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Abstract 

Carbon dioxide (CO2) sensors play important roles in our daily life and production activities. 

However, it remains a challenge to develop a tiny device with remote sensing capability for 

detection of CO2 concentration and related parameters. Here we present an optical fiber-tip 

CO2 sensor for simultaneous measurement of CO2 concentration and temperature. A 

photocrosslinkable poly(ionic liquid), i.e. poly(1-allyl-3-vinylimidazolium bromide) (PAVB), 

with good CO2 adsorption capability and selectivity was synthesized to fabricate miniature 

sensors via an in situ optical µ-printing technology. We directly printed several micrometer-

scale Fabry–Pérot interferometers (FPIs) on the end face of a multicore optical fiber using the 

PAVB and SU-8 epoxy, respectively. We have demonstrated that the PAVB FPI sensor can 

measure CO2 concentration with a sensitivity up to ~35 pm/% in the wide range of 0% – 75%, 

and its rise and fall dynamic response times are about 6.1 and 8.0 min, respectively. 

Meanwhile, the SU-8 FPI sensor is able to measure temperature with a sensitivity 0.059 

nm/°C. Such a tiny CO2 sensor can remotely and simultaneously measure CO2 concentration 

and temperature in very small spaces and is thus promising for many applications ranging 

from waste gas detection to food quality control. 
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1. Introduction 
Carbon dioxide (CO2) is not only an essential gas for the proper functioning of the biosphere 

but also a common by-product of industrial activities. CO2 sensors play crucial roles in 

agriculture and food control [1-3], industrial activities and air quality monitoring [2,4,5], and 

public healthcare [6,7]. For instance, CO2 is not only one of the by-products of food spoilage 

but also a commonly used active gas for the reduction of the metabolic rates of microbes in 

food packaging applications [1,2]. Therein, CO2 is an important and direct indicator of food 

quality; the development of accurate, reliable, fast-response, and non-destructive CO2 sensors 

is highly demanded for active and intelligent food quality control.   

CO2 sensors can be generally classified into electrochemical and optical types according 

to their sensing mechanisms. Most of the currently prevailing CO2 sensors, such as the 

potentiometric, amperometric, and conductometric sensors, are based on electrochemical 

principles [6]. Conventional potentiometric CO2 sensors (e.g. Severinghaus CO2 sensor) 

employ an indirect method of measurement [7], which monitors the change of pH value 

induced by the dissociation of CO2 in electrolyte solutions. With the advent of 

microtechnologies, solid-state electrolyte sensors are rapidly replacing CO2 sensors based on 

wet electrochemical processes. However, solid-state electrolyte sensors are commonly 

required to be locally heated at high temperature (300 oC–800 oC) to initiate chemical 

reactions [8-11], which results in long-term instability issues and limited scope of applications.   

Optical CO2 sensors are passive (i.e. do not require electricity power) and chemically 

inert, potentially allowing to overcome the drawbacks of electrochemical sensors for harsh 

environment (e.g. flammable or corrosive conditions) and/or remote sensing applications. 

Well-known optical CO2 sensors include infrared detectors, which are based on light 

absorption in the infrared region [12,13]; colorimetric-type sensors, whose functioning is 

based on color change of pH indicator dye [14,15]; and fluorescent-type sensors, based on 
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fluorescence change of a luminescent dye [16-18]. However, most of these traditional CO2 

sensors are usually bulky and expensive. A promising solution to miniaturize optical CO2 

sensors is based on optical fiber technology. For instance, Munkholm et al demonstrated an 

optical fiber-tip CO2 sensor obtained by depositing a polymer membrane with a pH sensitive 

fluorescent dye on the end surface of an optical fiber [19]; Segawa et al. fabricated a fiber-tip 

CO2 sensor using a polymer film containing indicator dyes via dip-coating technology [20]. 

The main drawbacks of the dye-containing polymers are their low biocompatibility and long-

term stability. Furthermore, the accuracy of these intensity-based optical sensors is generally 

not satisfactory due to light source instability.  

In this paper, we propose a new fiber-optic CO2 sensor fabricated via in situ optical 

printing of dye-free polymer Fabry–Pérot interferometers (FPIs) on the end face of an optical 

fiber. A photocrosslinkable poly(ionic liquid) (PIL), i.e. poly(1-allyl-3-vinylimidazolium 

bromide) (PAVB), with a large number of imidazolium functional groups was synthesized for 

reversible adsorption of CO2 gas. Using an own-developed optical 3D µ-printing technology 

[21,22], we directly micropatterned the photocrosslinkable PAVB on the end face of optical 

fibers for sensor development. Several FPIs were fabricated on the end face of a multicore 

optical fiber using PAVB and commercial SU-8 epoxy resin, as shown in Fig. 1. Due to the 

different molecular structures of the two polymer materials, the PAVB FPI sensor can be used 

to selectively detect CO2, while the SU-8 FPI sensor can serve as a reference temperature 

sensor. Such a small fiber-optic CO2 sensor exhibited good performance in the simultaneous 

measurement of CO2 concentration and temperature with good sensitivity and selectivity as 

well as a very wide dynamic operation range.   
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2. Material and Methods 
2.1 Materials 

All reagents were obtained from commercial suppliers and used without any further 

purification. 1-Vinylimidazole (99 %), 1-allyl bromide (98 %), 2,2’-azobis(2-

methylpropionitrile) (98 %), 2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone 

(Irgacure 2959) were purchased from Sigma–Aldrich. EPON SU-8 resin was purchased from 

Momentive Limited. Tributylamine and octoxyphenylphenyliodonium hexafluoroantimonate 

were purchased form Meryer Chemical Technology (China) and Hampforford Research, 

respectively. Propyleneglycol monomethylether acetate and cyclopentanone were purchased 

from J&K Scientific (China). Dimethylsulfoxide, isopropanol (IPA) and ethanol (EtOH) were 

analytical grade. DI water with a resistance of 18 MΩ cm was used in all experiments. 

 

Fig. 1. Schematic illustration of the in situ printing of optical fiber-tip CO2 sensors. (a) 
photograph of an optical fiber for sensor fabrication; (b) schematic of the optical µ-printing 
technology based on a digital-micromirror device (DMD); (c) schematic of the optical 
fiber-tip CO2 sensor based on fiber-top Fabry–Pérot interferometers. 
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2.2 Synthesis and characterization of the PAVB 

It was demonstrated that PILs could reversibly capture and release CO2 with high selectivity 

due to the interaction between the imidazolium cations and CO2 molecules [23-28]. To enable 

the optical processing of PILs for device fabrication, we synthesized a photocrosslinkable PIL 

with imidazolium functional groups in two steps. As shown in Fig. S1, 1-vinylimidazole 

(monomer) and 2,2-azobisisobutyronitrile (initiator) were dissolved in the dimethylsulfoxide 

solvent and then polymerized at 90 oC for 24 h to form poly(1-vinylimidazole). Thereafter, 

the polymer was further quaternized with 1-allyl bromide at 90 oC to produce the 

photocrosslinkable PAVB.  

The CO2 adsorption property of the synthesized PAVB was characterized by the gas 

sorption method. The CO2 adsorption experiments were conducted at 273 K using Quadrasorb 

and Autosorb 1-MP machines (Quantachrome Instruments). Isosteric heats of adsorption were 

calculated using the AS1Win software provided by Quantachrome Instruments. Before all 

adsorption experiments, the samples were degassed overnight at 363 K under dynamic 

vacuum. High purity gases were used for all measurements.  

Fig. S2 shows the measured adsorption and desorption isotherms, collected through 

loading-unloading cycles with different maximum CO2 pressures, i.e. 0.3, 0.6, 0.9, and 1.0 bar. 

One can see that the adsorption of CO2 generally increases with the loading pressure. For 

maximum pressures of 0.3 and 0.6 bar, the adsorption and desorption isotherms depend 

almost linearly on the CO2 pressure, and the corresponding maximum adsorptions are 1.14 

and 2.15 cc g-1, respectively. In both cases, hysteresis loops are observed, which indicate that 

the adsorption of CO2 in PAVB results from both physisorption and chemisorption. For 

maximum pressures of 0.9 and 1.0 bar, the corresponding maximum adsorptions are 4.81 and 

6.99 cc g-1, respectively. At these pressures, the severity of the hysteresis effect becomes more 
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significant and the hysteresis loops remained open when the CO2 pressure returned to zero 

(after a complete loading and unloading cycle). The results revealed that PAVB is a qualified 

functional polymer for the development of CO2 sensors because of its good CO2 adsorption 

properties. 

 

2.3 Optical micropatterning of the PAVB 

The PAVB and Irgacure 2959 (as photoinitiator) were dissolved in DI water for optical 

micropatterning. In 2D micropatterning experiments (including the sensor fabrication), the 

concentrations of the PAVB and Irgacure 2959 were 40 wt% and 3 wt%, respectively, 

whereas the concentrations of the PAVB and Irgacure 2959 were 30 wt% and 5 wt%, 

respectively, in 3D micropatterning experiments. The PAVB aqueous solution was dropped 

on a glass slide with a spacer, and then a cover glass was placed upon the solution. An optical 

3D µ-printing platform based on a UV light source (at the wavelength of 365 nm) and a 

digital-mirror device (DMD, DLi4120 0.7” XGA, Texas Instruments), shown in Fig. 1(b), has 

been used to pattern the own-synthesized PAVB. The predesigned microstructures were 

converted into image data and then loaded onto the DMD chip for generation of optical 

patterns. UV light penetrated the cover glass and activated the crosslinking of the PAVB on 

the bottom side of the cover glass. The exposed micropatterns were developed by using EtOH.  

Fig. 2 shows the images of the fabricated PAVB microstructures, which were taken by 

using a laser scanning confocal microscope (VK-X200, KEYENCE, Japan). Fig. 2(a) and Fig. 

2(b) are the logos of the two collaboration units, i.e. The Hong Kong Polytechnic University 

(PolyU) and Max Planck Institute (MPI), respectively. The optimized exposure time was 10 s 

under a UV intensity of 96.89 mW cm-2, and the development time was around 7 min in EtOH. 

It can be seen that the PAVB can be patterned into complex geometries with high resolution. 

With a specially designed testing pattern, the smallest feature size of PAVB microstructures 

was measured to be 5.5 µm, see Fig. S3. The PAVB can also be used to fabricate some 
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microstructures with 3D features. Fig. 2(c)-(d) show some fabricated PAVB micro-nozzle and 

micro-flower arrays, in which slice images of their 3D models have been used for a layer-by-

layer optical exposure process. The total exposure time for these 3D micropatterns was 

around 30 s under a UV intensity of 160.33 mW cm-2, slightly longer than the one used for 2D 

patterns. More details of the PAVB micro-flower structures are provided in Fig. S4.  

To fabricate FPIs, PAVB films were deposited on the end faces of optical fibers by 

using a dip-coating method. The light intensity and total exposure time of the optical printing 

process were 96.89 mW cm-2 and 30 s, respectively. 

2.4 Setup for testing the CO2 sensor  

A stainless steel cylinder gas chamber was used to seal the fiber-optic FPI CO2 sensor, as 

shown in Fig. 3. The gas samples of different concentrations were prepared by mixing pure 

CO2 gas with pure nitrogen at different flow rate ratios at atmospheric pressure through two 

 

Fig. 2. Laser scanning confocal images of PAVB microstructures. (a) PolyU logo, (b) MPI 
logo, (c) micro-nozzle array, and (d) micro-flower array. 
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flow regulators. The sample gas flowed into the gas chamber at a constant speed in all the 

experiments. The light from a broadband source was coupled to and back from the seven-core 

optical fiber through a multicore fiber fan-in/out device. The reflection spectra of the fiber-

optic sensors were measured by using an optical spectrum analyzer with a resolution of 0.02 

nm. 

 

3. Results and Discussion 

3.1 In situ printed optical fiber-top polymer FPIs  

The good processability of the PAVB makes it possible to develop new functional 

microdevices and sensors. Since the optical fiber tip is a unique and tiny platform inherently 

coupled with light waves [29-33], we here in situ print PAVB on the end face of an optical 

fiber to develop miniature optical fiber-tip interferometer sensors. Fig. 4 shows two kinds of 

polymer FPI sensors fabricated on the end faces of single-core and multicore optical fibers. 

 

Fig. 3. The schematic of the experimental setup for the testing of the fiber-optic CO2 
sensor. 
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Fig. 4(a) is a scanning electron microscopy (SEM) image of the PAVB FPI sensors fabricated 

on a standard single-core single-mode fiber, and Fig. 4(b) shows the measured reflection 

spectrum and its fast Fourier transformation (FFT) result. One can see that the top surface of 

the interferometer is smooth, which leads to good reflectivity of light. Therefore, the light 

waves reflected from the two interfaces, i.e. the interface between the glass and PAVB as well 

as that between the PAVB and surrounding gases, will interfere and form interference fringes 

in the output spectrum, as shown in the inset of Fig. 4(b). The free spectral range (FSR) of the 

interference fringe is 17.67 µm. The FFT results of the reflection spectrum reveal that the 

 

Fig. 4. SEM images and spectral characteristics of the fabricated optical fiber-top polymer 
FPIs. (a) SEM image of the PAVB FPI sensor fabricated on a standard single-core SMF. 
(b) Measured reflection spectrum (inset) and its corresponding FFT result. (c) SEM image 
of the PAVB and SU-8 FPI sensors fabricated on the end face of a multicore optical fiber. 
(d) Measured reflection spectrum (inset) and its corresponding FFT result. 
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length of the optical interferometer is 42.21 µm, which agrees very well with the values 

measured from the microscope image. In order to achieve a tiny fiber-optic CO2 sensor, we 

fabricated three optical interferometer sensors on the end face of a multicore optical fiber for 

simultaneous detection of CO2 and temperature. Fig. 4(c) shows the SEM images of 

fabricated tiny fiber-optic CO2 sensors. The two longer interferometers were made from the 

PAVB, whereas the shorter one was made from commercial SU-8 epoxy resin. The material 

mixture ratio and fabrication conditions for the SU-8 FPI are the same as our previous work 

[21]. Since the spectra of the two PAVB interferometers are very close to each other, only one 

reflection spectrum of PAVB FPIs is presented in Fig. 4(d). The FSRs of the reflection spectra 

of the SU-8 and PAVB interferometers fabricated on the multicore optical fiber are 33.25 and 

14.01 µm, and the corresponding lengths of the two interferometers are 22.08 and 53.78 µm, 

respectively. 

 

3.2 Performances of the optical fiber-tip CO2 sensors 

It is known that the wavelength shift Δ of the interference reflection spectrum of a fiber-

optic FPI is 

 , (1) 

where Δ(neff l) and  are the change of optical thickness and the phase bias of specific 

interference peak, respectively [34-37]. Therefore, any small change of the refractive index or 

the length of the FPI will induce a shift of the interference peak. When the FPI is made from 

PAVB, one can use the wavelength of the interference peak of the reflection spectrum to 

monitor the concentration of CO2 as the adsorption of CO2 will induce a change of the 

PAVB’s refractive index.  

beff ln  /)(4 

b
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 Fig. 5 shows the response of the optical fiber-tip sensor to the change of CO2 

concentration. Fig. 5(a) shows the responses of the PAVB and SU-8 FPI sensors to the 

loading and unloading of CO2 gas at atmospheric pressure. One can see that the PAVB FPI 

sensor shows good linearity and reversibility when monitoring CO2 concentrations ranging 

from 0 to 75%. The sensitivity of the sensor is 34.92 pm/%. In contrast, the SU-8 FPI sensor 

  

Fig. 5. Responses of the fabricated optical fiber-tip CO2 sensor to the change of CO2 
concentration. (a) Reponses of the PAVB and SU-8 FPI sensors to the loading and unloading 
of CO2 gas. The inset shows the shift of the spectral peak of the PAVB FPI sensor. (b) 
Dynamic response of the PAVB FPI sensor to the change of CO2 concentration. 
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shows zero responsivity to the change of CO2 concentration due to the inertness of SU-8 when 

exposed to CO2.   

The dynamic response of the PAVB FPI sensor to the change of CO2 concentration is 

shown in Fig. 5(b). The rise and fall times of the sensor’s dynamic response are 6.1 and 8.0 

  

Fig. 6. Responses of the fabricated optical fiber-tip CO2 sensor to the change temperature. 
(a) Responses of the PAVB and SU-8 FPI sensors to the change of temperature. The inset 
shows the shift of the spectral peak of the PAVB FPI sensor. (b) Dynamic response of the 
PAVB FPI sensor to the change of temperature. 
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min, respectively. Compared to other PIL-based CO2 sensors [38,39], the response of this 

optical fiber-top PAVB FPI is much faster, which is attributed to the enhanced surface-area-

to-volume ratio conferred by the microscale doming structure of the sensor.  

Fig. 6 shows the responses of the PAVB and SU-8 FPI sensors to the change of 

environmental temperature. It can be seen that the increment of temperature results in a blue 

shift of the reflection spectra for both PAVB and SU-8 FPIs. In particular, the thermal 

sensitivity of PAVB FPI device is 0.704 nm/C (as shown in Fig. 6(a)), which is much higher 

than that of SU-8 FPI, i.e. 0.059 nm/C. The reason for such a significant difference is the 

higher mobility of PAVB chains compared to SU-8 chains at high temperature. Nevertheless, 

one can use the SU-8 FPI as a reference temperature sensor to eliminate the PAVB FPI’s 

cross sensitivity to CO2 concentration and temperature, as both polymer FPI sensors showed 

linear response to the change of temperature. The dynamic response of the PAVB FPI sensor 

to the change of temperature is shown in Fig. 6(b). The rise and fall times of the sensor are 

2.12 and 2.95 min, respectively. 

 

3.3 Discussion  

Microengineering of functional polymeric materials has become a very appealing approach to 

develop new microdevices and sensors. In this work, we demonstrated an in situ optical µ-

printing technology to process a photocrosslinkable PIL, i.e. PAVB, to fabricate a CO2 sensor. 

It is known that CO2 has much larger polarizability and quadrupole moment than other typical 

gases present in air, e.g. N2 and O2 [40]. As PAVB is an imidazolium-type polycation, CO2 

can be easily polarized in PAVB. Meanwhile, PAVB’s cation groups and their sp3 

hybridizations can be readily rearranged into different configurations for CO2 gas adsorption 

[41]. Moreover, the imidazolium rings in the main chain have a weak interaction with CO2 

gas [27]. All these interactions confer to PAVB a good CO2 adsorption capacity and 
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selectivity. Moreover, compared to other polymers containing amino groups for CO2 sensing 

[42,43], PAVB will not produce poisonous carbamates.  

Although the detection limit of a fiber-optic sensor commonly depends on the overall 

performance of both the sensor and signal interrogation system, it is worth finding an 

approximate value of such a limit for comparison with other devices. If one assumes that a 

wavelength demodulation instrument with accuracy of 1 pm is used to interrogate the PAVB 

based optical fiber-tip FPI CO2 sensor, one can use the sensitivity of 34.92 pm/% to obtain the 

estimated detection limit of the CO2 sensor as 286 ppm. This value is comparable with the 

reported PIL-based CO2 sensors [38], but lower than the one based on PIL-wrapped single-

walled carbon nanotubes (SWCNTs), whose detection limit is 50 ppb [39]. However, the 

sensor based on PIL-wrapped SWCNTs can only be used in an oxygen-free environment and 

saturates at 50 ppm. In contrast, our optical fiber-tip CO2 sensor has an extremely wide 

detection range, i.e. 0%–75%, which is highly demanded for many practical applications.  

The optical fiber used in the fabrication of the fiber-tip CO2 sensor is a seven-core 

optical fiber. Although we used only three cores of the optical fiber to fabricate two kinds of 

FPI sensors for simultaneous detection of CO2 and temperature, the aforementioned strategy 

can be applied to integrate more kinds of functional polymers to detect a great number of 

parameters, such as humidity or other gas components. Its unique properties, such as very 

small size and multiparameter-sensing capability, make it very appealing for a large variety of 

applications, e.g. minimally invasive detection of food quality. 

 

4. Conclusion 

A photocrosslinkable PAVB has been synthesized to fabricate an optical fiber-tip CO2 sensor 

via in situ optical µ-printing technology. With a multicore optical fiber, both the synthesized 

PAVB and commercial SU-8 epoxy resin have been directly printed on the end face of the 
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fiber to form a fiber-tip CO2 sensor. Experimental results have revealed that the PAVB FPI 

sensor can rapidly detect the concentration of CO2 gas in a very wide range of concentrations, 

from 0 to 75%, while the SU-8 FPI sensor is sensitive to the change of temperature only. Such 

a small CO2 sensor is very promising for widespread applications ranging from industrial 

waste gas detection to food quality control. 
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Figure S1. Schematic of the synthesis and photo-crosslinking processes of the 
poly(1-allyl-3-vinylimidazolium bromide) (PAVB). 
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Figure S2. Adsorption and desorption isotherms of the PAVB. The measurements were repeatedly 
conducted under CO2 pressures up to 0.3, 0.6, 0.9 and 1.0 bar, respectively. 

 
Figure S3. Laser scanning confocal image and its profile parameters of the fabricated concentric 
PAVB micro-squares. 

 



SUPPLEMENTARY MATERIALS 

 

 
 

Figure S4. Laser scanning confocal image and its profile parameters of the fabricated PAVB 
microflower array. 

 




