stretching vibration of

Fig. 1. SEM images of ZIF-67 (A, B), CPH (C), and CPZH (D-F), spectral element mapping (G) of CPZH. Macroscopic optical images of CPH (H), CPH/Co2+ (J), and CPZH (K).
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Fig. 2. XRD patterns (A), FTIR patterns (B) of ZIF-67, CPH and CPZH. (C) Co 2p XPS spectra of ZIF-67 and CPZH. (D) Infrared spectra of products at different stages of

preparation of CPZH hydrogel. (E) Mechanistic description of hydrogel formation.

the Co-N band [24]. The IR peaks at 996.4, 1145.7, and 1175.3 cm-1

are associated with the vibrational absorption of the C–N band,

while the stretching vibration of the C–H band is observed at 951.3,

1307.8 and 1422.2 cm-1 [25]. The characteristic peaks of ZIF-67 and

CPH were retained in the spectra of CPZH. A comparison of the IR

spectra of CPH with that of CPZH revealed the presence of Co-N IR

absorption peaks at 427 cm-1 and 750 cm-1, as well as a C=C IR ab-

sorption peak. These findings provide evidence that the synthesis

of ZIF-67 crystals in the CPZH system was successful. In compar-

ison to CPH, the stretching vibration of the O-H and N-H bonds

of CPZH exhibited a red shift to 3438 cm-1, while the stretching

vibration peak of the amide group C=O demonstrated a red shift

to 1639 cm-1. This indicated the presence of a hydrogen bond be-

tween the hydroxyl group and the amide group within the hydro-

gel. Subsequently, the elemental compositions and valence states

of the ZIF-67 regular dodecahedron, CPH and CPZH composite hy-

drogels were subjected to further analysis by X-ray photoelectron

spectroscopy (XPS). The calibration standard is C 1s (284.8 eV).

The total spectra of the ZIF-67, CPH and CPZH composite hydro-

gels are presented in the Fig. S2A (Supporting information). It can

be observed that the characteristic peaks of the elements Co, C,

N and O are present in CPZH, which indicates that the prepara-

tion of the composite hydrogels was successful. Fig. 2C illustrates

the XPS spectrum of Co 2p, which exhibits peaks at 781.33 eV

and 786.52 eV, ascribed to Co 2p3/2, and peaks at 796.79 eV and

802.67 eV, ascribed to Co 2p1/2. The Co peaks are indicative of Co2+

in Co(OH)2, thereby suggesting that Co is present in the sample

in an ortho-bivalent capacity [26]. Two signals, at 287.38 eV and

284.78 eV, are observed in the C 1s spectrum (Fig. S2B in Support-

ing information). These are attributed to the C-C and C-O bonds in

the composite hydrogel [27], respectively. The spectra of N 1s at

399.18, 400.13 and 406.78 eV are characteristic peaks attributed to

the N-H bond, the N-C bond and the oxidized-N [28,29], respec-

tively (Fig. S2C in Supporting information). The presence of these

chemical bonds provides compelling evidence that the hydrogels

have been successfully prepared.

In the pursuit of elucidating the formation mechanism of hy-

drogels, a meticulous selection of samples at disparate preparation

stages was subjected to rigorous infrared testing. Fig. 2D shows the

CS characteristic peak at 3470 cm-1 corresponds to the O-H and N-

H stretching vibration, and the 2872 cm-1 peak corresponds to the

C-H stretching vibration [30]. The peaks at 1659 and 1597 cm-1 cor-

respond to the stretching vibration of C=O and the bending vibra-

tion of N-H in the amide group, respectively. In the AM infrared

spectrum, the peaks at 3341 cm-1 correspond to the tensile vibra-

tions of N-H, and the absorption bands at 1682 and 1347 cm-1 cor-

respond to the tensile vibrations of C=O and C-N [31]. In com-

parison with CS, the composite hydrogel (CPH and CPZH) ex-

hibited a shift in the characteristic peaks of -OH and N-H to-

wards higher frequencies, accompanied by the emergence of amide

groups within the red shift spectrum. This observation signifies

that the amide groups and hydroxyl groups within the hydrogel

are engaged in hydrogen bonding, a process that has been demon-

strated to enhance the stability of the chain network within the

hydrogels [32]. The characteristic peaks of the Co-N bond appear at

427 cm-1 of CPH/Co2+, indicating that Co2+ is fixed on the hydrogel

through coordination bonds. The characteristic peaks at 427 cm-1

and 750 cm-1 of CPZH are attributed to the Co-N bond and C=C

bond, respectively. Furthermore, an increase in both the stretching

and bending patterns of imidazole rings in 2-methylimidazole lig-

ands, and the intensity of the characteristic peaks, is also observed.

These results indicate that organic ligands coordinate with metal

ions to form ZIF-67, suggesting that the formation of hydrogels

may be related to multiple interactions between hydrogen bonds

and coordination bonds.

The formation process of hydrogels is as follows: Ammonium

persulfate under the action of catalyst TEMED at hot, in aqueous

solution into ammonium persulfate free radicals, hydroxyl by am-

monium persulfate free radicals on the CS extract H atoms, re-

sulting in a CS free radicals, and then attached on AM monomer,

AM monomer polymerization, form polyacrylamide, lead to the

chain trigger at the same time, the graft chains were cou-

pled together to form the graft polymer and prepared into chi-

tosan/polyacrylamide hydrogel (Fig. 2E). APS acts synergistically

with TEMED, and TEMED acts as a catalyst to accelerate the re-

lease of free radicals from APS [33]. Further, the amine group on

the chitosan/polyacrylamide hydrogel acts as a weak ligand to bind

Co2+ to the hydrogel chain through coordination bonds, providing
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Fig. 3. (A) EIS in 5.0mmol/L [Fe(CN)6]
3-/4- containing 0.1mol/L KCl for GCE, CPH/GCE, ZIF-67/GCE, and CPZH/GCE. (B) CV and curves of 100 μmol/L TCP in PBS for GCE,

CPH/GCE, ZIF-67/GCE, and CPZH/GCE. (C) Chronoamperometric response at the CPZH/GCE in 0.1mol/L PBS with varied TCP concentrations: 0, 50, 100, 150, 200, and 250

μmol/L. (D) The linear relationship between I and t-1/2 derived from the Chronoamperometric data. (E) The influence of different pH (5.5–7.5) on the peak current of TCP. (F)

The linear relationship between different pH and potential (the illustration is a line graph of the relationship between different pH and the corresponding peak current).

the nucleation site of MOF. After the addition of the organic ligand

2-methylimidazole, ZIF-67 grows in situ on the hydrogel. CPZH hy-

drogel was successfully formed. Moreover, Fig. S3 (Supporting in-

formation) studies the water content, swelling rate and rheological

properties of hydrogels, indicating that CPZH hydrogels have stable

physical properties.

Electrochemical impedance spectroscopy (EIS) was employed to

investigate the electron transfer process at varying electrodes in a

5mmol/L [Fe(CN)6]
3-/4- solution (containing 0.1mmol/L KCl) [34].

As Fig. 3A demonstrated, Rct (GCE) > Rct (CPH/GCE) > Rct (ZIF-

67/GCE) > Rct (CPZH/GCE), respectively. The reduction in Rct sug-

gests that the CPZH/GCE composites can facilitate the diffusion of

potential barriers, promote electron transfer and significantly en-

hance the electrochemical performance. In Fig. 3B, the CV diagram

shows the irreversible oxidation characteristic peaks of different

modified electrodes. Moreover, the oxidation peak current value of

CPZH/GCE has enhanced peak anode current compared with that of

bare GCE, CPH/GCE, and ZIF-67/GCE. This indicates that CPZH/GCE

has the highest electrocatalytic activity and has good electrocat-

alytic activity, which can be attributed to the higher catalytic ac-

tivity provided by ZIF-67 growing inside CPZH, and the uniform

pore of hydrogel provides a high density catalytic active site for

TCP, which is conducive to the diffusion of electrochemical pro-

cesses. The combined effect of charge transfer of ZIF-67 and bet-

ter adsorption of TCP by hydrogel leads to the enhancement of the

peak anode current. In the differential pulse voltammetry (DPV)

test in Fig. S4A (Supporting information), the trend of peak current

of different electrodes is consistent with CV results.

The electrochemically active surface area (ECSA) is closely re-

lated to the characteristics of the electrical analysis, and the

chronocoulometry (CC) was employed to ascertain the ECSA di-

mensions of diverse sensing interfaces. In 10mL of a 5mmol/L

[Fe(CN)6]
3-/4- solution (containing 1.0mol/L KCl), the total charge

(Q) of each modified electrode was found to be linearly related to

the square root of time (t1/2), as illustrated in Figs. S4B and C. Ac-

cording to the Anson equation (Eq. 1) [35]:

Q = 2nCFAD1/2π−1/2t1/2 + QdI + Qads (1)

The ECSA of the CPH /GCE, ZIF-67/GCE and CPZH/GCE were

calculated to be 0.163, 0.156 and 0.217 cm2, respectively. The

CPZH/GCE exhibited the highest ECSA, indicating that it can pro-

vide a greater number of active sites for TCP catalysis, thereby ac-

celerating the chemical reaction rate on the electrode surface and

improving the sensitivity of detection. The data results of CV and

DPV were also verified. In addition, the diffusion coefficient (D)

represents a pivotal parameter in the characterization of the diffu-

sion behavior of an analyte in solution. The diffusion coefficient of

TCP in the electrochemical system was investigated by the timed-

current method, based on the data in Figs. 3C and D and the Cot-

trell equation (Eq. 2) [36]:

I = nAFD1/2π−1/2Ct−1/2 (2)

The diffusion coefficients of TCP at different concentrations (50,

100, 150, 200, and 250 μmol/L) were calculated to be 6.682×10−7,

5.864×10−7, 5.108×10−7, 4.385×10−7, and 2.639×10−7 cm2/s,

respectively. It has been demonstrated that elevated concentra-

tions can enhance mass transfer resistance, thereby impacting the

diffusion rate of the analyte to the electrode surface. pH value

can affect the key parameter of sensing performance. When the

pH is lower than the isoelectric point, the surface is positively

charged and is prone to adsorb negatively charged analytes. Con-

versely, it repels anions [37]. The electrostatic effect changes the

analyte’s concentration near the electrode, affecting the detection

signal strength. 100 μmol/L TCP was studied in PBS with different

pH values. The DPV response of CPZH/GCE at different pH values

(5.5, 6.0, 6.5, 7.0, 7.5) is shown in the Fig. 3E. Obviously, when the

pH drops from 7.5 to 5.5, the anode peak potential of TCP posi-

tively shifts, indicating that protons participate in the oxidation re-

action of TCP and proton transfer occurs. Moreover, the oxidation

peak current value also varies with pH, indicating that the oxida-

tion process of TCP is dependent on pH. It is worth noting that

when pH is 6.0, the DPV current value of TCP is the largest, so

PBS with pH of 6.0 is selected for subsequent experiments. There is

also literature showing that TCP is medium acid, weakly acidic or

neutral pH environment is more conducive to the catalytic reaction

of TCP [38]. The illustration in Fig. 3F shows the linear relationship

between potential and pH.

The regression equation is Epa (V)= −0.0592pH+0.9524

(R2 =0.9825), and the slope of the equation is 59.2 mV/pH, which

is close to the Nernstian value of 59mV/pH. According to the
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Fig. 4. (A) CVs obtained for 100 μmol/L TCP at the CPZH/GCE in 0.1mol/L PBS (pH

6.0) at different scan rates (from 50–300mV/s). (B) The dependence of the peak ox-

idation current on the square root of different scanning rates. (C) Current response

diagram of CPZH/GCE to TCP at different concentrations (0.01–1000 μmol/L); (D)

Linear plot of current versus TCP concentration (the illustration is a linear interval

enlargement from 0.01 μmol/L to 10 μmol/L).

Nernst equation (Eq. 3) [39]:

Ep = −(0.0592m/n)pH + b (3)

Indicating that the number of electrons (n) and protons (m) in-

volved in TCP oxidation is equal [40].

Fig. 4A shows the electrochemical behavior of TCP on CPZH/GCE

electrodes. The peak oxidation current (Ipa) value increases with

the increase of the scanning rate. The relationship between the

peak current and the scan rate is shown in Fig. 4B. In the range of

50–300mV/s, Ipa increases linearly with the scanning rate, and the

linear relationship can be expressed as: Ipa (μA)=0.0152v+1.904

(R2 =0.9928); meanwhile, the oxidation peak potential (Epa) shifts

slightly positively with the increase of the scanning rate, indicat-

ing that the oxidation of TCP on CPZH/GCE is a typical adsorp-

tion control process. Furthermore, Epa and the logarithm of the

scanning rate also shows a linear relationship (inset in Fig. 4B):

Epa (V)= 0.01386lnν +0.60617 (R2 =0.9942); According to the Lav-

iron equation [41], the number of electron transfers of TCP in the

electrocatalysis process is approximately 2. In the irreversible re-

action process, 2,4,6-TCP loses two protons and two electrons on

the electrode surface and then is converted to 2,5-dichlorobenzene

quinone (DBQ). The reaction mechanism is shown in Fig. S5 (Sup-

porting information).

Under the best conditions (Fig. S6 in Supporting information),

DPV was used to evaluate the performance of the prepared sensor

for TCP (Fig. 4C), the peak current and concentration presented a

linear relationship in the range of 0.01–10 μmol/L and 10–1000

μmol/L, respectively. The standard curve is drawn based on the

direct proportional relationship between the peak current value

and TCP concentration (Fig. 4D), and the following linear regres-

sion equation is obtained:

Ipa(μA) = 0.1214C
(
μmol/L

)
+ 0.0501

(
R2 = 0.995

)

Ipa(μA) = 0.003858C
(
μmol/L

)
+ 1.351

(
R2 = 0.996

)

The calculated detection limit of CPZH/GCE sensor for TCP is

0.003 μmol/L. The main reason for the two-stage linear range is

the multilayer adsorption after the formation of a single molecular

layer on the sensor surface [42]. Compared to most other reported

methods for detecting TCP (Table S2 in Supporting information),

the analytical performance of the constructed sensor is superior

in terms of linear range or detection limits. The excellent perfor-

mance of the CPZH/GCE electrochemical sensing platform may be

due to the high biocompatibility of the hydrogel, which makes the

analyte more easily adsorbed, and the large surface area of ZIF-67

constructed by Co2+ and 2-methylimidazole as the precursor, and

the more uniform distribution of ZIF-67 grown in situ on the hy-

drogel. With abundant catalytic active sites, the double-layer net-

work structure of hydrogel and the microporous structure of ZIF-67

cooperate to promote TCP transport and electron transfer, ensuring

the efficient TCP catalytic reaction.

In addition, we performed repeatability, reproducibility, stability

and selectivity tests on the sensor (Fig. S7 in Supporting informa-

tion), as well as recovery tests on actual samples (Table S3 in Sup-

porting information), and the results showed that the CPZH/GCE

sensor has excellent repeatability and stability. Also demonstrated

high recovery rates (97%−102%), (more details are shown in the

Support information).

In this work, CPZH was prepared by in-situ growth method us-

ing ZIF-67 as MOF model and CPH as gel matrix. By using the ad-

vantages of flexibility and high porosity of the hydrogel matrix, the

agglomeration problem of MOF powder is solved and the charge

transport efficiency of the electroactive site provided by ZIF-67 is

improved. The synergistic effect of composite gels plays an impor-

tant role in the construction of TCP sensors, and excellent electro-

chemical properties are obtained. Notably, this new electrochemi-

cal sensor has a wider linear range (0.01–10 and 10–1000 μmol/L)

and a lower detection limit (0.003 μmol/L), with excellent selec-

tivity, repeatability and reproducibility. At the same time, a satis-

factory recovery rate has been obtained by testing the actual sam-

ples with standard addition method. In summary, CPZH sensor has

great potential in the analysis of TCP diagnosis in environmental

sewage.
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