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Abstract: In this study, a new monitoring method was developed, titled infrared thermal imaging
technology, which can effectively evaluate the thermal effect of the charge-discharge test in the
vanadium/iodine redox flow battery (V/I RFB). The results show that the all-vanadium redox flow
battery (all-V RFB) has a greater molar reaction Gibbs free energy change than that of the V/I RFB,
representing a large thermal effect of the all-V RFB than the V/I REB. The charge-discharge parameters,
flow rate and current density, are important factors for inducing the thermal effect, because of the
concentration polarization and the ohmic resistor. The new membrane (HS-SO3H) shows a high
ion exchange capacity and a good ions crossover inhibitory for the V/I RFB system, and has a high
coulomb efficiency that reaches 96%. The voltage efficiency was enhanced from 61% to 86% using
the C-TiO,-Pd composite electrode as a cathode with the serpentine-type flow field for the V/I RFB.
By adopting the high-resolution images of an infrared thermal imaging technology with the function
of the temperature profile data, it is useful to evaluate the key components’ performance of the V/I
RFB, and is a favorable candidate in the developing of the redox flow battery system.

Keywords: thermal effect; infrared thermal imaging; redox flow battery; C-TiO,-Pd composite
electrode; separation membrane

1. Introduction

The redox flow battery (RFB) generates heat when consuming the electric power in its working
state, and that will transfer into a thermal form emitted from the normal or abnormal state. Therefore,
it is important to control the thermal effect for the battery’s performance and safety improvement.
Specifically, the RFB will bring a big thermal effect when the cell is charged-discharged by the higher
electric current. Due to the different battery’s components and stack designs, the problems of the RFB
system can be identified by looking at the uneven heat distribution, the reduction of the battery’s
performance and life cycle.

Consequently, it is important to understand the battery’s thermal effect in high-rate discharge or
its thermal effect in overcharge cases for the state of the battery’s health. The all vanadium redox flow
battery (all-V RFB) is the most prospective RFB energy storage system [1]. The key materials of an all-V
RFB comprised of a separation membrane, an electrode, an electrolyte, and a flow channel [2-7] these
which can induce a different thermal effect. The key factors, which affect the temperature evolution of
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an all-V RFB during the charge-discharge operations, include the reversible and irreversible enthalpy
and entropy change of the electrochemical reactions, and the self-discharge circumstances due to the ion
cross-contamination [8-10]. Moreover, in a kW-class RFB at high current operations occurs the shunt
currents, hydraulic pressure drops and pumping, and species crossover losses [11]. More recently,
Guarnieri et al. [12] provided a key electrolyte flow factor modulation to quite sustain the stack
current at every state of charge (SOC) for a 9 kW-class all-V RFB. M. Pugach et al. [13] developed the
real-time control-monitoring software to control the output feedback of the flow rate for the VRFB.
A.Trovo et al. [14] established the standby thermal management system for a kW-class VRFB by using a
cell-resolved dynamic thermal model through the experimental and numerical investigation to decide
the stack voltage, self-discharge, and temperature evolution.

Some thermal analyses of the VRFB have been established by two and three-dimensional numerical
models, which can obtain the temperature’s detailed distribution information [15,16]. The full nonlinear
computational fluid dynamics model (CFD) was suitable for the dynamics simulation of the electrolyte
temperature, which reduced the computational simulation time and solved the high computational
complexity [17]. In addition, the pumping energies loss was included in the influencing factors for the
dynamic thermal simulation model by studying some of the literature [8,17,18]. However, there are
still some problems that need to be improved. The heat source is simplified in the thermal model to
the entropy change of the electrode reaction in the chemical reaction, which will reduce its accuracy,
and the temperature is often considered an ideal uniform distribution. The above assumptions will
affect the thermal model. According to the chemical thermodynamics, macroscopic changes at constant
pressure and temperature, the condition for spontaneity is AG) < 0 and the relationship of the molar
Gibbs free energy change (AG}), molar reaction enthalpy change (AHy) and molar reaction entropy
change (AS?) are expressed in Equation (1).

AG? = AH? — TAS? 1)

In electrolyte solutions, the cell potential under reversible conditions is directly concerning to the
Gibbs free energy, entropy, and enthalpy. If this reaction is performed reversibly, the electrical work
done is equal to the product of the charge and the potential difference (AE?) by mean of which the
charge is moved. Thus, the electric work done is equal to Gibbs free energy difference (AGY), but the
sign is converse, as shown in Equation (2).

AG? = —nFAE? @)

The reaction entropy (ASY) is related to AGY by Equation (3), therefore, a measurement of the
temperature (T) dependence of EY can be applied to determine the entropic heat (AS?) [15], where n, E?,
and F are the molar number of electrons involved in the oxidation and reduction reactions, the standard
potential of a cell reaction and Faraday constant. In thermoelectrochemical models, the (ASY) of the
cell can be calculated, which quantity represents the heat output or consumption of the cell. The AS? is
proportional to the (JE?/JT) (also called the “temperature coefficient”), which is the partial derivative
of the cell potential with temperature, as shown in Equation (3) [19,20].

ASE = _(aAGg) _ nF(aEg) -

oT 9T

Infrared thermal imaging (ITI) technology is a non-contact measurement. The measuring
devices take infrared radiation emitted by an object and convert it into an electronic signal [21].
Infrared radiation is the energy radiated by the surface of an object whose temperature exceeds absolute
zero [22]. The radiation emitted is a function of the material temperature; the higher the temperature,
the greater the intensity of the infrared energy emitted. According to the Stefan-Boltzmann formula,
the total radiation intensity (W) of the opaque radiators can be expressed as Equation (4), where T
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is the measured temperature, and T, is the room temperature. ¢ is the Stefan-Boltzmann constant,
the ¢ and p represent the emissivity and reflectivity of the material surface, which can be considered a
constant [23].

W = ¢ x0 xT*+p xo XT? (4)

Temperature is one of the significant factors affecting battery performance and lifetime; ITI can
provide particular advantages in this field. Therefore, there are many previous studies that apply ITI
to monitor the battery temperature behavior. Some investigators used the ITI technology to detect
and analyze the thermal effect of the lithium batteries, because the ITI has many advantages, such as
the non-destructive detection, non-contact measurement, rapid temperature measurement, and high
sensitivity [24,25]. For example, by the ITI monitoring investigated to detect defective electrical
equipment, such as power transformers, current transformers, uninterruptible power supply (UPS),
lightning arresters and many others [26-28]. However, there is no literature that utilizes the ITI
technology to real-time monitor the thermal effect of the RFB system in the charge-discharge cycle.
ITI can detect a certain area of the temperature change, whereby the analysis can effectively identify
the real hot spots and make further improvements for the RFB system’s design.

A single cell for a vanadium/iodine redox flow battery (V/I RFB) with a Naftion-117 membrane as
separator and a C-TiO,-Pd composite electrode as a cathode was designed by our laboratory [29,30],
which showed that the amount of vanadium salt can be decreased by combining the large stack
modules of the system. The TiO; particles between a carbon matrix and Pd metal layers enhance the
active surface area of an electrode and can improve the electrocatalytic effect, so as to demonstrate
a higher VE%. In addition, adding ascorbic acid can effectively improve the redox reversibility for
the I, active species electrolyte. In the low concentration of sulfuric acid, the V/I RFB can efficiently
improve the corrosion problem of the flow channel and the electrode for a longer working period.
Therefore, this V/I RFB has not only low costs, but also exhibits good potential for applications in the
energy storage systems. Apart from this, some semi-vanadium RFBs with excellent energy efficiency,
such as V/Fe, V/Ce, and V/Br have been fabricated [31-33]. The V/I RFB (AG? = —45 KJ/mole) and all-V
RFB (AG) = —129.9 KJ/mole) show a large difference for the AG? to transfer the electrical work (AE?),
so that the thermal effect is obvious by monitoring the ITI. The cell’s standard electrode potentials
(AE?) of the Fe/V, V/Fe, and V/Br are 1.02 'V, 1.61 V, and 1.18 V, respectively, and Gibbs free energies
are —98.4 KJ/mole, —155.3 KJ/mole, and —113.9 KJ/mole by Equation (2), respectively. The thermal
difference effect is similar to the all-V RFB for the chemical energy transfers to electric energy.

In this study, a novel real-time monitoring by the ITI technology is used to monitor the thermal
effects, and to measure thermodynamic quantities for the RFB reactions in the charge-discharge cycles
by modifying the key materials and parameters for this V/I RFB. The modified key materials included a
new low-cost separation membrane (HS-SO3H), and the C-TiO,-Pd electrode was synthesized through
a sol-gel process and an electroless plating to deposit the Pd metal on the carbon paper/titanium dioxide
electrode (C-TiO,) [29]. The ITI with high-resolution images and the function of the temperature profile
data can detect a certain area of the temperature change, whereby the analysis can effectively identify
the real hot spots, and make further improvements for the RFB system’s design.

2. Experimental

Each single cell of the all-V RFB and V/I RFB was designed, which included of a pair of electrodes,
two half-cell electrolytes, an ion exchange membrane as a separator, a pair of flow channels, and a pair
of current collectors, as illustrated in Figure 1. We modified the ion exchange membrane and graphite
carbon paper electrode by the free-radical photo-polymerization, sol-gel process, and electroless plating.
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Figure 1. Component schematic of an all-vanadium redox flow battery (all-V RFB).

2.1. Synthesis and Basic Property Measurement of HS-SO3H Membrane

Photo-polymerization of a fixed amount of hydroxyethylmethacrylate (HEMA) mixed with
sodium vinyl sulfonate (SVS) monomers, using triethylene glycol dimethacrylate (TEGDMA) as a
cross-linking agent and UV-184 as a photo-initiator, were carried out with the power of 5Watt UV-light
ina5 x5 cm? dich to obtain the primeval membrane. Then, this membrane was washed by ethanol
to remove the un-reactant and was soaked in HCI aqueous solution for 24 h to form the HS-SO;H
membrane. The structural characteristics of the H5-503H ion exchange membrane was identified by a
Fourier transform infrared spectrometer FT-IR (U-2001, HITACHI, Tokyo, Japan) in absorption mode,

and looking at the wavelength ranging from 400 to 4000 cm™! with a resolution of 4 cm™?.

2.1.1. Ion Exchange Capacity

The ion exchange capacity (IEC) was carried out by an acid-base titration method. First of all,
the HS-SO3H ion exchange membrane with sulfonic acid groups was soaked in excessive 0.1 M NaOH
solution for 24 h to exchange the fixed H* ions by Na* ions [30,34]. The unreacted NaOH solution was
inverse titrated by 0.1 M HCl solution, and the IEC could be expressed by Equation (5):

[EC — NNaoH VNaoH — NHa1VHa 5)
Wsample

where Nnaol X VNaoH 18 the total micromoles of NaOH solution and Ny X Vi is the consumed moles
by HCl solution inverse-titrated, and the Wsample is the weight of the HS-SO5H ion exchange membrane.

2.1.2. Water Uptake

Water uptake is expressed by Equation (6), where Wi, is the weight of the wetted membrane after
this membrane has been soaked in pure water for 24 h and Wy is the weight of the dry membrane [30,34].

Water uptake = Ww = Wa X 100% 6)
Waq

2.1.3. Dynamic Permeability

The previous literature has discussed the ion permeability focused on the positive V4* ion by
a pseudo-steady-state condition for an all-V RFB, however, the change in others vanadium ions
concentrations in the negative reservoir were always negligible [35,36]. In the V/I RFB, we measured
the permeability of total ions in the charge-discharge cycle by the electrolyte tank with a precise scale,
which can truly obtain the dynamic permeability between the vanadium electrolyte and the negative
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iodine electrolyte. The dynamic permeability (mL/s) corresponds to as the volume difference dividing
the charge-discharge cycle time. We set the charge-discharge cycle to 10 h.

2.2. Fabrication of C-TiO,-Pd Electrode

Graphite carbon paper electrode (C-electrodes; Shenhe Carbon Fiber Materials Co. Ltd., Liaoning,
China) was modified by a sol-gel technique and an electroless plating process to obtain the C-TiO,-Pd
composite electrode through our previous study [29]. First of all, the C-TiO, electrode was prepared by
the tetrabutyric acid mixed with EtOH/HCI (pH = 1) aqueous solution at a tetrabutyric acid: ethanol:
hydrochloric acid molar ratio of 1:8:4 in a flask and stirred to perform the hydrolysis reaction at
room temperature for one hour. The compositions of the electroless plating solution were 19 g/L
NayC4H,04-6H,0, 10 g/L PdCly, 8.5 g/L HCI, and 25.6 g/L. C,Hy (NHj),. The effective area of the
electrode was 5 X 5 cm?; then, the C-TiO,-Pd composite electrode was prepared by an electroless
plating process and sintering at 400 °C of an oven for one hour.

2.3. The Preparation of lodine/Ascorbic Acid Electrolyte Solution

Two electrolytic solutions, 1.0 M VOSO,/2.0 M H,SO4 solution and 1.0 M I, solution, were employed
as positive and negative electrolytes, respectively. These electrolyte solutions were prepared by
dissolving the VOSO;, (Sigma-Aldrich, Merck, St. Louis, Missouri, USA) in a 2.0 M H,50O, solution,
and the iodine solutions were acquired by dissolving the potassium iodate (KIO3) and potassium
iodide (KI) in a 2.0 M H,SOy solution reaction. Moreover, the 1 wt% of ascorbic acid solution was added
to the iodine solutions to promote the redox reaction on the electrodes [29]. All chemical reagents were
of analytical reagent grade.

2.4. Charge-Discharge Test Apparatus

The volume of the electrolyte solutions in each half-cell tank was 20 mL, which were cyclically
pumped into the corresponding half-cell tank. A charge-discharge test was carried out by a battery cycler
system WBCS3000 (WonATech, Seoul, Korea) and CT2001C-10 V/2A (Wuhan Land Co., Wuhan, China).
Thermal effects of the all-V RFB and the V/I RFB were monitored by the ITI in the charge-discharge
cycle with different electrolyte, charge-discharge parameters, membrane, electrode, and channel model.
Thermal effect analysis of the parameter conditions for charge-discharge test include current density
and flowing rate. The coulombic efficiency (CE%), voltage efficiency (VE%), and energy efficiency
(EE%) are expressed by Equations (7)—(9) [37]:

flddl’
E— x 100% @)
[ Lt
VLt
E— J Valadt % 100% ®)
[ Valedt
EE = CE x VE ©)

where I and I are the capacity of charge-discharge test, and V. and V4 are the voltage of charge-discharge
test, respectively.

The ITI used a G100EXD model (Nippon Avionics Co., Ltd., Yokohama, Japan), which has a
temperature range of —40 °C to 1500 °C, and the resolution of temperature is 0.04 °C. The G100EXD
also has a greater instantaneous field of view (IFOV) up to 1.78 milliradian (mrad), which allowed us
to accurately measure an object with a size of 0.534 cm at a distance of 1 M.
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3. Results and Discussion
3.1. Charge-Discharge Test and Thermal Effect of All-V RFB and V/I RFB Systems

3.1.1. Charge-Discharge Performances and Thermal Effect of All-V RFB and V/I RFB Systems

Both the all-V RFB and V/I RFB are redox flow batteries where the electrolytes circulate between two
half-cell electrolytic cells and the storage tanks. During the charge-discharge cycle, (10)-(15) equations are
the reactions that take place on the electrodes.

For All-V REFB System

1. Positive reaction

discharge
VO, +2H "+ e" ——— VO** + H,O E° = +1.00V vs. SHE (10)
charge
2. Negative reaction '
discharge
V2 ——— V3" + e E°= -0.26Vvs.SHE (11)
charge
3. Opverall reaction
discharge
VOl +2H" +V*F ——— VO*" + V*"+ H,0 E?= +126V (12)
charge
AH? = 155.6 KJ/mole.
For V/I RFB System
1.  Positive reaction
discharge
VOI +2H"+ e” =——— VO*" + H,O0 E°= +1.00V vs. SHE (13)
charge
2. Negative reaction )
discharge
IF''—=————=1/21, +e E°= 0.54Vvs.SHE (14)
charge
3. Overall reaction
discharge
VOI +2H" +I" =——= VO*' +1/2, + H,O E2 = 4046V (15)
charge

AHY = 67.4 K]/mole.

Figure 2 shows the performances of the all-V RFB and V/I RFB without the modified key materials
during the charge-discharge tests for 10 h. The Nafion 117 (N-117) membrane is as a separator and
carbon paper electrodes as the anode and cathode with a serpentine-type flow channel. The cell’s
average performances of four cycles, CE%, VE%, and EE% were calculated by Equations (7) to (9),
as shown in Table 1. The all-V RFB system presents a higher EE% (62%) than that of the V/I RFB (57%),
because the V/I REB shows a lower VE% (61%); however, it shows a higher CE% (93%) and a discharge
capacity (495 mAh) than of that of the all-V RFB (79%) and (416 mAh). This means that all-V RFBs
experience crossover and no cross contamination, however, less are shown for the V/I RFB. In addition,
the carbon paper electrode may be unapplicable in the cathode of the V/I RFB because it presents a
lower VE%.
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Figure 2. Charge-discharge diagrams of (a) all-V RFB, a 1.0 M VOSOy/2.0 M H,SO4 mixing solution was
using as negative and positive electrolytes. (b) V/I RFB, a 1.0 M VOSO,/2.0 M H,SO,4 mixing solution
was as the positive electrolyte, iodine/ascorbic acid (1.0 M I,/1 wt% of ascorbic acid/2.0 M H,SOy4
solutions as the negative electrolyte. Both all-V RFB and V/I RFB without modified key components,
that is, by carbon paper as the electrode, N-117 membrane as a separator with a serpentine-type flow
field at a current density of 40 mA/cm? and a flow rate of 60 mL/min.

Table 1. The performances of all-V RFB and V/I RFB without modified key components after 10 h
charge-discharge test.

9RFB CE VE EE Discharge Capacity ~ AT™#
(%) (%) (%) (mAh) Q)
all-V RFB 79 79 62 416 1.31
V/I RFB 93 61 57 495 0.90

The thermodynamic data of Table 2 shows that the standard formation enthalpy (AH7) of the all-V
RFB electrolyte was reported from the literature [19,20], the estimated values of the AH?, AG? and AS?
of the all-V RFB during discharging were —155.6 k] mol™!, =129.9 k] mol~! and —121.7 ] K~! mol ™},
respectively. It can be found from Table 2 that the AH?, AG{ and AS? of V/I RFB during discharging
was —67.4 k] mol~!, —45.0 k] mol~}, and —75.0 ] mol~! K~! mol 1, respectively. From the reactions of
Equations (1)—(3) at 298.15 K, the all-V RFB has a greater AG? than that of the V/I RFB, so that the high
standard potential, EY was close to 1.26 V, and can be obtained from the former system; the latter system
was about 0.46 V. These values agree with the theoretical standard potential of Equations (12) and (15)
for the all-V RFB and V/I RFB electrochemical reactions. Figure 3 shows the temperature change (AT)
of the charge-discharge of the all-V RFB and V/I RFB as a function of the SOC. The all-V RFB has a
greater Gibbs free energy (AG?) than the V/I RFB, and shows a larger AT than that of the V/I RFB,
the AT > 1.0 °C for all SOC and the highest AT™® was about 1.31 °C at 100% SOC, as shown in Figure 3
Therefore, the V/I RFB can not only reduce the amount of vanadium salt and keep the cost down,
but can also decrease the thermal effect, AT < 1.0 °C at all SOC, the highest AT™® was about 0.90 °C at
100% SOC, as shown in Table 1. The key materials, such as electrodes, separation membrane, and flow
channel were further improved, and the overall efficiency can be enhanced for the V/I RFB.

3.1.2. Measurement of the Temperature Coefficient (JE/dT) and Entropy Values

Figure 4 shows that the (dE/dT) measured by monitoring of the ITI compared to the calculated
(JE/IT) as a function of the SOC for (a) the all-V RFB and (b) the V/I RFB, and the thermodynamic
quantities are listed in Table 3. Acoording to the literature [19,38,39], the calculated value of the
(JE/IT) can be obtained by taking the derivative of Equation (16), where the (dE°/dT) is the standard
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temperature coefficient, R is the gas constant, F is the Faraday constant (96485 C/mol), Cyy, is the

proton concentration, and Ce is the electroyte concentration [19].

Cp4 X SOC 4+ 2C, x SOC?

JE JE°, 2R )
1-5S0C

(ﬁ) = (ﬁ) T n(

Table 2. Thermodynamic data for vanadium and iodine compounds at 298.15 K.

AG?
0 0
Formula State AHf (kJ/mol) (k]/mfol) Sf (J/mol.K)
vt aq -226.0 -218.0 -130.0
V3t aq -259.0 -251.3 -230.0
VO?* aq —486.6 —446.4 -133.9
vOF aq -649.8 ~587.0 -42.3
I~ aq -55.2 -51.6 111.3
I s 0 0 116.1
H,O aq —285.8 —237.2 69.9
HT aq 0 0 0
AH® reaction AG° reaction AS° reaction
All-V RFB -155.6 -129.9 -121.7
V/I RFB —67.4 —-45.0 -75.0
Note : AH;)eaction = Z viAH?; AG;)em:tion = Z V,'AG}’,‘ AS:eaction = ZV,‘S;.
1.4
13 °
12 + ® -
11 o« L _e_ .= -~
. r —- Y
1 *
‘%09 L e P
=0 TS SR
<08 e Pl
o L
0T o e V/IRFB
06 .o "
PR 4 e All-V RFB
0.5
0~4 1 1 1 L 1 1 1 1 1 1 L 1 1 1 1 L L 1 1 1 1 1 L 1
0 0.2 0.4 0.6 0.8 1
SOC

(16)

Figure 3. The temperature change (AT) of charge-discharge by monitoring of an infrared thermal

imaging (ITI) of all-V RFB and V/I RFB as a function of the state of charge (SOC).
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Figure 4. Measured (JE/dT) by monitoring of the ITI compared to calculate dE/JT as a function of the

SOC for (a) an all-V RFB and (b) a V/I RFB.
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Table 3. Thermodynamic quantities for the cell reactions of the all-V RFB and V/I RFB by the real-time
monitoring of the ITI measurement.

AGofCell  p gy ASOfCell  op ot of Cell
Source Year Reaction W) Reaction mV/K) Remarks
(kJ/mol) (J/mol.K)
All-V RFB
Pourbaix book [40] 1966 -121 1.26 N/A N/A Standard values
Hill et al. review [41] 1971 -120 1.25 -120 -1.2 Standard values
Bard et al. book [20] 1985 -130 1.34 -120 -12 Standard values
Bratsch tables [42] 1989 -121 1.26 -230 -24 Standard values
Experimental results
Heintz and based on calorimetry
Tlenberger [43] 1998 119.8 1.242 156 1.62 and JE/OT
measurement
Formal potential (22 °C)
Nicholas S. Hudak [19] 2013 -138 1.32 -83.3 -1.22 and dE/dT (22-80 °C)
measured at 13.3% SOC
This work * 2020 -126 1.31 -113 -1.15
V/I RFB
Bard et al. book [29] 1985 —45 0.47 -75 N/A Standard values
This work * 2020 —49 0.51 -75.3 -0.78

* Experimental results based on the real-time monitoring of the ITI and the (JdE/JdT) measured at 28.08% SOC,
standard potential (25 °C).

The rationship of the (JE/dT) vs. SOC is calculated by Equation (16), where the Cy, and Ce
concentrations of a fully discharged cell were 2.0 M H;SO4 and 1.0 M V2* solution, respectively.
The experimental values based on the real-time monitoring of the ITI and (JE/dT) measurement.
The comparison of the all-V RFB is illustrated in Figure 4a, in which there is good corresponding
between measured and calculated values. In addition, the (JE/dT) was —1.15 mV/K by the ITI mearsured
at 28.08% SOC, this value is closed to some published standard values, as listed in Table 3. The potential
of the measured charge-discharge curve was 1.31 V, which is close to the E = 1.32 V calculated value by
the Equation (17) [19], where E° is the standard potential (at 25 °C). The results were AS= —113 J/mol.
Kand AG= -126 KJ/mol from Figure 4 at 28.08% SOC, which are near to the published standard values,

as listed in Table 3.

2RT . ,Cpr4 X SOC + 2C, x SOC?

_ 0
E=E" + T In( T 500 ) 17)

For the V/I RFB, the Ce concentration was 1.0 M I solution, the comparison is demonstrated
in Figure 4b. The experimental value based on the real-time monitoring of the ITI and (JE/JT)
measurement, there is good corresponding between measured and calculated value. In addition,
the temperature coefficient (JE/dT) was —0.78 mV/K by the ITI mearsured at 28.08% SOC, this value
is close to the literature [20]. The potential of the measured charge-discharge curves was 0.51 V,
which is close to the value E = 0.52 V calculated value by the Equation (17) [19]. The results were
AS =-753]/mol. K and AG = —49 KJ/mol from Figure 4 at 28.08% SOC, which are close to the
literature [20]. These results confirm that the formal temperature coefficients can be measured by the

ITI method, and used with a modified Nernst equation to quantify the thermodynamics of the RFB
reactions as a function of SOC.

3.2. Thermal Effect of Charge-Discharge Parameters for V/I RFB System

3.2.1. The Flow Rate Optimization

For the V/I RFB, the charge-discharge parameters include the flow rate and current density.
An optimal flow rate design is to achieve a high overall efficiency by reducing the concentration
polarization and pumping costs. Some works have been carried out in the area of increasing the
REB system level efficiency and reducing the power consumption [8,17,44]. Figure 5 shows the
charge-discharge diagrams at different flow rate, and the thermal effect is as shown in Figure 6. For the
thermal effect of Figure 6, after one hour, at a flow rate of 30 mL/min, it shows a large temperature
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amplitude change, AT?V¢"8¢ > 1.2 °C, AT™®* is 1.387 °C, as compared to 60 mL/min (AT™®* = 0.936 °C)
and 90 mL/min (AT™® = 0.967 °C). The VE% (51%) was the lowest at a flow rate of 30 mL/min than
the other operating rates, indicating that the residence time of electrolyte solution was too long on
the electrode’s surface, so the concentration polarization was worse. The thermal effect was small
(AT < 1.0 °C) at 60 mL/min and 90 mL/min, but the VE% (55%) of 90 mL/min was lower than 60 mL/min
(61%), meaning that the electrolytes flowing through the electrodes surface was too fast and the

oxidation-reduction reaction did not complete. Therefore, the optimum flow rate was 60 mL/min for
a V/IRFB.

1.6 1.6 1.6
1.2 12t
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v
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Figure 5. Charge-discharge cyclic diagrams of for V/I RFB. The 1.0 M VOSO,/2.0 M H,SO4 was as
the positive electrolyte, and iodine/ascorbic acid solutions as the negative electrolyte by carbon paper
electrode as the anode and cathode, respectively, N-117 membrane as a separator with a serpentine-type
flow field at a current density of 40 mA cm~2 with different flow rate by monitoring of the ITI
(a) 30 mL/min, (b) 60 mL/min, (c) 90 mL/min.

1.6

14 |

12 L R e
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Figure 6. The temperature change (AT) vs. the charge-discharge cycle time for V/I RFB by Figure 5
charge/discharge conditions with different flow rate by monitoring of the ITI in: 30 mL/min, 60 mL/min
and 90 mL/min without modified key components.

3.2.2. The Current Density Effect of the Charge-Discharge Test

Figure 7 reveals the charge-discharge diagrams at different current density, and the thermal effect
is as shown in Figure 8. Furthermore, with the enhancment of the current density, the CE% can reach
more than 90%, but the VE% shows a downward trend, as presented in Figure 7 and Table 4. Using a
large current density to charge, the concentration change was remarkable, causing an overvoltage
phenomenon of concentration polarization, which caused the lower efficiency [44]. When the current
density was larger (60 mA/cm?), the thermal released effect by the ohmic resistor was greatly increased,
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and the VE% (17%) rapidly dropped, so that the AT was significantly greater than 20 mA/cm? and
40 mA/cm?2, AT™2 = 1.387 °C, as shown in Table 4.

1.6 1.6 1.6

12 F 1.2 1.2 |
S 2 S
Y % ©
?!P 08 ,"E 0.8 &P 08 F
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> > >

04 0.4 04

0 1 1 1 1 1 1 1 1 0 O A 1 L 1 I 1 1 1 1l
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Figure 7. Charge-discharge diagrams of for V/I RFB. The 1.0 M VOSO4/2.0 M H,SO, was as the positive
electrolyte, iodine/ascorbic acid solutions as the negative electrolyte by carbon paper electrode as the
anode and cathode, respectively, N-117 membrane as a separator with a serpentine-type flow field
at a flow rate of 60 mL/min with different current density by monitoring of the ITI (a) 20 mA/cm?,
(b) 40 mA/cm?, (c) 60 mA/cm?.
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Figure 8. The temperature change (AT) vs. the charge-discharge cycle time for V/I RFB by Figure 7
charge-discharge conditions with different current density by monitoring of the ITI in: 20 mA/cm?,
40 mA/cm? and 60 mA/cm?.
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Table 4. The performance and thermal effect of the V/I RFB with various charge-discharge parameters and flow fields for the charge-discharge test.

Current Density Current Density Current Density
. Volumetric Flow Flow Velocity (20 mA/cm?) (40 mA/cm?) (60 mA/cm?)
Flow Field Rate (mL/min) (m/s) Re
CE VE EE ATmax CE VE EE ATmax CE VE EE ATmax
(%) (%) (%) (%) (%) (%) (%) (%) (%)

30 0.25 250 - - - - 85 51 43 1.378 - - - -
Type A 60 0.50 500 93 60 56 0.832 93 61 57 0.936 91 17 16 1.387

90 0.75 750 - - - - 91 55 50 0.967 - - - -

30 0.02 20 - - - - - - - - - - - -

Type B 60 0.04 40 - - - - 94 34 32 0.779 - - - -

90 0.06 60 - - - - - - - - - - - -

Type A: 2-channel serpentine (area ¢/s = 2 mm?). Type B: 25-channel parallel (area c/s = 25 mm?).
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3.2.3. The Reynold’s Number Effect

In fluid mechanics, the Reynolds number (Re) is a specific value of inertial force to viscous force of
a fluid. According to the literature [8,45], the enhancing Re reveals faster reactant transport, however,
increasing Re was also found to induce a decrease in the peak power in the region of transition between
the laminar and turbulent flow regimes. Moreover, the flow rate will be subjected to the flow channel
fields. The Reynold’s number was calculated by Equation (18) [46].

pulL
u

Reynold’s number (Re) = (18)

where p is the density of the fluid in kg/m3, L is the characteristic length in meters, u is the fluid
velocity in m/s and y is the dynamic viscosity in Pa/s. To comfirm these comprehensive analyses of the
thermal effect of the charge-discharge experimental parameters, the volumetric flow rate, flow velocity,
Reynold’s number effect, cell’s performances, and thermal effect for the V/I RFB are summarized in
Table 4. There are both the serpentine flow and parallel flow fields with channel width and channel
depth differences, and were similar to the literature [45], and were applied in the V/I RFB. The results can
be seen that the serpentine type with two-channels shows a larger Re value than that of the parallel-type
with 25-channels. The Re < 1000 for both serpentine and parallel types indicated that the flow field
belonged to the laminar regimes. Thus, the serpentine-type with 2-channel was suitable to the V/I RFB
because the Re value was higher, and more than 10 times that of the parallel-type, as shown in Table 4.
The cell’s performance of the experimental test also verified that the serpentine-type presented a higher
EE% value (57%) than that of the parallel-type (32%). However, despite the higher flow rate with high
Re value, it also increases the pumping energies loss and the incomplete reaction of the electrolyte.
Consequently, the optimal flow rate was 60 mL/min at 40 mA/cm? of current density and showed a
higher cell’s performance and lower thermal effect than the other charge-discharge parameters.

3.3. The Charge-Discharge Test of a V/I RFB by Modified Key Materials

From the aforementioned thermal effect and flow field analyses for the V/I RFB, we found the
optimal charge-discharge parameters at 40 mA/cm? and 60 mL/min flow rate. Then, we modified
the key materials including the separation membrane, electrode, and flow field to carry out the
charge-discharge test.

3.3.1. The Separation Membrane

The reaction scheme of the HS-SO3H cross-linked membrane and the functional structures of the
HS-503H membrane were confirmed by the FI-IR spectra, as shown in Figures 9 and 10. In the reaction
scheme, the reaction center is focused on the complete reaction degree of the vinyl (C=C) groups,
as well as the formation of the sulfonic acid (-SO3H) groups. The FI-IR spectra can see that the C=C
functional groups of the HEMA, TEGDMA, and SVS monomers disappeared (1667-1640 cm™!) for the
HS-SO3H cross-linked membrane. At 3200 cm™! and 1300~1400 cm™, these absorption peak regions
correspond to the -OH group stretching vibration of the -SOsH groups, as well as the S=O group
antisymmetric and symmetric stretching vibration of the -SO3H groups. At 3600 cm™, the absorption
peak corresponds to the -OH group stretching vibration of the poly (HEMA) [47]. From the above FTIR
information, the HS-SO3H membrane should be successfully synthesized by the photo-polymerization.

As shown in Table 5, the IEC values of an unmodified N-117 and HS-SO3H membrane,
were 0.99 mmol/g and 1.93 mmol/g, respectively, implying that the HS-50;H membrane improved
its IEC by using the -SO3H groups. The dynamical permeability of the HS-SO3;H membrane
(3.48 X 107 mL/s) was lower than that of the N-117 (7.00 X 107 mlL/s). Figure 11a shows the
thermal effect analysis of the N-117 and HS-SO3H membranes for the V/I RFB for 10 h charge-discharge
test at a flow rate of 60 mL/min and a current density of 40 mA/cm?. The results show that the AT of
both the N-117 and HS-SO3H membranes had similar trends and were smaller (AT < 1.0 °C). Some of
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the literature showed that the N-117 film causing the vanadium ions cross contamination for the
all-V RFB, during the battery working, the water was transported between two half-cell tanks by
the osmosis dragging and diffusion [35,36,48]. However, Table 5 found that the N-117 and HS-SO3;H
membranes can all be used in the V/I RFB from our previous study [29], but the cost of the HS-SO;H
membrane was far below the N-117 membrane. In addition, other electrolyte solutions, ex. V/Ce,
V/Fe, and V/Br RFBs have been extensively investigated by various separation membranes, such as
anion exchange membrane (AEM), Nafion-117/5i0,-SO3H membrane, Nafion-112, amphoteric ion
exchange membrane (sulfonated PEEK) and sulfonated polyether ether ketone (SPEEK)/titanium oxide
(TiOy) [5,32,48-50].

3.3.2. The C-TiO,-Pd Composite Electrode

The carbon paper electrode (C) and C-TiO,-Pd composite electrode were applied in a V/I RFB for 10 h
charge-discharge test. The results show that the driving voltage of the C-TiO,-Pd composite electrode was
larger than the C electrode, causing a larger activation heat [29], so that the AT was larger before five hours.
However, after five hours, the subsequent reaction proceeds, and the AT approaches agreement with the C
electrode, as shown in Figure 11b. After 10 h of the charge-discharge cycle, the parallel channel can still
maintain a high coulombic efficiency (CE) of 93%, as summarized in Table 6.

T
CH3 C=CH,
+=CH2 o=(|:
CH ) .
O=?H3 cl) ﬁ I 2 photo polymerization
o + 4+ + O=S—CH » HS-SO;H
I Q | cross-linked membranes
‘|3H2 e ONa
|
CH, g
| &
OH L
Oo=cC
HEMA (|;=CH2 SVs
|
CHs
TEGDMA

Figure 9. Reaction scheme of the HS-SO3H cross-linked membrane.
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Figure 10. FI-IR spectra of (a) hydroxyethylmethacrylate (HEMA) monomer (b) HS-SO3H membrane.

Table 5. Comparison of basic properties both Nafion-117 (N-117) and HS- HS-SO3H ion exchange membranes.

IEC Dynamic
Samples Water Uptake (wt%) (mmol/g) Permeability
8 (X106 mL/s)
N-117 21 0.99 7.00

HS-SOsH 38 1.93 3.87
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Figure 11. Show the temperature change (AT) vs. the charge/discharge cycle time for V/I RFB with different
key materials: (a) separation membranes, (b) electrodes and (c) flow fields. The charge-discharge conditions:
the 1.0 M VOSO4/2.0 M H,SO, was as the positive electrolyte, iodine/ascorbic acid solutions as the negative
electrolyte at a flow rate of 60 mL/min and a current density of 40 mA/cm?.

Table 6. The performance of charge-discharge test for the V/I RFB with various key materials.

CE VE EE

Key M ial T
ey Materials ypes (%) (%) (%)
Separation N-117 93 60 56
membrane HS-SO;H 94 60 57
. Carbon paper (C) 94 60 57
Negative electrode C-TiO,-Pd 93 81 75
Type of flow field serpentine 96 86 83

3.3.3. The Flow Channel Types

Figure 11c shows the thermal effect analysis of the parallel and the serpentine channel models.
The results present that the AT of the serpentine channel was greater than that of the parallel channel.
From the result, a speculated reason was that the electrolyte undergoes an oxidation-reduction reaction
on the electrode surface in a meandering flow path, which can increase the contact area, thus, the large
amount of the reaction heat was generated. These results agree with the literature in the dynamic
thermal hydraulic model [8], which showed that the serpentine-type flow field provides the uniform
distribution of flow rates.

3.4. The Cell Performances of a V/I RFB System with the Key Materials

Figure 12 shows the charge-discharge cyclic diagrams of a V/I RFB with the modified key materials.
The 1.0 M VOSO4/2.0 M H,SO4 was as the positive electrolyte, iodine/ascorbic acid solutions as the
negative electrolyte, and the C electrode as an anode, HS-SO3H membrane as a separator. In addition,
the C-TiO,-Pd was as a cathode with a serpentine-type flow field at a current density of 20 mA/cm?
and a flow rate of 60 mL/min. An HS-SO3H ion exchange membrane increased the CE value from
93% to 96%, meaning that the HS-SO3H membrane prevents the cross-contamination of the vanadium
and iodine ions, and thereby promoted the transfer of the H protons because of a high IEC value.
With the C-TiO,-Pd composite electrode as a cathode with the serpentine-type flow field for the V/I
RFB, the VE% was enhanced from 61% to 86%, as shown in Table 6. The key materials were modified
by various methods to effectively raise the performance of a V/I RFB, and the whole EE% was improved
from 57% to 83%.
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Figure 12. Charge-discharge diagrams of a V/I RFB with modified key materials. The 1.0 M VOSO,/2.0
M H,SO,4 was as the positive electrolyte, iodine/ascorbic acid solution as the negative electrolyte,
and the C electrode as an anode, the HS-SO3H membrane as a separator, the C-TiO,-Pd composite
electrode as a cathode and using the serpentine-type flow fields at a current density of 20 mA cm~2 and
a flow rate of 60 mL/min.

4. Conclusions

Through combining the experimental design and the monitoring of the infrared thermal imaging
technology, thermal analysis at the charge-discharge test, the performance of key materials can be
evaluated efficiently for the developing of the vanadium/iodine redox flow battery system. From the
thermal effect analyses confirm that the formal temperature coefficient (JE/dT) can be measured by
the infrared thermal imaging (ITI) method and applied with modified Nernst equation to quantify
the thermodynamics of redox flow cell reactions as a function of state of charge (SOC). In addition,
the parameters (flow rate and current density) of the charge-discharge tests affect the thermal effect
of a vanadium/iodine redox flow battery system. High current density causes a phenomenon of
concentration overvoltage and the thermal release was more serious. A near-to optimal flow rate design
is to achieve a high overall efficiency by reducing the concentration polarization and pumping costs.
When the flow rate was too slow, causing the concentration gradient and a higher ohmic resistor heat
release which was the factor of reducing the performance. The optimum flow rate was 60 mL/min by
the serpentine-type with a higher Reynolds number (Re) than the flow field, and obtained the highest
energy efficiency than others. The EE% was improved from 57% to 83% for a vanadium/iodine redox
flow battery system through the modified key materials (separation membrane, electrode, and flow
channel), and the revised optimum charge-discharge parameters. The thermal effect was an important
index for the modifying key material. Thus, to establish the battery’s temperature distribution model
by the infrared thermal imaging technology real-time monitoring, the cycle charge-discharge was
beneficial to develop a new redox flow battery system.
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