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ABSTRACT
ZIF-8 was successfully synthesised with a rhombic dodecahedral morphology, an 
average particle size of 262.60 ± 44.21 nm, a predominantly microporous frame-
work, and a high surface area of 991.81 m2/g. These structural features provide 
abundant adsorption sites, making ZIF-8 a suitable candidate for metal ion sens-
ing. Integrated onto a gold SPR platform, the Au/ZIF-8 sensing layer exhibited 
clear resonance angle shifts toward higher angles in response to increasing Sb3⁺ 
concentrations. The sensor achieved a strong linear response (R2 = 0.95), a sen-
sitivity of 0.057°ppm−1, and a binding affinity constant of 1.202 ppm−1, demon-
strating efficient interaction between ZIF-8 and Sb3+ ions. Overall, the physical, 
chemical, and optical properties of ZIF-8, together with its good reproducibility, 
make it a strong candidate for SPR-based antimony detection.

Introduction

Porous crystalline materials such as zeolitic imida-
zolate frameworks (ZIFs), particularly ZIF-8, have 
gained significant attention in recent years for their 
promising role in chemical sensing. Their popularity 
was due to their distinctive structural properties such 
as large surface area, tunable pore size, and exceptional 

chemical and thermal stability [1, 2]. Aside from that, 
ZIF-8 consists of a specific pore size to accommodate 
certain species including nanomaterials, receptors and 
even biomolecules [3]. Benefiting from these proper-
ties, ZIF-8 has been widely studied as a material in 
variety of potential applications such as gas storage 
[4, 5], separation [6, 7], catalysis [8–11], drug delivery 
[12–14], and sensing [15, 16].
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Materials and methodologies

Materials

Zinc nitrate hexahydrate (Zn(NO3)2.6H2O), 2-meth-
ylimidazole (HMIM), and methanol were purchased 
from Sigma-Aldrich (USA). The solution of 1000 ppm 
antimony (Sb) ions was purchased from Fisher Scien-
tific (United Kingdom), and deionised water.

Preparation of target ions

Sb3+ stock solutions of 1000 ppm were diluted by 
using dilution formula M1V1 = M2V2 using deionised 
water to produce Sb3+ solutions with concentration of 
0.01, 0.1, 1, 10, 100, and 1000 ppm. All solutions were 
prepared at room temperature.

Synthesis of ZIF‑8

For the synthesis of ZIF-8, two solutions were pre-
pared beforehand. First, Solution I was prepared 
by adding 2.975  g of Zn(NO3)2.6H20 in 50  mL of 
methanol solution. Then, Solution II of 3.284 g of 
2-methylimidazole in 50  mL of the same solvent 
was prepared. After that, the prepared Solution II, 
which contains the organic ligand, was carefully 
poured into Solution I under continuous magnetic 
stirring for 30 min. The mixture was then allowed 
to sit at room temperature for 24h. The centrifuga-
tion process was then performed on the mixture, and 
the resultant white solid was washed with metha-
nol twice before being dried in an electrical oven 
overnight at 60 °C. The final product or the obtained 
white ZIF-8 powder was dispersed in fresh methanol 
for preparation of sensing films. Figure 1 illustrates 
the brief synthesis procedure of ZIF-8.

Integration of ZIF‑8 with SPR

Preparation of the ZIF-8 thin film was first carried 
out before the incorporation with the SPR sensor. 
Prior to deposition, glass substrates (24 mm × 24 mm, 
thickness 0.13–0.16 mm) were thoroughly cleaned 
with acetone to remove surface impurities such as 
dust and fingerprints. Gold (Au) thin films were 
then deposited onto the glass using a sputter-coat-
ing technique. A K575X sputter coater (Quorum 
Technologies, West Sussex, UK) was employed, as 

Although numerous ZIF-8-based sensors have 
been developed, most reported studies rely heav-
ily on electrochemical sensors [17–20], where ZIF-8 
serves as a catalytic or adsorptive layer to improve 
charge-transfer processes. However, its potential in 
optical sensing, particularly surface plasmon reso-
nance (SPR), remains largely underexplored. In the 
context of plasmonic sensing, the intrinsic character-
istics of ZIF-8 closely align with the optical require-
ments of SPR sensors. Its high surface area and tun-
able porosity facilitate the efficient adsorption and 
pre-concentration of target analyte near the gold 
interface, thereby enhance the local refractive index 
changes that enable the SPR signal to respond more 
effectively. Therefore, employing ZIF-8 in an SPR 
configuration could unlock new advantages, includ-
ing enhanced analyte-sensor interactions, improved 
sensitivity, and more efficient detection of metal ions 
such as antimony (Sb3+).

In particular, the detection of antimony has become 
increasingly important due to its rising presence in 
industrial effluents, electronic waste, mining dis-
charges, and contaminated water sources [21]. This 
concern stems from the fact that antimony, especially 
in its trivalent form (Sb3+), is highly toxic, persistent, 
and capable of bioaccumulating in aquatic and envi-
ronmental ecosystems [22]. It is well established that 
excessive exposure to antimony can cause adverse 
health effects in both humans and animals, affecting 
several organs, including the lungs, heart, liver, and 
kidneys, and may also lead to gastrointestinal disor-
ders [23–25]. Therefore, the ability to accurately and 
sensitively detect antimony ions is crucial for effective 
environmental monitoring, risk assessment, and the 
prevention of long-term ecological and public health 
impacts. As industrialisation continues to grow, the 
need for rapid, reliable, and low-cost sensing plat-
forms becomes increasingly important to protect the 
environment and safeguard human health from long-
term antimony exposure [26].

Given the limited attention toward integrating ZIF-8 
with optical detection systems, there is a clear need to 
explore its potential within SPR-based sensing. Unlike 
the many ZIF-8 sensors that rely on electrochemical 
approaches, SPR provides label-free, real-time detec-
tion with high refractive-index sensitivity [27–29]. 
Therefore, this study is motivated to synthesise and 
characterize ZIF-8, examine its structural and surface 
properties, and evaluate its suitability as an active 
layer for enhancing SPR detection of antimony (Sb3+).
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it provides precise control over coating parameters 
and enables consistent gold film thickness across the 
substrate. To prepare the sensing layer, 1.0 mL of 
the ZIF-8 dispersed in methanol was deposited on 
top of the gold-coated thin film by using a spin coat-
ing machine (Specialty Coating System, P-6708D) 
to produce Au/ZIF-8 thin film for SPR sensor. The 
glass slip was spun at 6000 rpm for 30s to ensure 
uniform thickness. After coating, the samples were 
dried at 70 °C for 30 min to remove any remaining 
solvents and to improve the adhesion of the gold 
film on the glass substrate. The thin film was placed 
between the dielectric medium and the prism fol-
lowing the Kretschmann configuration [30] for the 
sensing measurements. Subsequently, Sb3+ solutions 
of varying concentrations, beginning from the lowest 
level up to 1000 ppm, were introduced onto the thin 
film, and the reflected light intensity at each angular 
interval was systematically recorded.

Results and discussion

Characterisation of synthesised ZIF‑8 for SPR 
sensing layer

The morphological structure of the synthesised 
ZIF-8 was investigated by the FESEM image. Fig-
ure 2 showed the morphological surface of the ZIF-8 
material before and after deposition onto gold thin 
film. From Fig. 1, clearly the particle powder was 
observed to be in the typical rhombic dodecahedron 
shape that was mentioned and agreed by several 
other researchers [31–34]. The synthesised ZIF-8 was 
initially observed to agglomerate into large clusters 
[9]. However, when comparing the two images, the 
ZIF-8 particles in Fig. 2b appear well distributed and 
less aggregated following the deposition process. 
This improvement can be attributed to the spin coat-
ing deposition method, which effectively spreads the 
ZIF-8 over the gold thin film, ensuring a high surface 
area-to-volume ratio and enhancing the sensor’s over-
all performance.

Further measurements and analysis using ImageJ 
software showed that the average particle size of the 
synthesised ZIF-8 was 262.60 ± 44.21 nm. The particle 
size distribution, illustrated in Fig. 3, ranged from 150 

Figure 1   Synthesis method of zeolitic imidazolate framework-8 (ZIF-8).

Figure 2   FESEM micro-
graphs of ZIF-8 showing. a 
the morphology of synthe-
sised powder and b the sur-
face structure of the depos-
ited thin film, each obtained 
at 50,000 × magnification.
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to 400 nm, which is in close agreement with previously 
reported values [35–37], thereby further confirming 
the consistency of the synthesis method. To comple-
ment the morphological study, Energy Dispersive 
X-Ray (EDX) spectroscopy analysis was carried out 
to determine quantitative values of the existing ele-
ments in the synthesised ZIF-8. Figure 4 and Table 1 
present the elemental data obtained from the surface 
of the sensor, revealing the presence of carbon (C), 
nitrogen (N), zinc (Zn), and oxygen (O), which corre-
spond to the expected elemental composition of ZIF-8 
[38]. Additional elements detected are attributed to the 
glass substrate used as the underlying support for the 
sensing film. This data validates that the ZIF-8 was 
successfully synthesised and incorporated onto the 
sensing film’s surface.

Aside from that, XRD analysis was also performed 
to further confirm the successful synthesis of ZIF-8. 
Figure 5 shows the XRD pattern of the synthesised 
sample with several distinct peaks at 2θ = 22.1°, 24.5°, 
26.7° and 29.6°. These peaks are indicative of the mate-
rial’s highly ordered structure and are consistent with 
the data provided in the JCPDS 00–062–1030 card, as 
well as previously reported results [39], confirming 
the successful formation of zeolitic imidazolate frame-
work-8 (ZIF-8).

The textural properties of the synthesised ZIF-8 
were further investigated using nitrogen adsorp-
tion–desorption analysis, as shown in Fig.  6. The 
sample was classified as Type I according to the 
IUPAC classification, which is characteristic of mate-
rials with a predominantly microporous nature [40, 
41]. The steep nitrogen uptake at relative pressure 

Figure  3   Particle sizes distribution of synthesised ZIF-8 range 
from 150–400 nm.

Figure  4   Elemental composition of synthesised ZIF-8 from 
EDX analysis.

Table 1   EDX quantitative analysis of ZIF-8 elemental composi-
tions

Elements Weight percentage (%)

Carbon (C) 38.08 ± 0.58
Nitrogen (N) 26.06 ± 0.97
Oxygen (O) 3.29 ± 1.51
Aluminium (Al) 0.21 ± 0.02
Silicon (Si) 3.41 ± 0.17
Zinc (Zn) 16.19 ± 0.58
Gold (Au) 12.76 ± 0.38

Figure  5   X-Ray diffraction (XRD) pattern of the synthesised 
ZIF-8 powder.
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(P/P0 < 0.1) corresponds to the filling of the samples 
micropores within the framework. In addition, the 
average pore diameter derived from BET analysis 
was 16.12 Å (adsorption) and 21.08 Å (desorption), 
consistent with the microporous classification. At 
higher relative pressures, a slight hysteresis loop 
was observed, indicating the presence of interparticle 
voids and larger mesopores formed between adjacent 
ZIF-8 crystallites [42]. The pore volume analysis fur-
ther supported this finding, where the micropore vol-
ume was determined to be 0.3998 cm3/g, with a total 
pore volume of 0.5227 cm3/g, indicating a dominant 

microporous nature with minor mesoporous contribu-
tions. Furthermore, the BET surface area was calcu-
lated to be 991.81 m2/g, while the micropore volume 
from BET analysis was 0.464 cm3/g. The pore size dis-
tribution obtained using the Barrett–Joyner–Halenda 
(BJH) method (Fig. 7) shows a broad distribution in 
the range of 18–185 Å, indicating the coexistence of 
micropores and mesopores in the ZIF-8 structure [43]. 
According to the definition established by the Interna-
tional Union of Pure and Applied Chemistry (IUPAC), 
pores with diameters less than 2 nm are classified as 
micropores, those between 2 and 50 nm as mesopores, 
and those larger than 50 nm as macropores [44, 45]. 
Within this distribution, a sharp and intense peak at 
pore widths below approximately 20 Å is observed, 
confirming the predominantly microporous nature of 
the material. The high peak intensity further reflects a 
large volume of micropore within the structure where 
majority of the adsorption takes place.

SPR signal for Au/ZIF‑8 towards Sb3+ ions

For potential antimony detection using the Au/ZIF-8 
sensing layer, a preliminary SPR measurement was 
conducted by bringing the ZIF-8–modified gold thin 
film into contact with deionised water (DW) to estab-
lish a baseline response and determine the reference 
resonance angle. Figure 8 presents the SPR curve, 
where the incident angle is plotted on the x-axis and 
the reflectance intensity on the y-axis. The resonance 

Figure 6   Nitrogen adsorption–desorption isotherm of the ZIF-8 
sample synthesised.

Figure  7   BJH pore size distribution curves of the synthesised 
ZIF-8.

Figure 8   Experimental SPR curve of Au/ZIF-8 in contact with 
different concentrations of antimony ions from 0–100 ppm.
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angle is identified by locating the minimum point of 
the reflectance dip, which corresponds to the exci-
tation of surface plasmon. The baseline resonance 
angle was identified at 53.77°.

Upon introducing Sb3+, the resonance angle 
shifted to 53.86°, corresponding to an incremental 
change of 0.097°. Overall, it was observed that the 
SPR curve was right-shifted with increasing con-
centrations of antimony ions. The observed shifts in 
resonance angle further verify the adsorption capa-
bility of the Au/ZIF-8 sensing layer toward antimony 
ions. These angular changes reflect variations in the 
local refractive index at the sensing interface, which 
occur as a result of increased adsorption or bind-
ing interactions between the ZIF-8-modified surface 
and the Sb3+ solution. This relationship confirms that 
the Au/ZIF-8 layer effectively responds to changes 
in analyte concentration, demonstrating its potential 
suitability for antimony detection using SPR. Each 
resonance angle shift corresponding to the respec-
tive Sb3+ concentrations was carefully recorded, and 
these measured values were subsequently utilised to 
calculate and evaluate the overall sensitivity of the 
Au/ZIF-8 SPR sensing platform as plotted in Fig. 9. 
From the graph, a good linear relationship between 
the Au/ZIF-8 and Sb3+ ions was observed, with the 
slope representing the sensor’s sensitivity calculated 
at 0.057 ppm−1. The linear regression yielded a strong 
coefficient of determination, R2 of 0.95 within the 
concentration range of 0–100 ppm.

While sensitivity reflects the response of the sen-
sor to changes in analyte concentration, the practical 
applicability of the sensor is more comprehensively 
assessed through its limit of detection (LOD) using the 
equation below [46]:

where σ is the standard deviation obtained from blank 
measurement (number of replicates = 3). The σ value 
was determined to be 0.00112°. Accordingly, the limit 
of detection (LOD) for the Au/ZIF-8 thin-film-based 
SPR sensor toward Sb3+ detection was calculated to 
be 0.0589 ppm.

Complementing these observations, the binding 
affinity in this study was analysed using adsorption 
models such as Langmuir and Sips. The Langmuir iso-
therm model can be defined as:

while the Sips isotherm model can be defined as:

where K is the binding affinity constant and n is the 
heterogeneity index of the system. The experimental 
data were fitted to the Sips isotherm model, and the 
goodness of fit was evaluated by comparing the coef-
ficients of determination (R2) from both the Langmuir 
and Sips models. The higher value indicates a better 
fit of the data with the corresponding model, thus pro-
viding insight into the nature and uniformity of the 
analyte and sensor layer interaction. The Langmuir 
model represents monolayer adsorption on homoge-
neous sites, whereas the Sips model incorporates sur-
face heterogeneity, offering a more realistic depiction 
of the interaction between the sensing layer and the 
target analyte.

This non-linear fitting, as shown in Fig. 10 was used 
to study the interaction between the Au/ZIF-8 sensing 
layer and the Sb3+ ions. Based on the correlation of 
determination (R2), the Sips model provided the best 
fit to the experimental data with R2 of 0.82, indicat-
ing that the adsorption of Sb3+ on the Au/ZIF-8 sur-
face is influenced by heterogeneous active sites rather 
than a uniform monolayer adsorption process [47]. 
The binding affinity constant, K was calculated to be 
1.202 ppm−1 reflecting a good interaction Sb3+ ions and 

(1)LOD =
3�

S

(2)Δ� =
Δ�maxC

C +
1

K

(3)Δ� =
Δ�max(KC)n

1 + (KC)n

Figure  9   Sensitivity of Au/ZIF-8 sensor film for detection of 
Sb3+ of different concentrations (0–100 ppm).
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the sensing layer. Furthermore, the n value obtained 
was 0.34 suggesting a high degree of heterogeneity 
relationships with antimony ions at the interface of 
the sensor surface [48].

To evaluate the reproducibility of the Au/ZIF-8 
sensor, repeated SPR measurements were performed 
under the same experimental conditions. Figure 11 
shows the overlay of SPR curves from six independent 
measurements, demonstrating excellent consistency in 
the resonance angle shifts, which confirms the stabil-
ity and repeatability of the sensing layer. The relative 
standard deviation (RSD) calculated from six measure-
ments was 5.86%, indicating that the designed sensor 
exhibits satisfactory reproducibility for Sb3+ detection.

Comparison of LOD values for detection of Sb3+ 
in comparison to other sensors

To further validate the analytical performance of the 
proposed SPR sensor, a comparative analysis of its 
detection capability was conducted against various 
established analytical techniques reported in the lit-
erature for Sb3+ determination. Table 2 summarizes the 
linear detection range and LOD achieved by different 
methods, including spectroscopic, chromatographic, 
electrochemical, and optical sensing approaches. This 
comparison provides a comprehensive benchmark to 
evaluate the sensitivity and practical applicability of 
the developed SPR-based sensing platform. As pre-
sented, a wide range of analytical techniques has been 
reported for the detection of Sb3+, including fluores-
cence, atomic absorption spectrometry (AAS), chro-
matography coupled with plasma-based spectrome-
try, colorimetric methods, and UV–Vis spectroscopy. 
While some methods, such as fluorescence-based tech-
niques, achieve sub-ppb LODs, they generally require 

Figure  10   Experimental data fitted to Langmuir and Sips iso-
therm model for adsorption of Sb3+ on Au/ZIF-8.

Figure 11   The reproducibility of Au/ZIF-8 sensor for the detec-
tion of Sb3+.

Table 2   Comparison of 
linear detection range and 
limit of detection (LOD) of 
different analytical methods 
for Sb3+ determination

Method Range (ppm) LOD (ppm) References

Fluorescence 0.0015–91.32 0.00038 [50]
Fluorescence 0.001–0.030 0.0015 [51]
Flame AAS – 0.31 [52]
Electrothermal AAS – 0.45 [53]
Liquid chromatography with an inductively coupled 

plasma-optical emission spectrometry (LC-ICP-OES)
0–5 0.025 [54]

Colorimetry 0–1 0.0020 [55]
Colorimetry 0–25 0.6 [56]
UV–Vis spectroscopy – 4.84 [57]
SPR 0.01–100 0.0589 This work
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Figure  12   SPR experimental curve fitted to the theoretical data for Au/ZIF-8 thin film with different concentrations of Sb3+ 
(0–100 ppm).
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complex procedures or specialized instrumentation. 
In contrast, the proposed SPR sensor offers a competi-
tive detection limit along with a wide linear range, 
straightforward operation, and real-time sensing capa-
bility [49], underscoring its strong potential for practi-
cal applications in environmental monitoring.

Fitting of SPR curve to the theoretical data 
using transfer matrix method (TMM)

The experimental SPR reflectance curves were fitted 
using WinSpall software, in which the Fresnel equa-
tions were implemented through the transfer matrix 
method (TMM) to model the multilayer system [58]. 
This approach allowed accurate determination of the 
optical properties and thickness of the thin films. Fig-
ure 12 presents the experimental SPR curves of the 
Au/ZIF-8 sensor at different Sb3+ concentrations, along 
with the corresponding theoretical fits obtained from 
WinSpall. The experimental SPR curves closely follow 
the theoretical fits (black line), indicating that the fit-
ting model accurately represents the optical behavior 
of the Au/ZIF-8 sensor. Aside from that, the fitting 
procedure allows for the determination of the refrac-
tive index and thickness of the sensing layer. From 
Table 3, at the initial concentration, the real part of the 
refractive index, n, and the imaginary part, k, were 
determined to be 1.3572 and 0.0040, respectively which 
are in close agreement with previous reported range 
of value [59]. At this concentration, we assume that 
no interactions occur, allowing the determination of 
the ZIF-8 sensor thickness, which was found to be 
9.59 nm. Subsequent increases in the concentration of 
Sb3+ result in increases in both n and the thickness of 

the sensing layer, while the k value decreases, likely 
due to enhanced binding of the target ions to the sens-
ing layer [60]. 

Conclusion

Overall, the FESEM, EDX, XRD, and BET characteri-
sations confirm the successful formation and integra-
tion of ZIF-8 on the SPR sensing platform. FESEM 
revealed well-defined rhombic dodecahedral particles 
(262.60 ± 44.21 nm) with reduced agglomeration, while 
EDX verified the presence of C, N, Zn, and O con-
sistent with ZIF-8. XRD patterns matched the JCPDS 
00–062-1030 standard, and BET analysis indicated a 
predominantly microporous structure with a high 
surface area (991.81 m2/g). For Sb3+ detection using 
SPR, the Au/ZIF-8 sensing layer demonstrated a clear 
and consistent rightward SPR shift with increasing 
concentration. The strong linearity (R2 = 0.95), sensi-
tivity of 0.057 ppm−1, and binding affinity constant of 
1.202 ppm−1 confirm the reliability and effectiveness of 
Au/ZIF-8 for antimony ion sensing within the tested 
range.
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