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Optical microfiber sensor for detection of Ni2+ ions based on ion 
imprinting technology 

Zhen Yia, Juan Liua, b*, Bin Liua, b*, Huiqin Guo c , Qiang Wua, d , Jiulin Shia, and Xingdao Hea 

The detection of ultralow heavy metal ion concentration is highly significant for protecting human health and maintaining 

the stability of the ecological environment. Herein, a microfiber interferometer chemical sensor for the detection of Ni2+ 

ions was proposed and experimentally demonstrated. The microfiber sensor was coated with an ion-imprinted chitosan 

polymer using Ni2+ as the template ion. Experimental results demonstrated a high sensitivity of 0.0454 nm/nM for detect-

ing Ni2+ in the range of 10 nM to 100 nM, and a limit of detection as low as 6.5 nM was achieved. The microfiber sensor 

was verified using two different non-template heavy ions, Cu2+ and Cr3+, and was determined to be highly selective to Ni2+. 

Furthermore, the regeneration characteristics of the sensor were experimentally assessed by three repeated adsorption–

desorption cycles, and the results showed that the microfiber sensor achieved good stability without a significant loss in 

sensitivity. Besides, the detecting tests of Ni2+ in lake water and industrial sewage samples demonstrated the sensor’s 

practical application. This proposed sensor has the advantages of simple configuration, high selectivity and sensitivity, fast 

response, and the ability to serve as a platform for water safety monitoring and remote sensing.

1. Introduction 

With the continuous discharge of wastewater from the mining, 

chemical, agricultural, pharmaceutical, and metal processing 

industries, heavy metal pollution in water has become a core 

environmental issue1. Heavy metal pollution poses a great 

threat to human health due to the carcinogenicity and toxicity 

of heavy metals. The World Health Organization (WHO) has 

published drinking water standards that provide guidelines on 

the acceptable content of heavy metal ions and their harm to 

the human body2,3. The real-time monitoring of heavy metal 

ions is crucial for meeting these drinking water standards. 

There-fore, the study of ultralow heavy metal ion concentra-

tion detection is highly significant for protecting human health 

and maintaining the stability of the ecological environment. 

Conventional methods for heavy metal detection include 

atomic absorption spectrometry (AAS)4, inductively coupled 

plasma mass spectrometry (ICP-MS)5, spectrophotometry6, 

chemiluminescence7, and electrochemical methods8. However, 

these methods are limited by expensive detection instru-

ments, complex procedures, complicated analyte pre-

treatment, and the need for trained professional workers. Fur-

thermore, these techniques cannot be applied to long-distance 

and real-time detection on site. There is a growing demand for 

a simple, low-cost, rapid, and on-site detecting system for the 

remote real-time sensing of heavy metal ions. 

In the past decades, the development and application of opti-

cal fiber sensors have widely attracted the attention of re-

searchers. Various microfiber sensors such as microfiber opti-

cal interferometers9-11, microfiber gratings12, and microfiber 

couplers13 have been proposed and adopted for both refrac-

tive index (RI) sensing and biosensing14,15 due to the high sensi-

tivity caused by their evanescent waves. Optical fiber sensors 

are also designed and modified to detect heavy metal ions in 

liquids16-18. Chi Chiu Chan et al.19-22 have done a series of work 

in this field and promoted the research of optical fiber sensor 

in the detection of heavy metals. However, most reported 

optical fiber sensors have shown limited RI sensitivities, mak-

ing it difficult to meet the required sensing performance for 

trace heavy metal detection (in the ppb and ppt range), and 

research on heavy ion detection using optical sensors suffers 

from specificity and reproducibility issues. 

In recent years, ion imprinting technology (IIT), which was de-

veloped based on molecular imprinting technology, has at-

tracted wide attention because of its high selectivity. The spe-

cific recognition of ions by IIT is achieved with ion-imprinted 

polymers (IIPs) that have specially constructed binding sites 

complementary to template ions in shape, size, and coordina-

tion23-26. IIPs have been applied in many fields such as solid-

phase extraction, chemical sensors, and membrane separation 

because of their high biological and chemical recognition char-

acteristics. The general procedure for the synthesis and use of 

IIPs is out-lined as follows: (1) a polymer is produced contain-
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ing the template or target ion, which is covalently or noncova-

lently bound to a functional group of the host; (2) the template 

ion is removed from the polymer host, leaving a target-specific 

cavity available for rebinding; and (3) the IIP is exposed to the 

target-containing sample, allowing the cavity to selectively 

uptake the target ion from a sample27-29. 

An ultrasensitive microfiber interferometer chemical sensor 

for Ni2+ ion concentration detection is presented in this paper. 

The microfiber structure used in this work is based on a single-

mode tapered-no-core single-mode (STNCS) fiber sensor that 

generates an easily accessible evanescent field on the surface 

of the fiber taper. A thin film of nickel ion-imprinted chitosan 

(Ni2+-II-CS) polymer was deposited on the surface of the ta-

pered waist of the microfiber by dip-coating technique. Due to 

the presence of amine and hydroxyl groups19,30,31, chitosan can 

form a covalent bond with metallic ions. Furthermore, in cross-

linked chitosan, polymeric chains are interconnected with 

crosslinkers, leading to the formation of a 3D network that can 

improve the adsorption capacity of metal ions. When hydro-

chloric acid is used as regenerant, the amine functional groups 

on the sorbents are protonated which induce the repulsive 

force between the adsorbed Ni2+ and NH3+ groups and as a 

result Ni2+ is released into the solution32-34. This provides a 

theoretical basis for the regeneration of the sensor. The per-

formance of the STNCS sensor coated with Ni2+-II-CS was test-

ed in the Ni2+ concentration range of 10 nM to 500 nM. The 

selectivity of the sensor was verified using Cu2+ and Cr3+ ions, 

and it was found to be highly selective for Ni2+. Additionally, 

the sensor exhibited good reusability in Ni2+ adsorption–

desorption cycle experiments. While this proposed sensor was 

used to detect Ni2+, it can also be used to detect other heavy 

ions by changing the template ion used to imprint the chitosan 

polymer. Furthermore, the practical applicability of the sensor 

for Ni2+ detection was investigated using the lake water and 

industrial sewage samples. This proposed microfiber interfer-

ometer chemical sensor displays great potential for heavy 

metal detection in environmental water analysis, process con-

trol, and remote monitoring applications. 

2. Principle & simulation 

Fig. 1(a) shows the schematic diagram of the microfiber inter-

ferometer. The smaller diameter of the STNCS provides a 

stronger evanescent field and increases the RI sensitivity. The 

transmission characteristics of the STNCS structure were simu-

lated by employing the beam propagation method (BPM) 

based on a 2D model10,15. Fig. 1(b) shows the distributions of 

the optical field propagating along the STNCS structure 

( 1 3 8L L mm= = , 2 5L mm= , 4.8D m= ) and the corresponding normal-

ized optical intensity change at 1500 nm. The simulated spec-

tral response and RI sensing curve are shown in Fig. 1(c) and 

(d), with a calculated RI sensitivity of 2275 nm/refractive index 

unit (RIU). This high RI sensitivity provides a guarantee for the 

feasibility of ultralow Ni2+ detection in this paper. In the simu-

lation, the parameters of the no-core fiber (NCF) and single 

mode fiber (SMF) were chosen as: 1.4428NCFn = , 1.4507SMF

con =  , 

and 1.4428SMF

cln = . 

3. Experiments 

3.1.  Sensor fabrication 

A section of 15 mm NCF (purchased from Thorlabs) was spliced 

between two SMFs using a fusion splicer (FSM-80S, Fujikura). A 

tapered region was formed by heating and pulling the NCF 

using a thermal pulling system (OC2010, Nanjing Jilong Optical 

Communication Co., Ltd.). The uniformity and reproducibility 

of the fabricated taper were achieved by controlling the pull-

ing speed, scanning speed, and temperature of the pulling 

process. 

3.2.  RI sensing characteristics 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

Fig. 1 (a) Schematic diagram of the STNCS sensor. (b) Optical field distribution and normalized optical intensity propagating along the STNCS structure 
with a tapered waist diameter of 4.8 μm. (c) Simulated spectral response. (d) Simulated RI sensitivity predicted for the STNCS structure with 4.8 μm 
taper waist diameter in the RI range of about 1.334. (e) The STNCS sensor spectral response curves with different external RI values. (f) Sensitivity of 

the STNCS sensor to external RI (Error bars represent standard deviations for three repeated experiments). 
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(a) 

(b) 

(c) 

(d) 

(e) 

Fig. 2 (a) Ni2+-II-CS synthesis scheme. (b) Procedure for obtaining the microfiber sensor coated with Ni2+-II-CS film. (c) STNCS sensor response curves 
for a bare sensor, a sensor coated with Ni-CS film, and a sensor coated with Ni2+-II-CS film (after Ni2+ removal). (d) SEM image of the STNCS sensor. (e) 

Schematic diagram of the sensing system. 

 

The RI response characteristics of an STNCS optical fiber struc-

ture with a 4.255 μm waist diameter were determined. Fig. 1 

(e) and (f) show the experimental spectral response and the RI 

sensing curve, respectively. It can be observed from Fig. 1(f) 

that the RI sensitivity is 1923.51 nm/RIU for the RI range of 

1.3332 to 1.3392.  Due to the small deviation in the manufac-

turing process, there is an error between the experimental RI 

sensitivity and the simulation result (2275 nm/ RIU).  

. 

3.3.  Preparation of ion imprinted STNCS sensor based on chitosan 

polymer 

In this paper, a layer of crosslinked nickel-chitosan (Ni-CS) pol-

ymer was coated on the surface of the STNCS sensor by dip-

coating technique. The Ni2+ ions were then chemically re-

moved from the polymer to form a Ni2+-II-CS film. The Ni2+-II-

CS synthesis scheme is shown in Fig. 2(a). For the preparation 

of the polymer, 1 g of chitosan was dissolved in 50 mL of 2% 

acetic acid solution and stirred by a homogenizer for 24 h at 

1500 rounds/min. 50 mg of NiCl2 was then added to the chi-

tosan solution, which was continuously stirred for 2 h in the 

same manner. To improve the mechanical properties of the 

chitosan, 5 mL of epichlorohydrin (ECH) was then added to the 

homogenized solution, which was stirred for another 4 h to 

facilitate crosslinking35,36. The clean STNCS sensor was im-

mersed in this solution and then removed at a withdrawal 

speed of 0.25 mm/s by a dip coater. This dip-coating technique 

achieved a uniform, high-quality crosslinked Ni-CS film on the 

surface of the sensor. The sensor was dried in air at room 

temperature for 5 min, then dried overnight in an incubator at 

65 °C. 

The removal of Ni2+ ions from the polymer was carried out by 

immersing the cross-linked Ni-CS film sensor into a 1 mM hy-

drochloric acid (HCl) solution. This was re-peated three times, 

with the sensor thoroughly rinsed with deionized (DI) water 

between each immersion. Fig. 2(b) shows the procedure for 

obtaining the microfiber sensor coated with Ni2+-II-CS. Fig. 2(c) 

shows the spectrum response after each operation. There is an 

opposite wavelength shift in the chosen dip during the prepa-
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ration process, indicating the formation of the Ni-CS film and 

the removal of Ni2+ ions form the crosslinked Ni-CS film. A 

scanning electron microscope (SEM) image of the tapered NCF 

with a waist diameter of 4.255 μm is shown in Fig. 2(d). 

3.4.  Experimental system 

A schematic diagram of the sensing system is shown in Fig. 

2(e). A broadband light source (BBS, Shenzhen FiberLake Tech-

nology. Ltd.) with a wave-length range of 1250–1650 nm was 

used to transmit light through the STNCS sensor, and the 

transmitted light exiting the lead-out fiber was detected by an 

optical spectrum analyzer (OSA, AQ6370D) with a resolution of 

0.02 nm. 

4. Results and discussion 

4.1.  Stability 

After the STNCS microfiber sensor was coated with Ni2+-II-CS 

film, a stability test was carried out by immersing the STNCS 

sensor in DI water for 10 min. Fig. 3(a) shows that the variation 

of the dip wavelength remains relatively stable during this pe-

riod. The standard deviation ( ) is below 0.098nm, indicating 

the good stability of the STNCS sensor coated with Ni2+-II-CS. 

4.2.  Sensitivity and limit of detection (LOD) 

To investigate the performance of the STNCS sensor coat-ed 

with Ni2+-II-CS film, a series of experiments were carried out. 

Solutions with different Ni2+ concentrations (10–500 nM) were 

prepared by diluting a highly concentrated Ni2+ solution. The 

spectral response of the sensor to different Ni2+ concentra-

tions was recorded, starting from the lowest (10 nM) to the 

highest (500 nM) concentration. Fig. 3(b) shows that the spec-

tral dip shifts to longer wavelengths as the Ni2+ concentration 

increases. When the Ni2+ ions enter the domain of the sensing 

surface, the effective RI of the sensing surface changes due to 

chelation between Ni2+ and the binding sites in the ion-

imprinted layer. A higher Ni2+ concentration means that more 

binding sites will be occupied, which results in a greater 

change in the effective RI. Fig. 3(c) shows the wavelength shift 

vs. Ni2+ concentration curve. The sensor exhibits a linear re-

sponse in the range of 0–100 nM with a Ni2+ detection sensitiv-

ity of 0.0454 nm/nM, but as the concentration of Ni2+ increas-

es from 100 nM to 500 nM, the wavelength gradually stops 

shifting. This is because at lower concentrations, there is a 

sufficient number of binding sites available for the Ni2+ ions. 

(a) (b) (c) 

(d) (e) 

(f) (g) (h) 

Fig. 3 (a) Spectral response curves of the STNCS sensor coated with Ni2+-II-CS and immersed in DI water for 10 min (the standard deviation is 0.098nm). 
(b) Spectral response curves of the STNCS sensor coated with Ni2+-II-CS to different Ni2+ ion concentrations. (c) Ni2+ ion calibration curve and linear re-

sponse of the STNCS sensor coated with Ni2+-II-CS film. (d) Response time curves of the STNCS sensor coated with Ni2+-II-CS and immersed in 10 nM Ni2+ 
solution. (e) Spectral response of the STNCS sensor coated with Ni2+-II-CS to 10 nM Ni2+ ion solution for 15 min. (f) Response of the STNCS sensor coated 

with Ni2+-NII-CS to different concentrations (50 and 100 nM) of heavy metal ions (nickel, copper, and chromium). (g) Response of the STNCS sensor 
coated with Ni2+-II-CS to different concentrations (50 and 100 nM) of heavy metal ions (nickel, copper, and chromium). (Error bars represent standard 

deviations for three parallel experiments). (h) Regeneration cycle: Shift in dip wavelength of the STNCS sensor coated with Ni2+-II-CS caused by sequen-
tial exposure to 50 nM Ni2+ solution and MES buffer. 
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However, the number of binding sites available per Ni2+ ion 

decreases as the Ni2+ ion concentration increases. The LOD of 

the proposed sensor is evaluated using 3 / k  , where   is 

the standard deviation of blank signals, and k  is the slope of 

the linear calibration plot37. The LOD thus calculated was de-

termined to be 6.5 nM. This value is much lower than the rec-

ommended Ni2+ limit of 1.19 μM for drinking water specified 

by the WHO2,20. 

4.3.  Equilibrium time on Ni2+ adsorption 

Equilibrium time is important for the control of the experi-

mental measurement time. The effect of the contact time for 

Ni2+ binding process at concentration (10 nM) is described in 

Fig. 3(d). And Fig. 3(e) shows the spectral response of the 

STNCS sensor coated with Ni2+-II-CS to 10 nM Ni2+ ion solution 

for 15 min. As observed, the wavelength shift increases greatly 

with the contact time up to 7 min and then onwards increases 

slightly. The wavelength shift reaches the saturation with the 

contact time of 10 min, implying that equilibrium was reached. 

So the contact time of 10 min was sufficient to be selected for 

the experimental measurement time. This long response time 

is caused by the much lower concentration of Ni2+ ions in this 

experiment compared with other reported work19. Higher so-

lution concentrations mean more ions per unit volume, a 

greater probability of collision between binding sites and ions, 

more ion collisions per unit time, and faster interaction. 

4.4.  Selectivity 

To determine the selectivity of the proposed fiber sensor, 

three heavy metal (nickel, copper, and chromium) ions were 

tested at two different concentrations (50 and 100 nM). For 

comparison, nickel non-ion-imprinted chitosan (Ni2+-NII-CS) 

was also prepared at the same condition but without addition 

of Ni2+. First, the spectral response of an STNCS fiber sensor 

coated with Ni2+-NII-CS to different heavy metal concentra-

tions was recorded. The spectral dip wavelength obtained for 

the three heavy metal ions shifts toward longer wavelengths 

as concentration increases, as shown in Fig. 3(f). There are no 

significant wavelength shift deviations among the three ions 

for this non-specific sensor. An identical selectivity test was 

carried out using the STNCS fiber sensor coated with Ni2+-II-CS 

film. The bar chart in Fig. 3(g) shows that this sensor is highly 

selective toward Ni2+ ions compared to Cu2+ and Cr3+ ions. The 

binding sites complementary to the shape and size of the tem-

plate ions are only compatible with Ni2+ ions, while Cu2+ and 

Cr3+ ions do not bind to the binding sites. The small wave-

length shift seen for the Cu2+ and Cr3+ ions may be due to their 

binding with the Ni2+-II-CS layer.  

 

 Table 1 provides a summary of the measured wavelength 

shifts of the STNCS sensors coated by Ni2+-NII-CS film and Ni2+-

II-CS film. The wavelength shifts observed using the sensor 

coated with the Ni2+-NII-CS film for Ni2+ concentrations of 50 

nM and 100 nM are 1.25 nm and 2.11 nm, respectively. For the 

sensor coated with Ni2+-II-CS film, the respective wavelength 

shifts are 2.54 nm and 3.96 nm. For 50 nM and 100 nM Cu2+, 

the wavelength shifts of the Ni2+-NII-CS film are 1.29 nm and 

1.97 nm, while those of the Ni2+-II-CS film are 0.56 nm and 0.61 

nm, respectively. A similar trend is seen for the Cr3+ solutions. 

These results demonstrate that Ni2+ ion-imprinted binding sites 

improve the affinity of the sensor for Ni2+ and reduce its affini-

(a) 

(b) 

(c) 

(d) 

Fig. 4 (a) Spectral response of the STNCS sensor coated with Ni2+-II-CS to the mix and the mix excess added Ni2+ sample. (b) Shift in dip wavelength of the STNCS sensor coated 

with Ni2+-II-CS caused by exposure to various targets in lake water sample: blank, the 100nM excess of other cations including Ni2+, Cu2+, Cr3+, Pb2+, K+, Na+, mix and mix added 

Ni2+. (c) Calibration of the Ni2+ content in electroplating wastewater sample by colorimetric test paper and (d) Shift in dip wavelength of the STNCS sensor coated with Ni2+-II-

CS caused by exposure to different concentrations of Ni2+ in electroplating wastewater sample. (Error bars represent standard deviations for three parallel experiments) 
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ty for other heavy metal ions, a clear indication of the pro-

posed sensor’s high selectivity toward Ni2+ ions. 

4.5. Regeneration 

The amine groups in chitosan are protonated when pH < 4, 

resulting in the unbinding and release of Ni2+. Based on this 

phenomenon, the reusability of the STNCS sensor coated with 

Ni2+-II-CS film was investigated. In this experiment, a 50 nM 

Ni2+ solution was used. Fig. 3(h) shows that during the Ni2+ 

binding process, the wavelength shift is stable after 7 min. 

After adsorption, the fiber sensor was regenerated by washing 

with MES buffer (pH = 3.5), which shifted the dip wavelength 

back to its initial value. Three repeated adsorption–desorption 

cycles were carried out. The wavelength shift deviation after 

the second and third cycles was calculated to be 0.06 nm and 

0.05 nm, respectively. Therefore, it can be concluded that the 

proposed sensor exhibits relatively good regeneration adsorp-

tion efficiency and can be repeatedly used. 

4.6.  Analytical application 

In order to further demonstrate the proposed sensor’s practi-

cal application, the lake water samples from Nanchang Hang-

kong university and as the industrial sewage samples from 

Jiujiang Electroplating Industrial Park were employed as exam-

ple for tests. All the water samples were filtered with a 0.22 

µm syringe filter to remove the particles.  

Six lake water samples with the same ion concentration 

(100nM) were prepared for the analysis use, by spiking with 

Ni2+, Cu2+, Cr3+, Pb2+, K+, Na+, respectively. The mixed solution 

(100nM) was obtained by adding the above metal ions except 

nickel ions into the lake water sample. The measurements 

were carried out by immersing the proposed sensor in the 

solutions for 15 min in turn. And the sensor was cleaned with 

DI water before the next test. To verify the sensor’s selectivity 

in complex samples, the spectral changes after adding nickel 

ions to the mixed solution were observed and recorded. The 

results obtained are presented in Fig. 4(a) and (b). It can be 

seen that there is a huge shift due to the presence of Ni2+. 

Besides, the application of constructed sensor for Ni2+ detec-

tion in complex industrial sewage sample was investigated. 

The industrial sewage samples were taken from the untreated 

wastewater pool of nickel-plating enterprises in Jiujiang wanli-

tong electroplating industrial park. As shown in Fig. 4(c), the 

concentration of Ni2+ of sewage samples after ten times dilu-

tion is estimated to be 1mg/L. The original wastewater sample 

at a concentration of approximately 10 ppm (mg / L) was then 

diluted to 103, 104 fold (10ppb, 1ppb). After that, the response 

performance of the senor to Ni2+ in the obtained two groups of 

the solution was investigated. Fig. 4(d) shows the kinetic ab-

sorption process of binding Ni2+. And the total wavelength 

shifts achieved are 2.1 nm and 3.1 nm, respectively, which is 

consistent with the wavelength shift trend in DI water. Note 

that the higher Ni2+ concentration corresponds with a faster 

response time (about 6 min for 10ppb and 8 min for 1ppb). 

According to the Emission standard of pollutants for copper, 

nickel, cobalt industry for China (GB 25467-2010), the maxi-

mum concentration of Ni2+ allowed in areas prone to environ-

mental severe pollution problems is 100 ppb. The detection 

limit of the sensor, which is lower than 1ppb, clearly meets the 

standard. From the analysis of the test results of lake water 

and sewage samples, the proposed sensor has good selectivity 

and high detection sensitivity in practical application. 

5. Conclusions 

In this work, we proposed a microfiber sensor coated 

with an ion-imprinted chitosan polymer to detect 

heavy metal ions. The performance of this sensor was 

experimentally demonstrated using Ni2+ as the tem-

plate ion and an STNCS microfiber structure with a 

4.255 µm waist diameter as the sensing platform. The 

sensor exhibits a Ni2+ detection sensitivity of 0.0454 

nm/nM in the linear range of 0–100nM, and a LOD as 

low as 6.5 nM. The selectivity of the proposed sensor 

was assessed by measuring two different non-template 

heavy ions, Cu2+ and Cr3+. The sensor has a significantly 

lower response to the two nontarget heavy ions, 

demonstrating its high selectivity toward Ni2+. Further-

more, the regeneration characteristics of the sensor 

were experimentally determined by three repeated 

adsorption–desorption cycles, showing that the sensor 

has good stability without a significant loss in sensitivi-

ty. Moreover, the sensor was suitable for the determi-

nation of Ni2+ in environmental water and electroplat-

ing wastewater. The excellent performance of this pro-

posed sensor demonstrates great potential for fast and 

accurate quantification in practical applications such as 

water quality analysis, remote analysis. Next, we plan 

to develop integrated multichannel all-fiber optofluidic 

sensing platform38 for real-time detection of target 

ions. 
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