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Abstract: Supercapacitors with high power density, ultra-
long lifespan and wide range operating temperature have 
drawn significant attention in recent years. However, 
monitoring the state of charge in supercapacitors in a 
cost-effective and flexible way is still challenging. Tech-
niques such as transmission electron microscopy and 
X-ray diffraction can analyze the characteristics of super-
capacitor well. But with large size and high price, they are 
not suitable for daily monitoring of the supercapacitors’ 
operation. In this paper, a low cost and easily fabricated 
fiber-optic localized surface plasmon resonance (LSPR) 
probe is proposed to monitor the state of charge of the 
electrode in a supercapacitor. The Au nanoparticles were 
loading on the fiber core as LSPR sensing region. In order 
to implant the fiber in the supercapacitor, a reflective type 
of fiber sensor was used. The results show that this tiny 
fiber-optic LSPR sensor can provide online monitoring of 
the state of charge during the charging and discharging 

process in situ. The intensity shift in LSPR sensor has a 
good linear relationship with the state of charge calcu-
lated by standard galvanostatic charging and discharging 
test. In addition, this LSPR sensor is insensitive to the tem-
perature change, presenting a great potential in practical 
applications.

Keywords: localized surface plasmon resonance; fiber-
optic LSPR sensors; supercapacitor; state of charge 
monitoring.

1  �Introduction
With the rapid growth of global energy demand, the devel-
opment of highly efficient and environmentally friendly 
energy storage devices is essential for better energy uti-
lization. Supercapacitors, also called as ultracapacitors, 
are very promising energy storage devices with high 
power density, high charge/discharge rates, long cycle 
life and simple mechanism [1, 2]. They are suitable for 
applications in fields such as electric vehicles, commu-
nication, electronic devices and wearable devices [3, 4]. 
The energy storage in pseudocapacitors shows redox reac-
tions similar to the traditional batteries but at extremely 
high rates [5, 6]. Compared with conventional capacitors, 
the energy density in supercapacitors is several orders 
of magnitude higher [7]. Although the energy density is 
lower, supercapacitors can produce much higher power 
density compared with conventional batteries. In addi-
tion, supercapacitors have an ultralong lifespan ranging 
from 100,000 to a million cycles, compared with 500 and 
10,000 cycles of lithium-ion batteries [8]. With a wide 
range of operating temperature, the supercapacitors can 
be used in extreme weather [9].

Techniques have been developed for monitoring the 
charge quantity and efficiency of supercapacitors and 
batteries [10]. For instance, Zhi’s team used scanning 
electron microscopy (SEM) and X-ray diffraction to study 
the MnO2 deposition-dissolution mechanism on carbon 
cloth and showed that the MnO2-Cu battery has excellent 
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energy density and power density [11]. They also con-
firmed the Na ion and water molecules pre-interaction 
can effectively activate stable Zn ion storage of δ-MnO2 
[12]. Wang’s group proposed an “operando” transmis-
sion electron microscopy (TEM) technique [13]. It can 
provide the configuration of a real battery in a relevant 
liquid electrolyte, which helps in understanding the 
electrode and the electrode-electrolyte interaction. In 
order to better understand the principle, Cui’s group uti-
lized cryo-electron microscopy to observe the sensitive 
battery materials and interfaces with atomic resolution. 
It can help in understanding the mechanisms, especially 
the reason of failure in a high-energy battery [14]. Other 
methods, such as infrared spectroscopy [15], Raman 
spectroscopy [16], and nuclear magnetic resonance [17], 
were used in in situ monitoring the electrode. Although 
the methods mentioned above can achieve good results, 
the instrument setups are expensive, bulky and com-
plicated; therefore, they cannot meet the goal of port-
able monitoring of the electrode and charge/discharge 
process in the supercapacitor and battery.

During the charging and discharging process in the 
supercapacitor, ion migration causes the refractive index 
(RI) change near the electrode. Localized surface plasmon 
resonance (LSPR) is sensitive to the RI change and leads 
to the wavelength’s intensity shift in the resonance 
spectrum [18]. LSPR occurred when the frequencies of 
incident photons match the collective oscillation of elec-
trons at the surface of metallic nanoparticles [19, 20]. The 
optical extinction is in accordance with plasmonic reso-
nance frequency [21]. Compared with lens-based LSPR 
sensors, fiber-optic based LSPR sensors are more flexible; 
the lower cost and smaller size are suitable for portable 
sensing [22, 23]. Thus, the fiber-optic LSPR sensors have 
great potential in implantation monitoring and in situ 
monitoring [24–26]. Unlike surface plasmon resonance 
(SPR) technology where the signal fluctuates greatly when 
the ambient temperature changes [27], LSPR sensor is 
insensitive to the change of surrounding temperature [28] 
and more suitable of being implanted in the supercapaci-
tor for online monitoring. Guo’s group used a novel tilted 
fiber Bragg grating (TFBG) based SPR sensor for monitor-
ing the battery charging and discharging process. The 
Bragg resonance in the fiber core can overcome the tem-
perature cross-interference issue. However, the TFBG fiber 
still needs special equipment for elaborated fabrication.

In this paper, we present a multimode fiber-optic based 
LSPR sensor, which does not require special equipment and 
is easy to fabricate. It can be implanted in a supercapacitor 
for in situ monitoring of MnO2 growth on the electrode and 
the state of charge in the charge-discharge process. In a 

cyclic voltammetry (CV) test, the intensity shift of the LSPR 
spectrum clearly reflects the charge and discharge process 
and real-time quantity of the supercapacitor charge. The 
highest intensity shift of LSPR signal is proportional in 
accordance with the state of charge on the MnO2 electrode 
calculated in a galvanostatic test. Compared with the elec-
trochemical method of measuring the quantity of charge 
by integration, the fiber-optic LSPR sensor is able to detect 
and demonstrate the state of charge in real time. Finally, 
the sensor performance is measured at different tempera-
tures to test its reliability in the supercapacitor.

2  �Fabrication and experiments

2.1  �AuNPs preparation

The Au nanoparticles (AuNPs) were synthesized by sodium 
citrate reduction method [29]. Before the experiment, all 
glassware was thoroughly immersed in aqua regia (HCl: 
HNO3 = 3:1) for 30  min then rinsed with deionized water 
and dried. In 250 ml round bottom flasks, 1 ml of 1% HAuCl4 
and 100  ml deionized water were mixed and heated to 
boiling under vigorous stirring. Then, 1.2 ml of 1% sodium 
citrate aqueous solution was rapidly added, and boiling 
was continued for 15 min. During this process, the mixture 
solution gradually turned red. The sodium citrate reduc-
tion method synthesized AuNPs was negatively charged. 
The average diameter of AuNPs was 40 nm as calculated 
by UV-Vis absorption spectrum (Figure S2) [30].

2.2  �LSPR sensing probe fabrication

The schematic illustration structure of fiber-optic LSPR 
sensors is shown in Figure 1. The multimode fiber is used 
for sensing with 600 μm core diameter and 0.37 numerical 
aperture. The length of the sensing fiber is cut to 7.5 cm. 

Figure 1: Schematic illustration of fiber-optic LSPR sensing probe.
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The jacket and cladding are removed from the end of the 
optical fiber for 2 mm to load a silver reflective mirror. In 
the sensing region, 10 mm length of jacket and cladding 
are removed for loading AuNPs for the sensing purpose. 
The exposed fiber probe is cleaned and hydrolyzed with 
piranha solution at 65°C for 30 min to form a hydrophilic 
layer on the unclad fiber. The piranha solution is a mixture 
of H2SO4 and H2O2 with 3:1 in volume ratio.

The unclad sensing fiber is then immersed in 10% 
(v/v) 3-aminopropyltriethoxysilane aqueous solution for 
1 h and rinsed in ethanol with sonication. The fiber needs 
to stay in a drying oven at 120°C for 2 h. By treating the 
surface with silane, the hydrophilic region of the unclad 
fiber is functionalized with an amino group. The unclad 
fiber is subsequently immersed into 40  nm AuNPs solu-
tion for 3  h. The negative charged AuNPs can attach to 
the amino group functionalized unclad fiber core through 
electrostatic interaction force. The immobilization of 
AuNPs on the fiber core can be confirmed by using the 
field emission SEM (SIGMA500).

The end point of the fiber is coated with silver as the 
reflective layer by Tollens’s reaction. To do it, the fiber 
is firstly held in a small bottle. One milliliter 0.5  mol/l 
AgNO3 solution is added to the small bottle. Then, the 
6  mol/l ammonia solution is added, too. The solution 
turns brown first and later becomes clear and transpar-
ent. A few drops of 30% glucose solution is added, and 
the sample is kept in 70°C for 30 min to form a silver layer 
on the end face of the fiber. Epoxy resin ab glue was used 
to cover the silver mirror to protect it and prevent the SPR 
signal in the silver reflective film.

2.3  �Fiber-optic LSPR sensing system

The AuNP-coated optical fiber with a core diameter of 600 
μm is connected with Y-type fiber jumper by an SMA 905 
coupler. The Y-type of jumper has two legs with 200 μm 
core diameter. One leg is connected to the halogen light 
source (HL-2000), the other one is connected to the 
spectrometer (Ocean Optics HR4000, Rochester, NY, USA). 
The incident light is coupled to the LSPR probe to stimu-
late the LSPR. The reflected light can be received and sent 
to the spectrometer for data processing and analysis with 
LabVIEW platform.

2.4  �Construction of supercapacitor and  
in situ charge monitoring system

The MnO2 electrode is synthesized by electrochemical 
deposition [31]. Briefly, the Mn ions electrolyte is made of 

0.1 m MnAc2 and 0.1 m NaAc2. The carbon fabric is boiled 
in ethanol for 30 min and ultrasonicated in 1 m HCl solu-
tion for 30  min. Then the carbon fabric (area 1 * 2  cm) 
is immersed in Mn ions electrolyte. The three-electrode 
system can be used for MnO2 fabrication on the carbon 
fabric with Ag/AgCl as reference electrode and Pt as the 
counter electrode. The constant current is 1 mA/cm−2 in 
anodic for 5  min. The fiber-optic LSPR sensor is firstly 
used to monitor the MnO2 growth process on the carbon 
fabric. The instrument setup of fiber-optic LSPR sensor 
is similar to the charge and discharge process monitor-
ing in supercapacitor. The MnO2-coated carbon fabric 
is rinsed with water and dried overnight in 60°C oven 
before use.

To monitor the state of charge change during the 
charge and discharge process near the MnO2 electrode, 
the fiber-optic LSPR sensing probe is implanted in the 
supercapacitor. As shown in Figure 2B, we use the three-
electrode system to form the supercapacitor with MnO2 
on carbon fabric as working electrode, Ag/Ag/Cl as ref-
erence electrode and Pt as the counter electrode. The 
electrolyte is 1 m LiCl. The tiny fiber-optic LSPR sensor 
is hooked near the MnO2 electrode by a microporous 
membrane. Due to the short LSPR sensing distance, the 
fiber-optic LSPR sensing region must be closely attached 
to the electrode.

3  �Results and discussion

3.1  �Characterization of fiber-optic LSPR 
sensor

A SEM image of the sensing region is shown in Figure 2C. 
The sensing region coated with AuNPs was 1  cm. The 
image shows that the AuNPs are successfully and uni-
formly attached on the fiber core. The AuNP-coated fiber-
optic probe is stable in the neutral LiCl electrolyte during 
the charging and discharging process.

To verify the sensitivity and stability of the AuNP-
coated fiber-optics LSPR sensor, we place the fiber probe 
into NaCl solutions with different RI which are measured 
with an Abbe refractometer to be 1.3327 (water), 1.3406, 
1.3480, 1.3550, 1.3614 and 1.3671. As shown in Figure 
3A, the resonance wavelength changes for fiber-optic 
LSPR sensors in NaCl solutions with different RI. The 
resonance wavelength and intensity changes in fiber-
optic LSPR when exposed to different NaCl solutions 
are recorded in Figure 3B. Figure 3A and B show that, 
with the increase of RI, the intensity of fiber-optic LSPR 
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sensor drops significantly. The intensity shift is meas-
ured as the % depth. The sensitivity for intensity mod-
ulation is 314.7%/RIU. A plot of the LSPR wavelength 
shift as a function of the RI value change in Figure 3C 
shows that the sensitivity for wavelength modulation 
is 94.5  nm/RIU. Both intensity shift and wavelength 
shift are linear with RI change. This test shows that the 
fiber-optic LSPR sensors can accurately monitor the sur-
rounding RI change. The sensitivity for intensity modu-
lation is much higher than the wavelength modulation 
in LSPR sensors.

3.2  �MnO2 growth process monitoring on the 
electrode

In general, supercapacitors can be categorized into two 
types. One is electric double-layer capacitor, which gen-
erates an electrical field between two parallel conductor 

plates. The other is pseudocapacitor, which stores the 
energy by transferring electrons between electrode 
and electrolyte through electrochemical reaction. The 
carbon fabric-based MnO2 electrode can be used in a 
pseudocapacitor, which has high surface area and high 
specific capacitance. The electrochemical deposition 
technique was used to load the multiporous MnO2 on 
carbon fabric.

Interestingly, we find that when the fiber-optic LSPR 
probe is attached near the surface of the carbon fabric, 
it has superior capability of monitoring the MnO2 fabri-
cation process. In addition, it will not disturb the MnO2 
growth on the carbon fabric. Figure 4A shows that when 
1 mA/cm2 current is applied on the working electrode, the 
intensity of the plasmon resonance peak will increase 
accordingly. As time goes on, the intensity shift tends 
to be flat. After 5  min of electrodeposition, MnO2 on 
the carbon fabric will be saturated without the require-
ment of further extension. In Figure 4B, the carbon cloth 
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Figure 2: Fiber-optic LSPR sensor for in situ monitoring the state of charge in supercapacitor.
(A) Schematic representation of instrumental sensing system for fiber-optic LSPR sensor monitoring the charge and discharge process in 
supercapacitor. (B) The picture of in situ monitoring supercapacitor with fiber-optic LSPR sensor. (C) Optical and SEM image of sensing 
surface of the fiber-optic LSPR sensor.
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loaded with MnO2 demonstrates a black color, while the 
blank carbon fabric is gray. The electrode with MnO2 is 
darker. Figure 4C and D is the SEM image of the surface of 

carbon fabric loaded with MnO2. The MnO2 was success-
fully loaded and uniformly grown on the carbon fabric in 
floccus morphology.
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Figure 3: RI tests for fiber-optic LSPR sensors.
(A) The resonance wavelength changes of fiber-optic LSPR sensors in NaCl solutions with different RI. (B) Intensity shift with RI change in 
solutions. (C) Wavelength shift with RI change in solutions.

Figure 4: MnO2 growth on carbon fabric.
(A) On-line monitoring MnO2 growth process on carbon fabric by fiber-optic LSPR sensor (B) MnO2 loaded carbon fabric (left), the blank 
fabric (right). (C) SEM image of MnO2 on carbon fabric. (D) Magnified SEM image of MnO2 on carbon fabric.
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3.3  �State of charge monitoring in CV test

The online monitoring of the charging/discharging 
process in the supercapacitor can be accomplished by the 
proposed fiber-optic LSPR sensors. Compared with SPR 
sensors, LSPR sensors are insensitive for the temperature 
fluctuation, making it more suitable for supercapacitor 
monitoring. Besides, the fiber-optic LSPR sensors with 
tiny size and electromagnetic immunity can be implanted 
in the supercapacitor for in situ monitoring. During the 
charging process, ions in the electrolyte can be gathered 
around the polyporous MnO2 electrode which causes 
the RI change near the electrode. The ion concentration 
around the MnO2 electrode is proportional to the amount 
of charge in the supercapacitor. Hence, by monitoring the 
ion concentrations near the electrode by fiber-optic LSPR 
sensor, we can detect the real-time state of charge in the 
supercapacitors.

Figure 5A shows the CV curves at different scan rates. 
The upper part of the CV curve represents the charging 
process, and the lower part of the CV curve represents the 
discharging process in the supercapacitor. The CV integral 
area is the capacitance of the electrode. Figure 5B shows 
the real-time intensity shift of fiber-optic LSPR sensors. 
It demonstrates the real-time state of charge on the elec-
trode. However, the CV curve can only calculate the whole 
capacity when the whole period scan was ended. It cannot 
detect the real-time capacity change. By contrast, the 
fiber-optic LSPR sensor we proposed can monitor the state 
of charge in supercapacitors in real time, instead of just a 
“calculated capacity” by CV curve. At 10  mV/S, 15  mV/S 
and 20  mV/S, the highest intensity shift (%max) is 0.238, 
0.160 and 0.134, respectively, which is consistent with the 
result in CV curves.

3.4  �State of charge monitoring in 
galvanostatic test

Figure 6A shows the galvanostatic charge-discharge 
curves of MnO2 electrode with different constant current 
(0.5 mA, 1.0 mA and 2.0 mA). The charge-discharge curve 
is relatively symmetrical, indicating that the redox reac-
tion on the electrode is reversible and the capacitive char-
acteristic is steady. The high voltage was fixed at 0.8 V and 
the change is plotted in potential versus time at a constant 
rate. When the current is smaller, more charge can accumu-
late in and around the MnO2 electrode. Hence, the 0.5 mA 
current can achieve the highest stored charge, while the 
2.0  mA current produces the lowest stored charge. The 
real-time monitored charge density by fiber-optic LSPR 
sensor is shown in Figure 6B. It agrees well with the gal-
vanostatic test result: the lower current leads to higher 
intensity shift of LSPR probe, and the higher one gives the 
lower intensity shift. The peak value of intensity shift can 
reflect the charge amount at the time of full charge. The 
signal duration in the LSPR sensor is the same with the 
time duration in the galvanostatic charge and discharge 
test. Compared with offline stored charge detection by 
galvanostatic test, the fiber-optic LSPR sensor can realize 
online monitoring of the state of charge at any time in 
each test. In order to confirm whether the intensity shift in 
the LSPR signal can accurately monitor the state of charge 
on the electrode, a linear fit of the relationship between 
the capacitance (C) and the highest intensity shift (%max) 
can be made as shown in Figure 6C. The fitted linear curve 
is as follows: %max = 0.004 × C + 0.118 (R2 = 98.5%). And 
the state of charge sensitivity of fiber-optic LSPR sensors 
is 3.2 × 10−3 %/mC. At each constant current, the test was 
made three times.

Figure 5: Charge and discharge tests in CV mode.
(A) CV curves for MnO2 electrode at different scan rates. (B) Real-time intensity shift of fiber-optic LSPR sensors at different scan rates in CV 
test (10 mV/S, 15 mV/S, 20 mV/S).
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3.5  �Temperature influence test

The temperature test of the supercapacitor with an 
implanted LSPR sensing probe has been conducted in a 
programmable temperature and humidity chamber at dif-
ferent temperatures and constant humidity. All the galva-
nostatic charge-discharge tests are performed at 0.5  mA. 
Figure 7A shows that both of the charging and discharging 
time increase with temperature, which means that more 

charges accumulate on the sensing surface. At 25°C, 35°C 
and 45°C, the capacitance is 112.0 mF, 119.7 mF and 132.2 mF, 
respectively. And the capacitance and state of charge in 
the supercapacitor grew at 0.958 mF/°C and 0.767 mC/°C, 
respectively. In accordance with the result in the galvano-
static curve, the signal of intensity shift in fiber-optic LSPR 
sensor increases proportionately as well (Figure 7B).

A tendency relationship of stored charge shift calcu-
lated by galvanostatic curve and highest intensity shift 

Figure 6: Charge and discharge tests in galvanostatic mode.
(A) Galvanostatic charge-discharge curve at different constant current. (B) Real-time intensity shift of fiber-optic LSPR sensors at different 
constant current in galvanostatic test. (C) Linear fitting curve between the intensity shift (%) in fiber-optic LSPR sensor and calculated 
capacitance at different constant current (0.5 mA, 1.0 mA, 2.0 mA).

Figure 7: Charge and discharge tests of supercapacitor at different working temperature.
(A) Galvanostatic charge-discharge curve at different temperature (0.5 mA). (B) Real-time intensity shift of fiber-optic LSPR sensors at 
different temperature in galvanostatic test (0.5 mA). (C) The capacitance shift calculated by galvanostatic curve and LSPR intensity shift in 
different temperature (25°C, 35°C, 45°C).
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of LSPR sensors is plotted at different temperatures. In 
Figure  7C, the standard stored charge shift can be cal-
culated by the galvanostatic charge-discharge curve. 
The intensity shift of LSPR sensors can precisely reflect 
the stored charge on the electrode at different tempera-
tures. Thence, this result can confirm that the signal of 
fiber-optic LSPR sensor is insensitive to the surrounding 
temperature. Even under temperature fluctuations, the 
fiber-optic LSPR sensor can still accurately conduct online 
monitoring of the stored charge on the electrode.

4  �Conclusion
With the presented work, we demonstrate that the fiber-
optic LSPR sensor can be used in real-time online moni-
toring of the state of charge in the supercapacitor. It was 
firstly used to monitor the MnO2 growth process and the 
stored charge on the electrode in the pseudocapacitor. In 
the CV test with different scan rates, the intensity shift of 
the LSPR sensors is found to be proportional to the stored 
charge calculated by the CV curve. In addition, it also can 
reflect the charging-discharging process directly. In the 
galvanostatic test, the intensity shift of the LSPR spectrum 
has a relatively good linear relationship with the state of 
charge calculated at different constant currents by stand-
ard electrochemical method. The state of charge sensitivity 
is 3.2 × 10−3 %/mC. The charge detection in the superca-
pacitor was also conducted at different temperatures. The 
result shows that temperature changes have little effect on 
charge detection by the fiber-optic LSPR sensors.

Compared with techniques such as TEM, nuclear 
magnetic resonance and X-ray Raman scattering, the 
fiber-optic LSPR sensor is tiny in size and cost-effective, so 
that it can be implanted in the supercapacitor to monitor 
the charging-discharging process. It promises great poten-
tial in monitoring the state of charge in situ for applica-
tion targets such as electric vehicles or other electronic 
instruments.
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