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Abstract Utilizing the Kirkendall effect to acquire hollow zeolitic imidazole framework (HZIF) allows for the predictable combination of superior guest molecules, 
which has favorable potential in the field of biomolecular detection. Herein, the ~42 nm hollow nanocages, HZIF(Au), were constructed through the different 
diffusion rates of Zn 2+ and Au 3+. By leveraging the Kirkendall effect at different Au 3+ levels and over time (0, 5, 30, and 60 min) a composite with iron porphyrin 
(TCPP(Fe)) (the HZIF(Au 4.5)@TCPP(Fe)) was effectively assembled. The selection of various metals within HZIF(Au 4.5)@TCPP(Fe)-M (M = Fe, Co, Ni, and Cu) hybrid 
nanocomposites was then successfully formed via metallization cross-linking engineering. This metallization and the electron-donating properties of TCPP resulted 
in an electron-rich state for Au while the cross-linking of the carboxyl groups of TCPP with metal ions also significantly improved the electrocatalytic performance. 
Together, this allowed HZIF(Au 4.5)@TCPP(Fe)-Fe to act as an effective electrochemical sensor with dopamine (DA) as the target molecule. In the optimal electrolyte 
environment, the linear range of 0.006–1500 μmol L −1 and detection limit of 0.002 μmol L −1 (signal-to-noise ratio, S/N = 3) could be realized for the DA response. 
This study carried out the fine regulation of ZIF nanocrystals through rational design; the unique construction and assembly strategy offered here will open up new 
routes for the evaluation of disease markers to effectively identify and monitor disease. 

Keywords hollow ZIF, Kirkendall effect, iron porphyrin, electrochemical detection, dopamine  

1 Introduction  

Nanocrystals with controllably constructed high crystallinity, 
abundant active centers, and tailored local microenvironments 
present incredible potential in the fields of energy storage, sensing, 
and catalysis [1,2]. As classical porous coordinated nanocrystals, 
metal-organic frameworks (MOFs) are a class of classical porous 
coordinated nanocrystals and are assembled from organic linkers 
and metal nodes/clusters and represent ideal platforms for these 
applications [3–7]. The exploration of customization in solid MOFs 
has been well studied with such adjustments as doping, modifica
tion, derivatization, functionalization, and formation of heterojunc
tions [8–12]. With the rapid evolution of organic-inorganic hybrid 
nanomaterials, hollow MOFs, as the optimized product of solid 
MOFs, have become increasingly notable for their performance. 
Their unique hollow cavities endow the material with greater 
porosity, allowing for a richer density of active sites, faster substance 
transport, and better compatibility [13]. Presently, most of the 
strategies for the construction of hollow MOFs include weak-acid/ 
base etching, soft/hard template methods, and precursor conversion 
approaches [14,15]. It is worth noting that these classic paths carry 
certain limitations including: (1) the sensitivity of MOFs to etching 
agents, which can easily cause the collapse of the overall frame 
structure; (2) the use of etching agents can lead to potentially 
harmful effects on the environment and human health; (3) the lack 

of controllability when growing MOFs on a template; (4) the 
difficulty in controlling the shape and composition of MOFs. These 
factors necessitate the discovery of alternative and novel routes for 
the construction of hollow MOFs to improve their efficacy for a 
diverse array of applications. 

Recent studies have revealed that the Kirkendall effect may be 
leveraged as a facile and effective strategy for acquiring hollow 
cavities within mesoporous nanoparticles [16]. Specifically, this 
effect occurs when there is a difference in diffusion rates between 
two components of a diffusion couple, leading to the formation of 
defects at the interface, thereby generating a distinct hollow 
structure [17]. The Kirkendall effect can be categorized as a “self- 
template” approach, where the template can be automatically 
depleted during the hollowing procedure, allowing for several 
advantages, including access to high-quality nanocrystals of 
uniform size and shape, relatively high crystallinity, and straight
forward operation. At present, the Kirkendall effect has mainly been 
applied in metal compounds/metal nanoparticles, e.g., metal 
phosphides, metal sulfides, metal nitrides, and metal oxides 
[18,19]. However, the study of this effect with respect to MOFs is 
relatively new. This newfound customization afforded to MOFs 
creates a valuable ability to regulate the presence and size of hollow 
cavities within MOFs, imparting new characteristics to the material 
while maintaining the exceptional advantages of the framework 
offers. 
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The introduction of guest materials within hollow MOFs can be 
utilized to further improve the overall performance in a range of 
applications. For example, Metalloporphyrins (e.g., C 48H 28ClFeN 4 

O 8, TCPP(Fe)) can be introduced within these pores as ideal guest 
molecules with their classical cyclic conjugated structure, excellent 
thermal/electronic stability, modifiability, good catalytic activities, 
and outstanding redox properties [20–23]. This addition and 
electron-donating characteristics of TCPP may endow the guest 
molecule with a unique electronic state. Additionally, the modifica
tion of TCPP(Fe) may lead to greater accessibility of the cross-linked 
metal on the surface, which is conducive to improving its 
interaction with target molecules, further improving the desired 
catalytic performance. This integrated strategy combining hollow 
MOFs, the Kirkendall effect, and the inclusion of modified guest 
molecules holds fascinating potential in the field of electroanalytical 
detection. 

Herein, based on the excellent cost-effectiveness, operability and 
good thermal/chemical stability of ZIF-8, it was selected as a 
candidate in this study. The HZIF(Au 4.5)@TCPP(Fe)-M (M = Fe, Co, 
Ni and Cu) were successfully fabricated utilizing the Kirkendall 
effect and metallization cross-linking engineering. The hollow 
structures could be formed quickly (~1 h) without the need for 
chemical acid/base etchants or soft/hard templates. The screen- 
printed electrodes (SPE) were then modified via as-constructed 
hollow nanocrystals and connected to a portable electrochemical 
workstation. Next, dopamine (C 8H 11NO 2, DA), a classic physiolo
gical biomolecule, was selected as a model for study. This 
endogenous nitrogen-containing neurotransmitter plays a key 
regulatory role in the central nervous system [24,25] and is an 
important biomolecule in organisms involved in normal physiolo
gical functions and vital activities, representing an excellent case 
study to examine the advantages of electrochemical sensing (e.g., 
rapid response, ease of operation) [26–29]. To perform this 
evaluation, a novel electrochemical sensor for quick and efficient 
detection of DA was fabricated and the electrochemical performance 
in the detection of DA, the electrode comparison, scan rate, pH and 
linear range were each explored. This revealed an optimal 
enrichment potential/time that improved the current response 
toward DA in both simulated conditions and actual samples. 
Together, this effective combination of porous coordination poly
mers, the Kirkendall effect, and inclusion of metalloporphyrins 
provides a novel perspective for the advancement of electrochemical 
sensors. 

2 Experimental  

2.1 Chemicals  

The analytical reagents in this study are abbreviated as AR. 
Zinc nitrate hexahydrate (Zn(NO 3) 2·6H 2O, AR), cobalt chloride 
hexahydrate (CoCl 2·6H 2O, AR), nickel chloride hexahydrate 
(NiCl 2·6H 2O, AR), copper chloride dihydrate (CuCl 2·2H 2O, AR) 
and HAuCl 4·4H 2O (≥ 47.8%, AR) were purchased from Sinopharm 
Chemical Reagent (Shanghai, China). Disodium hydrogen phos
phate dodecahydrate (Na 2HPO 4·12H 2O, AR), iron trichloride 
hexahydrate (FeCl 3·6H 2O, 99%), dopamine (C 8H 11NO 2, 98%), 
sodium phosphate dihydrate (NaH 2PO 4·2H 2O, AR), Fe(III) 
meso-tetra (4-carboxyphenyl) porphyrin chloride (TCPP(Fe), 95%) 
and 2-methylimidazole (C 4H 6N 2, 98%) were obtained via Aladdin 
Chemical Reagent (Shanghai, China). Methanol (CH 3OH, AR) and 
β-mercaptoethylamine (C 2H 7NS, 95%) were purchased through 
Macklin Reagent (Shanghai, China). Of note, all reagents were used 
directly without any special treatment. 

2.2 Synthesis of ZIF-8  

The ZIF-8 was prepared via the previously reported method of the 
research group [30]. Specifically, 0.84 mmol Zn(NO 3) 2·6H 2O was 
dispersed in 6.25 mL methanol, called solution (I). 10.7 mmol 
2-methylimidazole was fully dissolved in 12.5 mL methanol, called 
solution (II). Then, the obtained I and II were mixed uniformly and 
stirred continuously for 12 h. Eventually, the white suspension was 
washed four times by centrifugation (400 mL methanol, 
9500 r/min, 3 min) and vacuum dried at 60 °C for 12 h. 

2.3 Synthesis of HZIF(Au 4.5) and HZIF(Au 1.5)  

The HZIF(Au 4.5) was acquired through the Kirkendall effect. At first, 
the synthesized ZIF-8 (50 mg) was thoroughly dispersed in 45 mL of 
methanol through sonication. Then, 4.5 mL of HAuCl 4·4H 2O 
(0.02 g mL −1) was slowly added to the above dispersed solution 
and stirred vigorously for 1 h. Next, the obtained yellow solution 
was centrifugally washed several times (9500 r/min, 2 min) and 
dried at 60 °C for 12 h, and denoted as HZIF(Au 4.5). Similarly, the 
preparation of HZIF(Au 1.5) also followed the above procedure, 
except that the HAuCl 4·4H 2O introduced into the system was 
1.5 mL. Notably, the samples collected at 5 and 30 min were 
denoted as HZIF(Au 4.5)-5 min, HZIF(Au 1.5)-5 min, HZIF(Au 4.5)- 
30 min, and HZIF(Au 1.5)-30 min, respectively. 

2.4 Preparation of HZIF(Au 4.5)@TCPP(Fe) and HZIF(Au 4.5) 
@TCPP(Fe)-M (M = Fe, Co, Ni, and Cu)  

Relevant samples were constructed with reference to the literature 
and accompanying modifications [31]. Firstly, ~0.1 g HZIF(Au 4.5) 
was added to 100 mL of methanol and sonicated for 10 min. 
Subsequently, 0.02 g of β-mercaptoethylamine was introduced into 
the above solution and stirred continuously for 8 h. When stirring 
was finished, the solution was washed three times with methanol 
and dried at 60 °C for 12 h. Next, the obtained sample and 5 mg of 
TCPP(Fe) were dispersed into 20 mL of methanol with continuous 
stirring for 24 h. Finally, the collected samples were washed several 
times with methanol and dried overnight (60 °C), and marked as 
HZIF(Au 4.5)@TCPP(Fe). As for the preparation of HZIF(Au 4.5) 
@TCPP(Fe)-M (M = Fe, Co, Ni, and Cu): firstly, 0.05 g HZIF 
(Au 4.5)@TCPP(Fe) was introduced into 50 mL of methanol solution 
and sonicated for 15 min. In the second step, an equimolar amount 
(0.011 mmol) of Fe 3+ or Co 2+ or Ni 2+ or Cu 2+ was added to the 
above solution and stirred vigorously for 8 h. Finally, the collected 
samples (i.e., HZIF(Au 4.5)@TCPP(Fe)-M (M = Fe, Co, Ni, and Cu) 
were washed several times via centrifugation and dried at 60 °C for 
12 h. Similarly, the introduction of different levels of Fe 3+ into this 
system also followed the above-mentioned steps. When the Fe 3+ 

content was 0.022 mmol (~6 mg) and 0.033 mmol (~9 mg), the 
acquired samples were named HZIF(Au 4.5)@TCPP(Fe)-Fe 6 and 
HZIF(Au 4.5)@TCPP(Fe)-Fe 9, respectively. 

The detailed description of the apparatus, electrode modification 
process, and equations is available in the Supporting Information 
online. For the series of samples constructed in this research, the full 
details of all materials used and synthetic protocols can be found in 
Table S1 (Supporting Information online). 

3 Results and discussion  

3.1 Morphological analysis and structural characterization 
of samples  

The process HZIF(Au 4.5)@TCPP(Fe)-M (M = Fe, Co, Ni, Cu) 
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synthesis is illustrated in Scheme 1. Following successful synthesis 
of the parent ZIF-8 MOF, cation exchange of the Zn 2+ and Au 3+ was 
performed (Figure S1, Supporting Information online). This resulted 
in the predicted evolution of the MOF structure leveraging the 
Kirkendall effect. This process and the mechanism of structural 
evolution are illustrated in Figure 1a. Meanwhile, the non- 
equilibrium mutual diffusion phenomena were also observed during 
this exchange reaction. In Figure 1a, as the rate of outward diffusion 
of Zn 2+ through the shell layer is superior to the rate of inward 
diffusion of Au 3+, the Kirkendall cavities are formed. As the diffusion 
process continues, the hollow frame structure is eventually 
produced [32]. This kinetic process of the transition of solid nano- 
MOFs to hollow structures was explored in this study using 
transmission electron microscopy (TEM). To evaluate the effect of 
cation concentration on the solid ZIF-8, the MOF was subjected to 
increasing concentrations of chloroauric acid aqueous solution (1.5 
or 4.5 mL, C Au = 0.02 g mL −1), followed by an observation of the 
microscopic characteristics of the samples at 0, 5, 30, and 60 min, 
respectively. At 0 min, the initial state of ZIF-8, i.e., when no 
aqueous chloroauric acid solution was introduced, showed the solid 
rhombic dodecahedral structures (Figure 1b, f). Then at 5 min, the 
outer surfaces of HZIF(Au 1.5) and HZIF(Au 4.5) appeared to become 
smooth, and the solid nanostructures were maintained (Figure 1c, 
g). Here, the Au ions were mainly concentrated on the surface of the 
MOFs, however, as time increased to 30 min, the two nanomaterials 
showed the characteristics of being partially hollow, with the 
increased degree of hollowness for HZIF(Au 4.5) (Figure 1h) 
compared to that of HZIF(Au 1.5) (Figure 1d). Finally, at 60 min, 
the hollow cavities of HZIF(Au 1.5) became more pronounced, but 
were irregular, asymmetric, and inhomogeneous (Figure 1e). In 
contrast, the HZIF(Au 4.5) were relatively homogeneous with 
regular hollow cavities with a consistent size of approximately 
42 nm (Figure 1i). Additionally, the elemental mapping results in 
Figure 1j, k also revealed the existence of the C, N, O, Zn, and Au 
elements in both HZIF(Au 1.5) and HZIF(Au 4.5) nanomaterials. 

Following this experiment, a series of MOF nanocrystals (ZIF-8, 
HZIF(Au 4.5), HZIF(Au 4.5)@TCPP(Fe) and HZIF(Au 4.5)@TCPP(Fe)- 

Fe) were analyzed to evaluate the effect that guest molecules (TCPP) 
and the variation of metals species (Fe, Co, Ni, and Cu) cross-linking 
with TCPP via metal-carboxylate coordination may have on the 
surrounding framework. A schematic illustrating these components 
coordinating to one another within the hollow MOF cavity can be 
found in Figure 2a–d. These were observed via scanning electron 
microscope (SEM) and TEM to identify any morphological features 
with several notable findings (Figure 2e–o). First, the synthesized 
ZIF-8 presented the solid and regular polyhedral morphology with 
dimensions of around 85 nm (Figure 2e, i). In HZIF(Au 4.5), the 
~42 nm cavities were acquired via the Kirkendall effect (Figure 2f, j). 
For both the HZIF(Au 4.5)@TCPP(Fe) (Figure 2g, k) and HZIF(Au 4.5) 
@TCPP(Fe)-Fe (Figure 2h, l) nanocomposites, there were clear 
hollow structures that could be easily observed (marked by the blue 
arrows). Meanwhile, the high-resolution TEM of Figure 2m revealed 
the presence of small-sized and uniformly distributed nanoparticles 
in HZIF(Au 4.5)@TCPP(Fe)-Fe, which circled in red. In Figure 2n, the 
ordered lattice fringes could be observed and are accompanied by a 
Fourier transform illustrating a crystal plane spacing of about 
0.24 nm, which can be categorized as the Au(111) facet [33,34]. 
Thus, from the above, it can be concluded that there are abundant 
Au nanoparticles in HZIF(Au 4.5)@TCPP(Fe)-Fe with a particle size 
of approximately 2.5 nm. At the same time, the elemental mapping 
(Figure 2o) demonstrated the well-dispersed C, N, O, S, Zn, Au, and 
Fe elements in HZIF(Au 4.5)@TCPP(Fe)-Fe. And the EDS spectrum 
was displayed in Figure S2. The microscopic images of various metal 
cross-linking and iron salt content cross-linking were also captured. 
Specifically, the SEM and TEM images of HZIF(Au 4.5)@TCPP(Fe)-M 
(M = Co, Ni, and Cu), HZIF(Au 4.5)@TCPP(Fe)-Fe 6, and HZIF(Au 4.5) 
@TCPP(Fe)-Fe 9 can be observed in Figure S3. The hollow structures 
of a series of nanocomposites could be clearly observed via TEM. 

As depicted in Figure 3a, a range of hybridized nanocrystals 
(HZIF(Au 4.5), HZIF(Au 4.5)@TCPP(Fe) and HZIF(Au 4.5)@TCPP(Fe)-Fe) 
all retained the crystal structure of ZIF-8 [35,36]. Meanwhile, the 
X-ray diffraction (XRD) patterns of HZIF(Au 4.5)@TCPP(Fe)-M (M = 
Co, Ni, Cu) and HZIF(Au 4.5)@TCPP(Fe)-Fe x (x = 6 or 9) showed 
characteristic peaks similar to ZIF-8 and can be found in Figure S4. 

Scheme 1 (Color online) Schematic illustration for the preparation route of HZIF(Au 4.5)@TCPP(Fe)-M (M = Fe, Co, Ni, Cu).  
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In parallel to the synthesis of these materials, a series of nano-MOFs 
were also obtained using the Kirkendall effect at different times and 
were characterized via XRD (Figure S5). All the above-mentioned 
nanocomposites retained the initial characteristic crystal planes 
found in ZIF-8. Next, the Fourier transform-infrared spectroscopy 
(FTIR) of ZIF-8, HZIF(Au 4.5), HZIF(Au 4.5)@TCPP(Fe), and HZIF 
(Au 4.5)@TCPP(Fe)-Fe were conducted with the results illustrated in 
Figure 3b. Here we observed that an IR peak located at 421.2 cm −1, 
which we classified as the classical stretching vibration between 
Zn–N. Next, the IR vibrations at 995.7, 1145.6, and 1174.9 cm −1 

were categorized as C–N bonds while the characteristic peaks at 
1308.1 and 1221.8 cm −1 each correspond to the stretching 
vibrations of C–H [37]. Finally, the IR peak near 3200 cm −1 was 
tightly correlated with –NH 2. Simultaneously, the FTIR spectra 
(Figure S6) of HZIF(Au 4.5)@TCPP(Fe)-M (M = Co, Ni, and Cu) and 
HZIF(Au 4.5)@TCPP(Fe)-Fe x (x = 6 or 9) all exhibited similar IR 
profiles, indicating a similar structural composition. Additionally, 
Figure 3c, d present the nitrogen adsorption and desorption curves 
and pore width distributions of ZIF-8, HZIF(Au 4.5), HZIF(Au 4.5) 
@TCPP(Fe) and HZIF(Au 4.5)@TCPP(Fe)-Fe, respectively. The de
tailed data for this procedure can be found in Table S2. Meanwhile, 
these results show that specific surface area decreased from: ZIF-8 > 
HZIF(Au 4.5) > HZIF(Au 4.5)@TCPP(Fe) > HZIF(Au 4.5)@TCPP(Fe)-Fe, 

with the pore sizes of all materials in the range of <2 nm and 
2–50 nm [38]. With regard to the thermal stability of samples, the 
HZIF(Au 4.5)@TCPP(Fe)-Fe nanomaterial was also investigated 
using a thermogravimetric analysis (TGA) approach. The results 
showed a weight loss at 251 °C–584 °C which was ascribed to the 
decomposition of TCPP(Fe) and organic linkers [39,40] (Figure 3e). 
Compared to ZIF-8, the thermal stability of HZIF(Au 4.5)@TCPP(Fe)-Fe 
was slightly decreased. There was also an increase in the Fe content 
in HZIF(Au 4.5)@TCPP(Fe)-Fe compared to that of HZIF(Au 4.5) 
@TCPP(Fe) in the ICP data (Figure 3f), which indicates the success 
of our metallization cross-linking strategy and the presence of our 
desired product. Next, the X-ray photoelectron spectroscopy (XPS) 
was applied to analyze the surface properties of the fabricated 
samples. As illustrated in Figure 3g, the HZIF(Au 4.5)@TCPP(Fe)-Fe 
and HZIF(Au 4.5) both contained the C, N, O, S, Zn, Au, and Fe 
elements. As depicted in Figure 3h, the Au 4f orbitals of HZIF(Au 4.5) 
@TCPP(Fe)-Fe were moved toward lower binding energy compared 
to HZIF(Au 4.5), which indicates that the Au in the HZIF(Au 4.5) 
@TCPP(Fe)-Fe sample presents electron-rich states [41,42]. These 
Au 4f shifts were attributed to the fact that the iron-porphyrins 
possess electron-donor properties with delocalized π systems 
[43,44]. Together, these results suggest the existence of significant 
electronic state interactions in HZIF(Au 4.5)@TCPP(Fe)-Fe. 

Figure 1 (Color online) (a) Schematic illustration of conversion from solid nano-polyhedron to hollow structures based on the Kirkendall effect. TEM images (0, 5, 30, and 60 min) of 
HZIF(Au 1.5) (b–e) and HZIF(Au 4.5) (f–i). Elemental mapping of HZIF(Au 1.5) (j) and HZIF(Au 4.5) (k).  

SCIENCE CHINA Chemistry 2026 Vol.69 No.4                                                                                                                                                                                1787 



Additionally, we found that the Fe was mainly available in HZIF 
(Au 4.5)@TCPP(Fe)-Fe in the form of Fe 2+ and Fe 3+ [45] (Figure 3i) 
and is accompanied by a satellite peak, which is mainly caused by 
the multiple frequencies of the X-ray sources. Finally, the XPS peak 
at 530.18 eV was attributed to Fe–O (Figure S7), which originates 
from the coordination of the carboxylate group of TCPP and the 
additional introduced iron salts, and further supports the creation of 
our desired product [31]. The elemental contents and Zn 2p curves 
in HZIF(Au 4.5)@TCPP(Fe)-Fe can be seen in Table S3 and Figure S8, 
respectively. When combined, the results from the above char
acterization methods indicate the success of our metallization and 
cross-linking strategy. 

3.2 Electroanalytical evaluation of DA at a series of modified 
electrodes  

The electrochemical behaviors in this study were performed using 
the mini portable electrochemical workstation and the correspond
ing electrode adapters, which can be observed in Figure S9. Prior to 
sample analysis, differential pulse voltammetry (DPV) was utilized 
to determine the electrode material with the optimal DA response. 
During this test, we found that the current signal of HZIF(Au 4.5)/ 
SPE was significantly better than that of HZIF(Au 1.5)/SPE (Figure 
S11). When we tested the electrochemical performance of HZIF 
(Au 4.5)@TCPP(Fe)-M (M = Cu, Ni, Co, and Fe) and different levels of 
Fe salts modification (HZIF(Au 4.5)@TCPP(Fe)-Fe, HZIF(Au 4.5) 

@TCPP(Fe)-Fe x (x = 6 or 9), the HZIF(Au 4.5)@TCPP(Fe)-Fe 
presented the best DA electrocatalytic behavior and was selected 
as the focus of this study (Figures S11 and S12). 

Following the selection of electrode material, we investigated a 
series of reaction kinetics around DA. In Figure 4a, b, the response 
sequence of different modified electrodes to DA was as follows: HZIF- 
(Au 4.5)@TCPP(Fe)-Fe/SPE (16.7 μA) > HZIF(Au 4.5)@TCPP(Fe)/SPE 
(12.2 μA) > HZIF(Au 4.5)/SPE (6.0 μA) > ZIF-8/SPE (2.4 μA) > SPE 
(1.23 μA). When we measured the cyclic voltammetry (CV) curves 
of the above four modified electrodes, we found that there was no 
current response when no DA was present in the electrolyte solution 
(Figure S13). This indicates that the HZIF(Au 4.5)@TCPP(Fe)-Fe/SPE 
can substantially enhance the signal response of DA. 

We then evaluated the influence that different scan rates had on 
the electroanalytical sensor (Figure 4c, d). Here we found that as the 
scan rates (v) increased from 25 to 550 mV s −1, the profiles of DA 
response became more pronounced, and with a significant increase 
in the peak currents of both the cathodic (I  pc ) and anodic (I  pa ) 
responses. And the response of the HZIF(Au 4.5)@TCPP(Fe)-Fe 
electrochemical sensor to the DA peak current has a significant 
linear relationship with the v 1/2 [46]. Based on this, the electro
analytical assessment of DA is a diffusion control process. The fitted 
equations (Eqs. (S1) and (S2)) can be seen in the Supporting 
Information. When evaluating these plots, a clear linear relation
ship between anode or cathode peak potential (E  pa  or E  pc ) and lnv 
can be observed (Figure 4e). 

Figure 2 (Color online) (a–d) Description of metallization cross-linking engineering. SEM and TEM images of ZIF-8 (e, i), HZIF(Au 4.5) (f, j), HZIF(Au 4.5)@TCPP(Fe) (g, k), and HZIF(Au 4.5) 
@TCPP(Fe)-Fe (h, l). High resolution TEM (m), interplanar spacing (n), and elemental mapping (o) of HZIF(Au 4.5)@TCPP(Fe)-Fe.  
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Next, we investigated the influence of varying pH on the 
electroanalytical system. From this, we found that the optimal pH 
with the strongest DA response from HZIF(Au 4.5)@TCPP(Fe)-Fe/SPE 
occurred at pH 7.4 (Figure 4f). We also found a functional 
relationship between the potential (E  pa ) and pH (Figure 4g), which 
can be described by the equation (Eq. (S3)). The slope of this 
equation (50.1 mV pH −1) was very near to the theoretical value 
(59.0 mV pH −1) calculated from the Nernst equation (Eq. (S4)). We 
also calculated the electron transfer number using Eq. (S5) and 
found that n = 2.37 (n ≈ 2) during the detection process. 

Chronocoulometry is primarily performed to determine the 
adsorption situation at the electrode interface and allows for the 
identification of the effective region of the electrode (ERE), which is 
crucial for an in-depth understanding of the entire electrocatalytic 
process. As an aid to understand this electrocatalytic process, we 
created Figure 5 and Figure S14 to illustrate the reaction pathway 
of DA on the sensor. The ERE values we obtained are tightly related 
to electrochemical characteristics, such as sensitivity, reaction rate, 
and response interval. To evaluate ERE values, we utilized Anzon’s 
equation (Eq. (S6)), and found there was an increase in this value as 
we progressed from SPE, ZIF-8/SPE, HZIF(Au 4.5)/SPE, HZIF(Au 4.5) 
@TCPP(Fe)/SPE, and HZIF(Au 4.5)@TCPP(Fe)-Fe/SPE with corre
sponding values of 0.006, 0.01, 0.025, 0.041, and 0.062 cm 2, 
respectively. For further testing, the charge parameters (Q) of SPE, 
ZIF-8/SPE, HZIF(Au 4.5)/SPE, HZIF(Au 4.5)@TCPP(Fe)/SPE, and 
HZIF(Au 4.5)@TCPP(Fe)-Fe/SPE were evaluated and found that all 

displayed the obvious linear positive correlation with the square 
root of time (t 1/2) (Figure 4h, i). These results indicate that the 
electrode surface of HZIF(Au 4.5)@TCPP(Fe)-Fe/SPE has the highest 
ERE value, allowing more active sites for the electrocatalytic 
reaction of DA. When we calculated the diffusion coefficient of 
DA, according to the Cottrell equation (Eq. (S7)), we found there 
was a rate of 6.513 × 10 −6 cm 2 s −1. And the electron transfer rate 
constant for dopamine oxidation as 0.566 s −1 via the Laviron 
equation (Eq. (S8)). We then plotted the relationship between 
increasing sample concentrations (0, 100, 200, 300, 400 μmol L −1 

of DA) and time (t) (Figure 4j) as well as the peak current on the 
HZIF(Au 4.5)@TCPP(Fe)-Fe/SPE under these same conditions 
(Figure 4k). These results showed a significant positive correlation 
with t −1/2. Additionally, we found that the slope (derived from 
Figure 4k) had a markedly linear relationship with DA concentra
tion (Figure 4l).  

Next, we explored the sensitivity of the fabricated HZIF(Au 4.5) 
@TCPP(Fe)-Fe electroanalytical sensing platform via accumulating 
potential and time. These two factors are tightly correlated with the 
linear interval and detection limits of the analyte. As depicted in 
Figure S15a, the peak current exhibited a parabolic peak starting at 
−0.1 V and ending at 0.3 V with a maximum at 0.1 V, indicating a 
favorable accumulation potential for the electrochemical analysis of 
DA within this range. As exposure of DA to the sensor progressed 
over time, we observed that this current increased until reaching a 
limit after 150 s at which there appeared to be no further increase, 

Figure 3 (Color online) XRD profiles (a), FTIR spectra (b), N 2 adsorption-desorption curves (c), pore width distributions (d), TG patterns (e) of ZIF-8, HZIF(Au 4.5), HZIF(Au 4.5)@TCPP(Fe), 
and HZIF(Au 4.5)@TCPP(Fe)-Fe. (f) ICP analysis of HZIF(Au 4.5)@TCPP(Fe) and HZIF(Au 4.5)@TCPP(Fe)-Fe. XPS broad spectrum (g) and Au 4f (h) of HZIF(Au 4.5) and HZIF(Au 4.5)@TCPP 
(Fe)-Fe. (i) Fe 2p of HZIF(Au 4.5)@TCPP(Fe)-Fe with the satellite (Sat.) region denoted.  
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indicating a saturation of DA at the electrode interface (Figure 
S15b). 

3.3 Quantitative analysis of DA  

In order to evaluate the electroanalytical behavior of HZIF(Au 4.5) 
@TCPP(Fe)-Fe/SPE subjected our material to increasing concentra
tion of DA molecules (C DA = 0.006, 0.06, 0.6, 2, 5, 10, 50, 100, 
300, 500, 700, 900, 1100, 1300, and 1500 μmol L −1). This 
resulted in an observed direct relationship where the current signal 
increased with C DA (Figure 6a, Figure S16). When plotting the 
relationship between C DA and peak current (Figure 6b, Figure S17), 
we found that there was a linear relationship between the two 
groups in the region of 0.006–1500 μmol L −1 with fitted linear 
equations, which can be seen in the Supporting Information online 

(Eqs. (S9) and (S10)). The magnified linear range (0.006– 
10 μmol L −1, marked in red) can be found in Figure S17. We then 
calculated the detection limit of DA on the constructed HZIF(Au 4.5) 
@TCPP(Fe)-Fe electroanalytical sensing platform and determined it 
to be 0.002 μmol L −1 (S/N = 3). While evaluating these data points 
together, we analyzed the two linear intervals (0.006–10 μmol L −1, 
10–1500 μmol L −1) obtained in this study which can be ascribed to 
the fact that as the DA concentration increases, the dominant role of 
the electrode interface changes from the initial adsorption control to 
the diffusion control [47,48]. This, in turn, reduces the sensitivity of 
the latter interval. Meanwhile, the sensitivity of HZIF(Au 4.5)@TCPP 
(Fe)-Fe electroanalytical platform to DA was calculated as 1.5774 
and 5.9355 μA μM cm −2. Specifically, the sensitivity was acquired 
based on the ratio of the linear slope to ERE. As illustrated in Table 
S4, the fabricated HZIF(Au 4.5)@TCPP(Fe)-Fe/SPE in this work 

Figure 4 (Color online) (a) DPV values of synthesized materials (SPE (#1), ZIF-8/SPE (#2), HZIF(Au 4.5)/SPE (#3), HZIF(Au 4.5)@TCPP(Fe)/SPE (#4), and HZIF(Au 4.5)@TCPP(Fe)-Fe/SPE 
(#5)) in 0.1 mol L −1 PBS (C DA = 100 μmol L −1). (b) The specific peak current data. (c) CV curves of HZIF(Au 4.5)@TCPP(Fe)-Fe/SPE at various scan rates (25–550 mV s −1). (d) The 
correlation between current response and scan rates. (e) Linear behaviors between peak potential and lnv. (f) DA current response under various pH levels. (g) Fitting curve of potential vs. 
pH. (h) Chronocoulometry behaviors of SPE (#1), ZIF-8/SPE (#2), HZIF(Au 4.5)/SPE (#3), HZIF(Au 4.5)@TCPP(Fe)/SPE (#4), and HZIF(Au 4.5)@TCPP(Fe)-Fe/SPE (#5). (i) The functional 
relationship between Q and time 1/2. (j) Chronoamperometric plots of HZIF(Au 4.5)@TCPP(Fe)-Fe/SPE with various DA concentrations. (k) Linear dependence of the current signal on 
time −1/2. (l) Linear relationship between slope (generated via chronoamperometric approach) and C DA.  
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displayed an improved linearity window and detection limit in 
comparison to similar DA electrochemical detection methods [49– 
61]. This excellent electroanalytical performance can be attributed 
to: (1) a short-range diffusion path of the hollow MOF structure, 
which is conducive to the transmission and contact of DA; (2) the 
ability of TCPP(Fe)-Fe to expose more active sites; and (3) the 
electron-rich Au’s excellent electrochemical response to DA. 
Together, these advantages and the novel use of the Kirkendall 
effect with pure-phase nano-MOFs represent a notable advance
ment in the field, outcompeting other analysis techniques and 
offering insights that may provide new avenues for the detection of 
neurotransmitters. 

3.4 Research on anti-interference and stability  

To explore the anti-interference ability, repeatability, reproduci
bility, and stability of the HZIF(Au 4.5)@TCPP(Fe)-Fe electroanaly
tical sensing platform, we selected a number of representative 
disruptors. These included, ion disruptors: NH 4 

+, Co 2+, Cr 3+, Fe 3+, 
Zn 2+, Ti 4+, Ca 2+, and Na +; analogous interferents: adrenaline, gallic 
acid, quercetin, 2,4,6-trichlorophenol, luteolin, catechol, estradiol, 
chlorogenic acid, levodopa and hydroquinone; and biomolecular 
disruptors: folate, hypoxanthine, glucose, thymine, hydroxylamine, 

L-cysteine and sorbic acid. Each of these was tested at a 
concentration of 10 mmol L −1, roughly 100 times that of C DA. 
Further speaking, the observed current fluctuation of the HZIF- 
(Au 4.5)@TCPP(Fe)-Fe sensor could remain relatively stable despite 
the interference of several times the concentration of metal ions, 
analogs, and biomolecule disruptors (Figure 7a–d). Further testing 
revealed more satisfactory characteristics of the platform. When the 
sensor was exposed to classical interfering substances, including 
ascorbic acid (i.e., AA) and uric acid (i.e., UA), which interfere with 
the detection of DA, the current response was only slightly affected, 
with 91.1% by the interference of AA, and UA showed no 
significant interference with the current signal (Figure S18). This 
observation was reflected in all interference studies, indicating little 
to no relationship between the presence of interfering agents and 
the detection of DA (Figure 7e). Additionally, the results of 
electrochemical cycling in AA and UA were shown in Figure S19. 
Specifically, when DPV cycling was performed in solutions contain
ing UA and AA, the current signals of DA at this time could reach 
97.1% and 89.6% of the initial values, respectively. Therefore, 
compared to AA, the HZIF(Au 4.5)@TCPP(Fe)-Fe electrochemical 
sensor shows superior cycling stability in a solution containing UA. 
The HZIF(Au 4.5)@TCPP(Fe)-Fe electrochemical sensor exhibits 
excellent anti-interference capabilities may be related to the 
following factors. The unique pore volume and pore size of HZIF- 
(Au 4.5)@TCPP(Fe)-Fe nanocrystals allow the formation of channels 
appropriate for the transport of the target analyte (dopamine) and 
electron transfer. These transmission channels can depend on their 
shape or size to create the “size exclusion effect”, which is beneficial 
to improve the selectivity of the target molecules [62]. Furthermore, 
when seventeen individual HZIF(Au 4.5)@TCPP(Fe)-Fe/SPE sensors 
were constructed using the same method for DA detection, the 
relative standard deviation (R.S.D) of the electroanalytical system 
was calculated to only vary by 4.81% (Figure 7f). Additionally, 
when the HZIF(Au 4.5)@TCPP(Fe)-Fe sensor underwent the 17 
consecutive DPV scans, the R.S.D. of the current only varied by 
3.66% (Figure 7g). Finally, to determine the platform stability, the 
sensor was monitored over the course of a 35-day period, after 
which it retained 94% of its current response (Figure 7h). These 
experimental results showcase the excellent anti-interference ability 
and stability of the HZIF(Au 4.5)@TCPP(Fe)-Fe portable electroana
lytical sensor. 

3.5 Assessment of real-world samples  

To evaluate the applicability of our electroanalytical sensor toward 
real-world samples, we performed electrochemical analysis to detect 
the presence of DA in classical human serum/urine and fresh pork. 

Figure 5 (Color online) Description of the electrocatalytic mechanism of DA.  

Figure 6 (Color online) (a) Contour mapping of HZIF(Au 4.5)@TCPP(Fe)-Fe/SPE under different C DA (0.006, 0.06, 0.6, 2, 5, 10, 50, 100, 300, 500, 700, 900, 1100, 1300, and 
1500 μmol L −1) in 0.1 mol L −1 PBS (pH = 7.4). (b) Linear response of current to DA.  
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For the human serum/urine samples which were acquired from a 
local hospital in Yangzhou, we injected increasing concentrations of 
DA from 0.0, 15.0, 100.0, and 500.0 μmol L −1 to the samples for 
examination. For our fresh pork samples, we obtained pig brains 
from the farmers’ markets. During testing, we took ~4.7 g of sample 
and placed it in a 100 mL 0.1 mol L −1 PBS solution, which was 
then brought to a viscous state using a multifunctional pulverizer 
for 10 min. Next, zinc salt (1 M, 10 mL) was added to the mixture 
and before thorough mixing. After the mixture was homogenized, it 
was allowed to sit at 4 °C for 0.5 h. The acquired samples were then 
centrifuged (4000 r, 10 min) and refrigerated for subsequent 
evaluation. Each of these samples, from both groups, was further 
processed via filtration to improve the accuracy of the results prior 
to testing. During electroanalytic evaluation, we observed that the 
overall recovery rates of tests ranged from 97.9% to 102.0% with 
the relative standard deviation (R.S.D.) varying by only ≤ 3.4% 
(Table S5). In addition, this electroanalytical sensing platform also 
reached 84.5% and 86.6% current values after electrochemical 
cycling in real serum and urine samples, respectively (Figures S20 
and S21). When compared using high-performance liquid chroma
tography (HPLC), which represents traditional methods, we found 
that these results were consistent with our electroanalytical 

method. To further support our results, we compared the groups 
using the classical statistical tools (F-test and t-test), which 
demonstrate that there is no significant difference in the assessment 
results between the two techniques. These results illustrate the 
exceptional potential of the constructed electrochemical sensing 
platform in real-world conditions, which may be leveraged directly 
in applications or expanded upon toward the detection of other 
critical solutes. 

4 Conclusions  

This work presents a novel approach to detect DA and possibly other 
critical solutes via an HZIF(Au 4.5)@TCPP(Fe)-Fe electrocatalyst for 
electrochemical detection. By leveraging the Kirkendall effect of 
solid ZIF-8, an obvious hollow structure could be acquired after 1 h, 
which promotes rapid transport of DA. This is made possible by the 
unique metallization cross-linking engineering (TCPP(Fe)-Fe), 
which significantly enhances the electroanalytical signal of DA in 
conjunction with the regulation of electronic states, enabling the 
presence of abundant electron-rich Au species within the system, 
which provides excellent electrochemical performance. Together, 
these attributes allowed the electroanalytical sensing platform to 

Figure 7 (Color online) Radar graphs of the effects of different kinds of interfering substances on DA current (ion interference (a), analogues interference (b), and biomolecule 
interference (c)). (d) Specific structure of interfering substances. (e) DPV profiles in HZIF(Au 4.5)@TCPP(Fe)-Fe/SPE containing a range of interfering substances. (f) Current response of 17 
independent HZIF(Au 4.5)@TCPP(Fe)-Fe/SPE. 17 times consecutive DPV assessments (g) and stability exploration (h) in HZIF(Au 4.5)@TCPP(Fe)-Fe/SPE under optimal conditions.  
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detect in a satisfactory linear window (0.006–1500 μmol L −1) with 
a limit of detection (0.002 μmol L −1, S/N = 3). The HZIF(Au 4.5) 
@TCPP(Fe)-Fe electrochemical sensor also achieved a good signal 
response while in the presence of a series of interfering metal ions, 
analogues and biomolecules. These results demonstrate the out
standing repeatability, reproducibility, storage stability, and the 
feasibility of this device for samples and applications. Together, the 
integration of strategies based on the Kirkendall effect, metallopor
phyrins, and cross-linking engineering allows us to offer a novel 
method for electroanalytical detection using porous coordination 
nanocomposites with exceptional detection and stability character
istics. 
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