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Abstract: The poor operational stability of electrolytes is a persistent impediment in building redox
flow battery technology; choosing suitable stability additives is usually the research direction to solve
this problem. The effects of five phosphate containing additives (including 1-hydroxyethylidene-1,1-
diphosphonic acid (HEDP), hexamethylene diamine tetramethylene phosphonic acid (HDTMPA),
amino trimethylene phosphonic acid (ATMPA), sodium ethylenediamine tetramethylene phospho-
nate (EDTMPS), and diethyl triamine pentamethylene phosphonic acid (DTPMP)) on the thermal
stability and electrochemical performance of the positive electrolyte of vanadium redox flow battery
were investigated. With 0.5 wt% addition, most of the selected additives were able to improve the
thermal stability of the electrolyte. HEDP and HDTMPA extended the stability time of the pentavalent
vanadium electrolyte at 50 °C from 5 days (blank sample) to 30 days and 15 days, respectively. The
electrochemical performance of the electrolyte was further investigated by cyclic voltammetry, steady
state polarization, and electrochemical impedance spectroscopy tests. It was found that most of
the additives enhanced the electrochemical activity of the positive electrolyte, and the diffusion
coefficients, exchange current densities, and reaction rate constants of V(IV) species became larger
with the addition of these additives. It is verified that the thermal stability and electrochemical
stability of the electrolyte are significantly improved by the combination of ATMPA + HEDP or
ATMPA + HDTMPA. This study provides a new approach to improve the stability of the positive
electrolyte for vanadium redox flow battery.

Keywords: vanadium redox flow battery; positive electrolyte; phosphate containing additives;
stability; electrochemical behavior

1. Introduction

The vanadium redox flow battery (VRFB), proposed by Maria Skyllas-Kazacos and
dating back to 1970, is considered the most promising renewable energy storage system,
with the advantages of high capacity, excellent stability, high operation security, and long
cycle, and it has attracted widespread attention and been investigated worldwide [1].
The positive and negative electrolytes of VRFB are stored in two separate tanks, and
they flow through a separate half-cell during operation and then return to the tank for
recirculation. Each half-cell of VRFB consists of an electrode and bipolar plate, and two
half-cells are separated by a membrane that allows selective ion exchange while preventing
cross-contamination of the electrolyte [2]. The chemical reactions occurring at the electrodes
of positive and negative half-cell, as well as the overall cell reaction, are as follows:
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Positive cell reaction:

VO5 +2H' + e~ = VO*" + H,O (1)
Negative cell reaction:
V2H — 3 e @)
Overall cell reaction:
VO; + V2* 4+ 2HT = VO*™ + V3" + H,0 (3)

Under the fully discharged circumstance, the positive and negative electrolytes contain
only V(IV) (VO?*) and V(III), respectively. During charging, the V(III) ions in the negative
electrolyte are reduced to V(II), and the VO?* ions in the positive electrolyte are oxidized to
V(V) (VO,*). The electrons move through the bipolar plate from the positive electrode to
the negative electrode, causing hydrogen ions (H*) to diffuse across the membrane to the
negative electrode. The same reaction occurs in reverse when discharging [3].

Despite the rapid development of VRFB in recent years, some issues limiting its
commercialization need to be addressed, one of which is the fact that the vanadium
compound, as the active substance in the electrolyte, accounts for a substantial part of
the capital cost (40%) [4]. In addition, the battery capacity depends on the vanadium
concentration, and the pentavalent vanadium species have a low solubility in sulfuric acid
(<2 M) and a narrow operating temperature window (10-40 °C), thus limiting the energy
density of the battery (typically < 25 Wh L~!) [5]. At higher temperatures (>40 °C), the
precipitation of V>* in the positive electrolyte is as follows [6]:

2[VO,(H,0),]" — 2VO(OH), + 2H,0 + 2H* 4)

2VO(OH); — V5,05 + 3H,0 (5)

The precipitation process of V,0Os is irreversible, which is mainly responsible for the
loss of battery capacity. In order to improve the solubility of vanadium compounds in the
sulfuric acid electrolyte, the introduction of additives is commonly performed. Owing
to their being cost-effective and not interfering with electrolyte performance, they have
been investigated widely nowadays [7]. Skyllas-Kazacos et al. used phosphoric acid and
ammonium phosphate as additives. The results show that phosphate anions enhance
the stability of V(V) compounds at high temperatures, whereas for ammonium cations,
the opposite is true—ammonium cations stabilize the negative half-cell electrolyte at low
temperatures. The effects of sodium triphosphate and sodium hexametaphosphate as
additives were also studied; they both retarded the precipitation to a certain extent [8,9].
Roznyatovskaya et al. investigated the mechanism of precipitation retarding by phosphate
in the vanadium electrolyte using nuclear magnetic resonance (NMR) spectroscopy and dy-
namic light scattering (DLS). It was concluded that the electrolyte stabilization mechanism
by phosphoric acid at high temperatures could be attributed to the interaction between
them and V(V) monomers or dimers forming two phosphate-containing substances, thus
retarding the V,0Os precipitation [10]. Park et al. used 0.05 M sodium pyrophosphate as an
additive in the positive electrolyte with 2.0 M V(V) and 4.0 M H,50,, and the long-term
stability of electrolyte was improved compared with the blank solution. In addition, none
of the new precipitation was proved to have been generated in the electrolyte. Nonetheless,
its electrochemical cycling performance was optimized [11]. Zhang et al. investigated
the effect of NagPOy as an electrolyte additive and found that it indeed delayed the V,05
precipitation, but the VOPO4-2H,0O precipitation was detected on the positive graphite mat
after several cycle tests [12]. Li et al. reported some organic additives containing hydroxyl
(-OH), such as sorbitol, mannitol, glucose, and fructose, and elaborated their stabilizing
mechanism, indicating that these organic additives can clad the hydrated V(V) species and
thus inhibit the formation of precipitation [13]. Zhang et al. selected 1 wt% HEDP as an
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electrolyte additive and confirmed that it can improve the electrolyte thermal stability and
battery cycle efficiency of VRFB. Besides, the research confirmed in two ways (the Job plot
and the Benesi-Hildebrand plot methods) that HEDP interacts with VO,* in a 1:1 binding
stoichiometry, which is the reason for the enhancement in the stability of the electrolyte [14].
Through the above studies, it is found that both phosphate and -OH have a good effect on
stabilizing pentavalent vanadium. In summary, some research results on additives of the
positive electrolyte are summarized in Table 1.

Table 1. Some research results on additives of the VRFB positive electrolyte.

Effect of
Additive Amount V(V)IM H;SO4/M  Temperature/°C Thermal References
Stability
Sodium tripolyphosphate 1 wt% 2 - 44 Improved [8]
Sodium hexametaphosphate 1 wt% 2 - 44 Improved [9]
Sodium pyrophosphate 0.05M 2 4 25 Improved [11]
glucose 1 wt% 1.8 4.8 20-60 Improved [13]
K3POy4 1 wt% 3 5 30/50 Improved [15]
Polyacrylic acid 05wt/vol% 47 6 50 Slightly [16]
improved
(NHy4),S04 2 wt% 1.8 5 50 Improved [17]
H3PO, 1wt 2 5 50 Significantly [17]
improved
CH3SOsH 2.1-3 wt% 2 5 40 Improved [12]
Hexadecyl trimethyl ammonium  0.00106-0.0053
bromide (CTAB) M 1.5 4.5 45 Improved [18]
Phytic acid N/A 1.8 3 25-60 Improved [19]

In the present work, five additives containing both phosphate and more -OH, includ-
ing 1-hydroxyethylidene-1,1-diphosphonic acid (HEDP), hexamethylene diamine tetra-
methylene phosphonic acid (HDTMPA), amino trimethylene phosphonic acid (ATMPA),
sodium ethylenediamine tetramethylene phosphonate (EDTMPS), and diethyl triamine
pentamethylene phosphonic acid (DTPMP), were selected and added into the V(V) elec-
trolyte to investigate their effects on precipitation inhibition and electrochemical behavior,
and the obtained results were compared with those of the original blank electrolyte. Among
the five selected additives, except HEDP, other additives have not been used and discussed
in such studies. The novelty of this paper is that this research has explored five kinds
of phosphate containing positive electrolyte additives and their effects on stability and
electrochemical performance and found two combinations that can improve the thermal
stability and electrochemical performance of the electrolyte at the same time.

2. Materials and Methods
2.1. Materials

VOSO4-3.5H,0 (99%) was provided by Shenyang Haizhongtian Fine Chemical
Co., Ltd.(Shenyang, China). The additives are listed in Table 2. HEDP (60% in water),
ATMPA (50% in water), EDTMPS (98%), and DTPMP (50% in water) were purchased from
Shanghai Aladdin Bio-Chem Technology Co., Ltd., Shanghai, China. HDTPMA (>98%)
was obtained from Adamas-beta Co., Ltd.(Shanghai, China). Other chemicals used in
the experiment are of analytical grade. The previous experiment shows that, under the
experimental conditions selected in this study, the five additives are stable.

2.2. Preparation of the V(V) Electrolyte Solution

VOSOy4-3.5H,0 (99%) was dissolved in a 3 M H,SO4 solution to prepare 2 M VOSOy
solution, and the prepared V(IV) electrolyte solution was placed in a double-chamber
electrolytic cell with 50 mL and 25 mL of positive and negative electrolyte tank capacity,
respectively. The electrolyte was then charged (cut-off potential: 1.55 V, stepwise current
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density: 200—10 mA cm~2) until the V(IV) ions in the positive electrolyte were converted
to V(V) and the V(IV) ions in the negative electrolyte were converted to V(II). When the
electrolysis was done, the total vanadium concentration in the positive electrolyte was
determined by redox titration using a potentiometric titrator (PHS-3C, Shanghai Leici
Co., Ltd., Shanghai, China).

Table 2. Molecular structure of the studied organic additives.

Chemical Name (Short Form) Molecular Structure
H203P_CH2 CHZ_P03H2
Hexamethylenediamine tetramethylene phosphonic acid AV N
N—(CHz)s—N
(HDTMPA) / \
H203P_CH2 CH2_P03H2
QH or oH
1-hydroxyethylidene-1,1-diphosphonic acid (HEDP) HO— ﬁ — 9 — ﬁ —OH
O CH3O
2
N CH>—P(OH),
Amino trimethylene phosphonic acid (ATMPA) HO— ||3 —CHy— N\
OH CHZ—IIID(OH )2
O
2 0
HO—FI’—HzC CH2—FI’—ONa
Sodium ethylenediamine tetramethylene phosphonate ONa N—CH,—CH,—N ONa
(EDTMPS) ONa / \ ONa
HO-P—H,C CH,—P-ONa
@) O
H O\ p H
HO~R™ N P-oH
0 0
N
Diethyl triamine pentamethylene phosphonic acid (DTPMP) HO J/ j
I\:’ SN O=P-OH
HO™ OH
o o
P 7
HO™ '\
OH

2.3. Thermal Stability Test of V(V)

To investigate the effect of various phosphonates additives on the long-term stability
of the V(V) electrolyte, electrolyte samples containing 0.05 wt% additives and blank sample
were stored in a sealed oven at 50 °C until measurable orange precipitation was observed.
All thermal stability tests were performed without any agitation. Each sample was visually
monitored more than twice a day during the test to record the V,0Os precipitation and the
change in solution color. The samples were filtered and their equilibrium concentrations of
vanadium were determined by redox titration again, at the end of the 30-day test.

2.4. Electrochemical Tests

The CV cycle test and steady-state polarization curve test of the electrolyte were
performed using a CHI 760B electrochemical workstation (Shanghai Chenhua Instrument,
Shanghai, China). We recorded the current versus potential curves using a three-electrode
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electrochemical cell in the CV cycling test with a scan rate range of 10-200 mV s~ ! in a
potential range of —0.6-1.8 V at 25 °C, in which the graphite electrode (surface area of
3.14 mm?), saturated calomel electrode, and platinum electrode (surface area of 1 cm?)
are the working electrode, reference electrode, and counter electrode, respectively. The
steady-state polarization curve was tested with a potential range of 0.49-0.56 V and a
scan rate of 1 mV s~!, because the current and voltage are closer to a straight line under
the condition of lower potential. Electrochemical impedance spectroscopy (EIS) was also
obtained at room temperature with the sinusoidal excitation voltage of the electrolyte of
5 mV and the frequency range between 0.01 Hz and 100 kHz. Prior to each electrochemical
measurement, the working electrode was polished with SiC paper and then washed with
distilled water. The reference electrode was washed with distilled water and the solution
in salt bridge was replaced before use. Platinum plate electrode is cleaned with distilled
water and ultrasonically treated.

3. Results and Discussion
3.1. Effect of Additives on the Stability of the V(V) Electrolyte

The effect of different additives (Table 1) on the thermal stability of the V(V) electrolyte
was investigated by adding 0.5 wt% of additives at 50 °C. Table 3 shows the very time
when V;0s started to precipitate in the V(V) electrolyte samples with different additives
and the V(V) concentration in the positive electrolyte after 30 days.

Table 3. Effect of several additives (dosage 0.5 wt%, 50 °C) on the thermal stability of the
2 M V(V)/3 M H,S0y4 electrolyte.

Blank HDTMPA HEDP ATMPA EDTMPS DTPMP
Time to precipitation 5 days 15 days 30 days 4 days 10 days 12 days
V(V) concentration after 30 days 1.27M 1.46 M 1.86 M 1.20M 140 M 1.44 M

It was observed that the selected additives, except for ATMPA, delayed the precipita-
tion of V(V) in the electrolyte under the same experimental conditions. The blank sample
started to precipitate after 5 days and the retarding effect for the additives follows the
order: HEDP (30d) > HDTMPA (15d) > DTPMP (12d) > EDTMPS (10d) > ATMPA (4d). The
remaining V(V) concentration in the electrolyte after 30 days showed the same variation pat-
tern as the initial time of precipitation. The remaining V(V) concentration in the electrolyte
with HEDP was 1.86 M, followed by 1.46 M for HDTMPA, and that of the blank electrolyte
sample was 1.27 M after 30 days. As for ATMPA, it was 1.20 M, which had a negative effect
in this test. The vanadium concentration in the electrolyte directly determines the energy
density and capacity of the battery [20], and the experimental results show that the thermal
stability of the V(V) electrolyte is improved by the additives (except ATMPA). This means
that these additives facilitate the VRFB to improve its energy density and capacity.

The stabilizing mechanism of HEDP for the electrolyte might be attributed to the
synergism of -OH and phosphate. -OH could clad the hydrated penta-coordinate V(IV)
vanadate, which prevents it from being oxidized at a low concentration and inhibits its
precipitation [9,21]. Phosphate could interact with V(V) monomers or dimers, forming a
stable phosphate-containing substance, and thus retarding the precipitation [10]. Similarly,
the stabilizing capability of HDTMPA and DTPMP is probably due to the presence of
more phosphate. The EDTMPS, with good chemical stability and temperature resistance,
is soluble in water, non-toxic, and environmentally friendly. It can dissociate into eight
anions/cations in aqueous solution, and thus chelate with multiple V(V) ions, forming mul-
tiple monomeric structured reticular macromolecular complexes that are loosely dispersed
in water, so the normal precipitation process of V(V) was disrupted [22]. Although ATMPA
was reported to have low limit inhibition, good chelation, and lattice distortion effects [23],
it exhibited the worst effect on the thermal stability, which was likely due to the formation
of chelate, which is not conductive to solution stability.
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3.2. CV Test

Figure 1 shows the CV curves of V(IV) electrolyte samples with additives and blank
one, and it can be observed that all CV curves show the similar peak position and one pair
of redox peaks with a similar shape. The additives slightly changed the shape and position
of the peak, which means that these additives will affect the reversibility of V(IV)/V(V)
redox pairs to some extent [19]. The relevant data derived from Figure 1 are summarized
in Table 4. The effect of additives on the V(IV)/V(V) redox coupling is characterized by
L,o/Ipr (ratio of the oxidation peak current to reduction peak current) and AV, (separation
between the oxidation and reduction peak potential). The HDTMPA just incurred a minor
decrease in the AV}, of the electrolyte and a small increment in the I,o/Ipr as if it had little
effect on the reversibility of the V(IV)/V(V) redox pair. In addition, it had a small effect on
the oxidation peak current and reduction peak current as well as the overall peak shape of
the curve, indicating that its effect on the electrode reaction kinetics of the electrolyte was
not that significant either [24]. The addition of HEDP increased the AV, of the electrolyte
while decreasing I,0/Ipr significantly. The addition of HEDP, DTPMP, ATMPA, and
EDTMPS had a greater effect on the reversibility of V(V)/V(IV) redox pairs, and the HEDP
significantly increased the peak oxidation current and peak reduction current, indicating
that it might enhance the electrode reaction kinetics of the electrolyte. The main reason for
the improvement in electrode reaction kinetics by HEDP might be attributed to the fact
that the -OH could complex with V(IV)/V(V) ions, which provide more available -OH to
the stable electrode reaction of V(IV)/V(V) for ion exchange on the electrode surface, thus
resulting in a higher oxidation peak current and reduction in peak current [25]. Among all
additives, ATMPA best enhanced the electrode reaction kinetics of electrolyte, but it caused
a decrease in electrolyte thermal stability. HDTMPA, EDTMPS, and DTPMP probably
affect the cyclic reversibility performance and electrode reaction kinetics of the electrolyte
by, firstly, phosphate and, secondly, according to calculations, the C atoms adjacent to
N atoms have a high positive charge density, counteracting the strong electron affinity
of N atoms [26], and the positively charged C atoms activated by the N atoms can work
as an active site, affecting electron distribution, thereby improving the electrochemical
performance. In addition, EDTMPS benefits from its Na* ions, increasing the number of
ionizable cations in the solution, which enhances the electrode reaction kinetics [12]. As
for HDTMPA, its large groups slightly hinder the ion exchange and charge transfer on the
electrode surface owing to the steric hindrance, which is obviously unfavorable [18]. When
ATMPA and HDTMPA are used in combination, AVp of the electrolyte declined compared
with the blank sample and I,0/Ipr displayed a small change. The combination of ATMPA
and HEDP also showed the same performance. At the same time, compared with the
CV curve of the blank sample, the peak current and the peak area of these two complex
schemes are larger, which indicates that the electrolytes affected by these two schemes have
better electrochemical performance.

A series of CV curves on graphite electrode for the blank electrolyte and the electrolyte
with different additives at different scan rates are depicted in Figure 2, which further reveals
the effect of additives on the electrode reaction kinetics. The peak potential of the anode
and cathode varies gradually with the scan rate, presenting the typical characteristics of a
quasi-reversible single-electron process [27]. The diffusion coefficient of the quasi-reversible
reaction (D) is between that of the reversible reaction (D) and irreversible reaction (D,) [28].
As for the reversible and irreversible one-step single-electron reactions, their peak current
(ip) can be represented as follows [29]:

i, = 0.4463(F3/RT)"/*CAn®/%0'/2D;1/2 (Reversible reaction) ©)

iy = 0.41958(1:3/RT)UZCAacl/2113/ZZJ1/2D21/2 (Irreversible reaction) (7)

where R is the universal gas constant; F is the Faraday constant; T is the Kelvin temperature;
n is the amount of substance of transferred electrons during electrode reaction; A is the
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surface area of working electrode; C is the bulk concentration of primary reactant; v is the
scanning rate; « is the transfer coefficient for an irreversible reaction; and D; and D, are the
diffusion coefficients of reversible and irreversible reactions, respectively.
For a single-electron reaction at room temperature, Equations (6) and (7) can be
simplified as follows:
iy = 2.69 x 10°ACD}/?0'/2 (8)

ip = 2.99 x 10°a}/2ACD;/*v!/? )

According to the present experimental conditions, Equations (10) and (11) can be
further derived from Equation (8) and Equation (9), respectively:

i/ A = 538D10'/? = v!/2%k (10)

ip/ A = 598D/ 2012 = 1/2k (11)

Equations (10) and (11) indicate that the current density (i, /A) is linearly related to
the square root of scan rate (0! / 2) and k denotes the slope of this line, illustrated in Figure 3,
thus D; and D, were calculated. The values of k for the blank electrolyte and those with 0.5
wt% of different additives are concluded in Table 5.

D; = 3.45 x 107%? (12)
D, = 2.80 x 107 %> (13)
0.003 | —— ATMPA+HEDP
—— ATMPA+HDTMPA
0.002 —— Blank
: [ —— HDTMPA
< —— HEDP
= 0.001 F——DTPMP
8 ..................
!:
S 0.000
-0.001 |
-0.002 |

04 06 08 1.0 1.2 1.4
Potential vs. (Hg/Hg,SO,)/ V

Figure 1. CV curves of the electrolyte (2.0 M V(IV)/3.0 M HySO,) with additives (0.5 wt%) and the
blank one at a scan rate of 20 mV s~ ! at room temperature.

Table 4. AV, and I,0/IpR of the electrolyte (2.0 M V(IV)/3.0 M H,SO4) with additives (0.5 wt%) and
the blank one on the graphite electrode.

Additives Blank

HDTMPA HEDP DTPMP ATMPA EDTMPS ATMPA + HEDP ATMPA + HDTMPA

AVp/V 0241
Lo/lr 1462

0.340 0.320 0.275 0.285 0.208 0.200
1.242 1.299 1.432 1.246 1.470 1.474
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Current/ A

Current/ A

Current/ A

Current/ A

0.005
0.004 -
0.003 -
0.002 -
0.001 -
0.000 -
-0.001 -
-0.002 -
-0.003 -
-0.004 1 I 1 I 1 L
04 06 08 1.0 1.2 1.4
Potential vs. (Hg/Hg,S0,)/ V
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—20mV
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0002k 200 mv
0.000 -
-0.002
-0.004 -
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0.006
——10mv ®
0.004 F —20mV
—50mV
— 100 mV
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0.000 -
-0.002 |
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oioel — 1omy (h)
: —20mV
0.004+ —50mV
— 100 mV
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0.000 |
-0.002 |
-0.004
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Potential vs. (Hg/Hg,S0,)/ V

Figure 2. CV curves of the electrolyte (2.0 M V(IV)/3.0 M H,SO4) with/without additives ((a) blank
sample; (b) HDTMPA; (c) HEDP; (d) DTPMP; (e) ATMPA; (f) EDTMPS; (g) ATMPA + HDTMPA;

(h) ATMPA + HEDP) on the graphite electrode at different scan rates at room temperature.
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HLDP (Reduction)
DTPMP (Reduction)

oAd®
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008 1 1 1 I I 1 1
0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45
DI/Z/ (V/S)I/Z

Figure 3. Linear plot of i, versus vl/2,

Table 5. Diffusion coefficients (D7 and D) of V(IV) species at 25 °C.

Diffusion Coefficient D1 and D, of V(IV) Species (cm? s—1)

Additives
Dq D, Error (%)

Blank 220 x 1077 1.88 x 1077 1.9
HDTMPA 2.26 x 1077 1.84 x 1077 1.3
HEDP 3.89 x 1077 3.15 x 1077 1.5
DTPMP 4.86 x 1077 394 x 1077 1.3
ATMPA 6.80 x 107 552 x 10~7 13
EDTMPS 348 x 1077 2.83 x 1077 1.6
ATMPA + HDTMPA 434 x 107 353 x 1077 1.8
ATMPA + HEDP 543 x 1077 440 x 1077 1.7

In fact, the diffusion coefficient of the electrolyte is between Dy and D, for the quasi-
reversible process. Under the present experimental conditions, the diffusion coefficient
is 1.88-2.20 x 10~ for the blank electrolyte and 1.84-2.26 x 10~ for the sample with
HDTMPA, and the result of the latter is close to that of the blank electrolyte. When it
comes to the rest, their diffusion coefficients are 3.15-3.89 x 10~/ (HEDP), 3.94-4.86 x
10~7 (DTPMP), 5.52-6.80 x 10~7 (ATMPA), and 2.83-3.48 x 10~ (EDTMPS), respectively.
These increased diffusion coefficients of the electrolyte with additives indicate that the
additives (except HDTMPA) can effectively improve the diffusion of vanadium species at
the electrodes and enhance the mass transfer and charge transfer of the V(V)/V(IV) redox
pair, thus increasing the corresponding reactivity. Compared with the blank sample, the
combination of ATMPA + HDTMPA and ATMPA + HEDP also have a larger diffusion
coefficient, showing that the compounding scheme has played a positive role in mass
transfer and charge transfer in the electrolyte.

3.3. Steady-State Polarization Test

The steady-state polarization curve of the V(IV) electrolyte allows the determination of
the polarization resistance, the exchange current density, and the electrochemical reaction
rate constant.
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In the relatively-low-overvoltage region, the overvoltage and current density are
approximately linearly correlated [6]. These parameters can be calculated by Equation (14).
_RT o — g
T uFRy’ Y nFCy

Ret = ik io (14)
where R, iy, and kg refer to the charge-transfer resistance, exchange current density,
and rate constant, respectively; R, T, n, F, and Cy are the universal gas constant, Kelvin
temperature, amount of transferred electrons in the electrode reaction, Faraday constant,
and solution concentration, respectively [30].

The steady-state polarization curves of the 2.0 M VOSO,/3.0 M H,SOy electrolyte
with different additives on graphite electrode are demonstrated in Figure 4, and the cor-
responding parameters derived from Equation (14) are listed in Table 6. One can see that
the charge transfer resistance of electrolyte samples with additives decreased and the elec-
trochemical reaction rate constant and the exchange current density increased compared
with the blank sample. The charge transfer resistance of the electrolyte with EDTMPS
and DTPMP, for example, decreased from 12.40 () cm? (blank sample) to 8.15 (2 cm? and
8.84 () cm?, respectively, at 25 °C, while the exchange current density of these two samples
increased from 2.07 mA cm? (blank sample) to 3.15 mA cm? and 2.91 mA cm?, respectively.
The corresponding electrochemical reaction rate constant increased from 1.07 x 10° cm s~!
(blank sample) to 1.63 x 10° cm s~ ! and 1.51 x 10° cm s, respectively, at 25 °C. The
other additives also accelerated the chemical reaction process of V(IV) on the electrode
surface to varying degrees. The rest of the selected additives also accelerated the kinetics
process of V(IV) species on the electrode surface to a certain level. Compared with the
blank sample, the combination of ATMPA + HDTMPA and ATMPA + HEDP also had lower
charge transfer resistance and higher exchange current density and electrochemical reaction
rate constant, which was consistent with the CV tests.

ATMPA+HEDP
—— ATMPA+HDTMPA

Current / mA em™>

-10
—— Blank HEDP
12k ——HDTMPA —— ATMPA
—— DIPMP LDIMPS

-14 L 1 L L L L
049 050 0.51 052 053 054 055 056
Potential vs. (11g/11g,50,)/ V

Figure 4. Steady-state polarization curves for the 2.0 M V(IV)/3.0 M H,SO4 blank electrolyte and
those with 0.5 wt% additives on graphite electrode at a scan rate of 1 mV s~ 1.

Table 6. Kinetic parameters for the 2.0 M VOSO, /3.0 M H,50, experimental electrolyte with different
additives on the graphite electrode.

Additives Ret (Q cm?) ip (mA cm—2) ko 105 cms—1)
Blank 12.40 2.07 1.07
HDTMPA 11.48 2.24 1.16
HEDP 9.40 2.73 1.42
DTPMP 8.84 291 1.51
ATMPA 9.01 2.85 1.48
EDTMPS 8.15 3.15 1.63
ATMPA + HDTMPA 10.35 2.48 1.29

ATMPA + HEDP 9.11 2.82 1.46
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3.4. Electrochemical Impedance Spectroscopy Test

For the further analysis of the electrode reaction diffusion kinetics of vanadium and
the charge transfer and mass transfer of the V(IV)/V(V) redox pair, Nyquist plots of the
eight (including two compound schemes) V(IV) electrolyte samples at room temperature
were recorded by electrochemical impedance spectroscopy. Figure 5 shows that each
plot consists of a semicircle in the high-frequency region and a diagonal line in the low-
frequency region, indicating that the redox reaction of the V(IV)/V(V) pair is controlled
by both high-frequency charge transfer and low-frequency diffusion. The radius of the
semicircle corresponds to the charge transfer resistance and the linear part relates to the
diffusion of vanadium species on the electrode [31]. The equivalent circuits of these Nyquist
plots were fitted, and the corresponding parameters were obtained using ZView software,
which are listed in Table 7. In the equivalent circuit, R; is the resistance consisting of the
solution resistance, electrode resistance, and contact resistance, and Ry and Wy represent
the charge transfer resistance and diffusion impedance, respectively. The constant phase
element (CPE) represents the bilayer capacitance at the electrode—electrolyte interface.

50
—— ATMPA+HDTMPA
—— ATMPA+HEDP
40 - Blank —— HEDP
——HDTMPA —— DTPMP
: EDTMPS
B30} °
[=} 4
= e
N A
120 552
1
0L
0
0

Z'/ ohm

Figure 5. Nyquist plots of the 2.0 M V(IV) electrolyte on the graphite plate and the corresponding
equivalent circuit.

Table 7. Model parameters of equivalent circuits corresponding to Nyquist plots.

CPE/S s cm—2

Additives R1/Q cm? R,/Q) cm? W, Yo,2/S s75 cm—2
Y0,1 n

Blank 0.218 533 x 1073 0.775 0.168 0.409
HDTMPA 0.223 9.11 x 1073 0.727 0.215 0.411

HEDP 0.268 1?g§3>< 0.707 0.205 0.397
DTPMP 0.268 818 x 1073 0.737 0.152 0.397
ATMPA 0.286 8.70 x 1073 0.727 0.154 0.408
EDTMPS 0.279 5.61 x 1073 0.769 0.116 0.390
ATMPA + 16.87 x
HDTMPA 0.276 10-3 0.621 0.206 0.283
ATMPA + 18.63 x

HEDP 0.282 10-3 0.552 0.186 0.288

The additives slightly increased the contact resistance of the electrolyte, and all addi-
tives except HDTMPA and HEDP decreased the charge transfer resistance of the solution.
The decrease in charge transfer resistance implies a faster charge transfer process, which is
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consistent with the above study. All of the additives except HDTMPA decrease the diffu-
sion resistance of the electrolyte, which facilitates the diffusion process on the electrode
surface and enhances the electrochemical reaction kinetics. In addition, all additives lead
to an increase in the CPE parameter Yy, indicating an enhanced bilayer capacitance at
the electrode—electrolyte interface. n represents the index of CPE, ranging from 0 to 1. The
larger the n, the higher the capacitive property and the lower the resistive property of CPE.

Compared with the samples using HDTMPA and HEDP additives alone, the charge trans-
fer resistance of the two compounding schemes (ATMPA + HDTMPA and ATMPA + HEDP)
is reduced, which accelerates the charge transfer in the solution, indicating that the com-
pounding schemes (HDTMPA + ATMPA and HEDP + ATMPA) improve the electrochemical
performance of the electrolyte.

After the above experimental investigation, it was found that the different additives
selected could have a positive effect on the positive electrolyte of VRFB in terms of thermal
stability and electrochemical performance. In future studies, it is expected that these
additives may work better if used in combination, rendering these additives potential and
promising for development.

4. Conclusions

In this study, five phosphate-containing scale inhibitions, including HDTMPA, HEDP,
DTPMP, ATMPA, and EDTMPS, were employed as additives for the VRFB positive elec-
trolyte and their effects on the electrolyte thermal stability and electrochemical performance
were investigated. HDTMPA has a great positive effect on the thermal stability of the elec-
trolyte, extending the time at which the electrolyte begins to precipitate to 15 days, while
it has a lesser effect on the electrochemical performance; HEDP, DTPMP, and EDTMPS
effectively improve the thermal stability of electrolyte and simultaneously accelerate its
electrochemical reaction kinetics, but they have a greater effect on the cyclic reversibility
of electrolyte, among which HEDP extended the time at which the electrolyte began to
precipitate to 30 days, and the charge transfer resistance of the electrolyte decreased to
9.40 Q) cm?; and the addition of ATMPA greatly improves the mass transfer kinetics of
the electrolyte, increasing the electrolyte diffusion coefficient on the electrode surface to
6.80 x 1077, simultaneously causing poor thermal stability of the electrolyte. In addition,
the compounding effect of additives was studied. It was verified that the compounding
combination of ATMPA + HDTMPA and ATMPA + HEDP had a good effect on the elec-
trochemical performance of the electrolyte. In conclusion, most of the additives selected
in this study have positive effects on the positive electrolyte of VRFB in terms of ther-
mal stability and electrochemical performance; the diffusion coefficients of the electrolyte
were 4.34 x 1077 and 5.43 x 1077, respectively. The necessity of combined utilization of
these additives should be recognized, which may work better and has great potential for
future development.
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