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Abstract: The reactions of vanadium redox flow batteries (VRFBs) are quite complex and the internal
environment is strongly acidic. The internal voltage, current, temperature and flow distribution play
a very important role in the performance of a VRFB. The VRFB, which was developed by our R&D
team, encountered easy leakage of electrolytes during assembly. Additionally, the strongly acidic
environment can easily cause aging or failure of these VRFBs and of the micro-sensor. Therefore,
this research was aimed at the need for real-time micro-diagnosis inside the VRFB. The use of micro-
electro-mechanical systems (MEMS) technology was proposed so as to develop a flexible, integrated
(current, voltage, flow and temperature), micro-sensor, and a durability test was conducted after
packaging. Further, we performed real-time monitoring of the VRFBs. The main finding was that the
encapsulation contributed to the stability of the micro-sensor without any failure due to excessive
flow impacting the sensor. In the end we successfully used a 3D printed package to protect the

micro-sensor.

Keywords: flexible integrated micro-sensor; vanadium flow battery (VRFB); micro-sensor packaging;
durability test; micro-electro-mechanical systems

1. Introduction

World power generation is currently very dependent on petroleum-based energy
sources, such as liquid fuels, natural gas, and coal. There are two major problems with
the use of these energy sources: one is that fossil fuels will have run out within the
next 100 years, and the other is that carbon emissions and greenhouse gases (GHGs)
adversely affect ecosystems. Human health and the living environment have been seriously
threatened, so developed countries have formulated environmental protection regulations
to reduce greenhouse gases. Renewable energy can simultaneously reduce greenhouse gas
emissions and meet global energy needs.

Power storage devices are particularly important, among which the “vanadium flow
battery” stands out among power storage devices. VRFBs are the most representative type
of flow battery. Unlike previous battery systems, the positive and negative electroactive
species in redox flow batteries are stored in tanks outside the stack. In this way, the
power output and power storage capacity of the flow battery can be independently used to
adapt to the required environment. For example, if applied to a battery with high energy
storage, the amount of electroactive material in the tank can be increased to increase the
energy storage effect, without major modifications to the battery stack. The electroactive
material is placed in an external tank, so increasing the amount of electroactive material
does not require changes to the stack. Such an approach enables changes to battery design
to increase energy output at minimal cost, without impacting the battery’s power output.
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Conversely, if power must be maintained and the power delivered more efficiently, this
usually results in a significant increase in cost. Therefore, the need to improve battery
energy content requires increasing the amount of electroactive material in the outer canister
without requiring major modifications to the stack in contrast to placing the electroactive
material in the stack, which would increase the size of the battery pack and, thus, the
cost [1-8].

In addition, during the VRFB operation, some vanadium ions diffuse through the
membrane material, and this phenomenon causes loss of capacity of the battery and
may also cause the temperature of the electrolyte to rise. According to the literature, the
condition whereby vanadium ions gradually precipitate in the electrolyte in the form of
pentavalent vanadium occurs when the temperature of the VRFB is higher than 40 °C.
Precipitation of divalent and trivalent vanadium ions and deposition in the flow channel
occurs when the temperature is lower than 10 °C, and this seriously affects the flow of the
vanadium electrolyte, and can even cause the flow channel to block, which then causes the
pump transporting the electrolyte to consume more power. Gundlapalli et al. compared
different electrolyte flow rates and flow fields for VRFBs. When the flow rate was 1.2 mL/s,
the performance of the VRFB without the flow field was better than that of the battery
with the flow field. Yang et al. studied the effect of the pH value of the VRFB electrolyte
on the voltage. From the experimental results, it was acknowledged that as the pH of
both electrodes decreased, the cell voltage increased. Abbas and others found that the
charge and discharge current densities of VRFB have a great influence on the charge and
discharge efficiency, voltage efficiency and energy efficiency of VRFBs. Zeng et al. studied
the charge—discharge and voltage changes of VRFBs under different currents. They found
that the higher the current density, the shorter the charging and discharging time, and the
closer the curve was to linear. The important advantages of VRFBs include the following;:
non-flammability, good stability, long running time, easy regeneration or recycling of the
electrolyte, a long cycle life, amongst others. The disadvantage is that the energy density
is low (weight and volume), so mobile applications are not often seen on the market, and
they are relatively expensive, compared to lithium-ion batteries. The high cost is mainly
because maturity of the product is not high, and there is no mass production [9-15].

When the VRFB energy storage system works at normal temperature and pressure,
the electrolyte can effectively discharge the heat generated by the battery system, and then
release it to the outside of the system through thermal convection. The electrolyte is a
non-explosive and non-flammable aqueous solution with high safety. The charging and
discharging of the VRFB energy storage system mainly utilizes the redox reaction of the yin
and anode of the battery. Vanadium ions have four valence states which can exist stably:
+2, +3, +4, and +5. Electrical energy is generated by chemical energy utilizing the flow cycle
of electrolytes through redox processes of the active materials [16-23].

According to Huang express, an inductive proximity sensor with a 3D printed ceramic
housing and an embedded sensing element was designed and produced using a hybrid
manufacturing process, where the sensing element was embedded in the printed structure
and the printing process paused. The conclusion was that the sensing element remained
functional during every manufacturing process and demonstrated the ability of a fully
encapsulated sensor to function at high temperatures. At a frequency of 2 MHZ and a
voltage of 1V, the measuring range of the inductive sensor was about 7.0 mm [24].

The packaging of tiny sensors is more complex than electronics. Electronic packages
tend to provide environmental isolation, mechanical protection, and heat dissipation,
while tiny sensors interact with the outside world to some extent, and fragile sensing
chips or actuators need to be tested for exposure to the medium they operate in. All
media adversely affect the tiny sensors, so micro-sensor packaging tends to be a highly
specialized application. The same micro-sensor may have different packaging methods,
due to different applications. Therefore, micro-sensor packaging is more challenging than
electronic packaging. In addition to the basic function of electronic packaging, there is
a need to avoid unnecessary contamination or reaction of the device materials with the
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environment, especially in biomedical, pharmaceutical, and food applications. There is
currently no general encapsulation method for micro-sensor packaging. The same micro-
sensor may have different packaging methods due to different applications. Therefore, the
micro-sensor packaging process cannot be standardized, and it is difficult to reduce the cost.
Over the years, the packaging and testing of micro-sensors has accounted for 50%-90% of
the cost of the entire micro-sensors. Therefore, both industry and academia are researching
solutions to the problems.

Since the internal environment of a VRFB is strongly acidic, aging or failure of the
micro-sensor are likely. Therefore, in this study, the micro-sensor was packaged and tested
for durability, and then it was practically applied to real-time monitoring of a VRFB.

First, you need to understand the internal environment and requirements of the
battery, then you need to design the sensor package, use 3D printing technology to print
the packaged shell and then, in the experimental part, you need to calibrate the sensor
to see if the data is normal. Finally, the battery’s experimental results are measured. The
packaged micro-sensors are mainly placed at the inlet and outlet of the electrolyte tank
of the large vanadium redox flow battery energy storage system, while the unpackaged
micro-sensors are embedded inside the battery [25].

2. Process and Packaging of Micro-Sensor

Firstly, the flexible integrated (voltage, current, temperature and flow) micro-sensor
made by our laboratory [25] was used for package design, fabrication and durability testing,
and then practically applied to real-time monitoring of a VRFB. Detailed specifications of
the flexible integrated micro-sensor follow.

There are two types of package designs for the flexible integrated micro-sensor. The
overall length is 90 mm, the diameter is 30 mm, and the front end is placed in a pipeline of
about 25 mm. The first design has no front and only the sensor head is exposed, and the
second design has a reduced 10 mm front opening. Then, 3D printing was used to produce
the housings of the two micro-sensors (Figure 1).

Unit:mm
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Figure 1. Cont.
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Figure 1. Image of 3D printed shell of micro-sensor.

3. Packaging and Endurance Testing of Micro-Sensor

After completing the 3D printing of the micro-sensor housing, the material of
which was ABS (Acrylonitrile Butadiene Styrene), the packaging and durability tests
were conducted.

3.1. Micro-Sensor Housing Processing

Since a violent electrochemical reaction occurs when the VRFB is charged, and the
electrolyte is sulfuric acid, a layer of protective glue (Epoxy) was first applied to the
shell of the micro-sensor. Then it was soaked in epoxy resin so as to withstand voltage
and resistance, grinding, and acid and alkali resistance, as well as providing a seamless,
beautiful, and easy to clean exterior, among other advantages. The final product is shown
in Figure 2. Figure 3 shows the micro-sensor housing when processed. The micro-sensor
was then packaged, as shown in Figure 4.

Figure 2. Micro-sensor housing after soaking.
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Figure 3. Packaging step.

Figure 4. Image of finished product after packaging.

3.2. Testing of Micro-Sensor Finished Product
3.2.1. Corrosion Resistance Test of Housing

In order to compare the anti-corrosion effect of the protective glue on the micro-
sensor shell before and after, we took a casing with protective glue and a casing without
a protective layer, and immersed the casings in vanadium electrolyte. The surface of the
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casing without a protective film softened (Figure 5 left hand side), but the casing with the
upper protective film remained the same (Figure 5 right hand side).

0 1 2

.

Figure 5. After immersing into the electrolyte.

3.2.2. Tightness Test of the Shell

The packaged micro-sensor product was immersed in vanadium electrolyte, and
whether the inside of the micro-sensor was infiltrated by electrolyte was observed. Finally,
the micro-sensor was disassembled after immersion, and there was no evidence of infiltra-
tion of vanadium electrolyte, as shown in Figure 6. The image on the left is of the outside,
and that of the right the inside.

Figure 6. Tightness test.

3.3. Micro-Sensors Embedded in Vanadium Flow Batteries for Durability and Corrosion Tests

The first-stage of charging used the ABM series programmable power supply
(PS9610A), as shown in Figure 7. The LabVIEW program could instantly capture the
overall charging status of the vanadium flow battery and set the upper and lower limits
of the charging cut-off. In the future, the program could be used to control the charging
procedure of the vanadium redox flow battery. The second stage was the discharging
procedure. In this study, the 3311F DC load from Prodigit Electronics Co., Ltd. (New Taipei
City, Taiwan) was used, as shown in Figure 8. This model could be programmed through
LabVIEW, with real-time capture of the overall discharge status of the vanadium flow
battery and setting of the upper and lower limits of the discharge cut-off. In the future,
the discharge procedure of the vanadium flow battery could be controlled by a program.
In our current research, we selected the programmable control constant temperature and
humidity testing machine (Hongda HT-8045A environmental test chamber, Taipei, Taiwan,
Figure 9) as the benchmark for the calibration environment, and the data acquisition
equipment used was NI PXI 2575 (Hsinchu, Taiwan, Figure 10). LabVIEW system design
software and control system for signal processing and analysis was also used. Finally,
the analyzed and processed data was processed by the computer to draw the calibration
curves. Figures 11 and 12 are calibration curves of flow rate and temperature of the



Coatings 2022, 12, 1531

7 of 13

micro-sensors. After the micro-sensor was manufactured, it was embedded in the VRFB
(Figure 13) for testing, and then the micro-sensor was connected to the instrument to read
data. The data was read while the battery was charging, and actually obtained the runner
voltage, current, temperature and flow data (Figures 14-17). This meant that the sensor
was functioning normally when the battery was running.

PRODIGIT

Figure 8. 3311F DC Load.
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Figure 9. Hung ta HT-8045A Environmental Chamber.

Figure 10. NI PXI 2575.
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Figure 11. Flow calibration curve.

0.1
0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02

Response ((Re-Ro)/Ro)

0.01

30

The first micro
flow sensor

The second micro
flow sensor

The third micro
Flow sensor

Temperature calibration curve

vem

EY
| |

3% 40 4 50 55 60 65 70 75

Temperature ("C)

Figure 12. Temperature calibration curve.
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Figure 13. Charging diagram of micro-sensor embedded in VRFB.
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At the same time, when the micro-sensor was embedded in the VRFB test, the corro-
sion resistance and durability tests of the micro-sensor were simultaneously carried out.
The micro-sensor was immersed in the vanadium electrolyte, and the value of resistance

changed in the electrolyte (Figure 18). It can be seen from the data measurements with the
NI PXI 2575 (Figure 10) that the micro-sensor could still be used normally after 624 h.

1.3 \
1.28

A
= A

1.22 T T ] 1 1 l
0 100 200 300 400 5S00 600

Immerse time (hr)

Resistance (k)

Figure 18. Resistance and the immerse time inside the electrolyte.

4. Conclusions

In this study, using MEMS technology, we successfully integrated micro-voltage,
current, temperature and flow sensors on a polyimide film (PI) substrate, with a thickness
of 50 um. The electrochemical environment’s corrosion resistance and acid resistance were
selected. Polyimide (Fujifilm Durimide® PI7320) was used as a protective layer. This
flexible, integrated, micro-sensor has four sensing functions, is thin with a small structural
area, has high sensitivity, provides real-time measurement and can be placed in any position,
among many other advantages. Both the micro-sensor itself and the package casing were
tested for durability and corrosion resistance. The experimental results confirmed that
its reliability and durability are good, and the real response information of the VRFB can
be measured in real time. Facts proved that we successfully used 3D printing technology
to create a package that can protect the sensor, and can also be replaced with different
packages, according to different environments, which is quite an innovative idea and is
also very economical.
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