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Owing to the lack of systematic kinetic theory about the redox reaction of V(III)/V(II), the

poor electrochemical performance of the negative process in vanadium flow batteries

limits the overall battery performance to a great extent. As the key factors that influence

electrode/electrolyte interfacial reactivity, the physicochemical properties of the V(III)

acidic electrolyte play an important role in the redox reaction of V(III)/V(II), hence a

systematic investigation of the physical and electrochemical characteristics of V(III) acidic

electrolytes with different concentrations and related diffusion kinetics was conducted

in this work. It was found that the surface tension and viscosity of the electrolyte

increase with increasing V(III) concentration, while the corresponding conductivity shows

an opposite trend. Both the surface tension and viscosity change slightly with increasing

concentration of H2SO4, but the conductivity increases significantly, indicating that

a lower V(III) concentration and a higher H2SO4 concentration are conducive to the

ion transfer process. The electrochemical measurements further show that a higher

V(III) concentration will facilitate the redox reaction of V(III)/V(II), while the increase in

H2SO4 concentration only improves the ion transmission and has little effect on the

electron transfer process. Furthermore, the diffusion kinetics of V(III) have been further

studied with cyclic voltammetry and chronopotentiometry. The results show that an

elevated temperature facilitates the V(III)/V(II) redox reaction and gives rise to an increased

electrode reaction rate constant (ks) and diffusion coefficient [DV(III)]. On this basis, the

diffusion activation energy (13.7 kJ·mol−1) and the diffusion equation of V(III) are provided

to integrate kinetic theory in the redox reaction of V(III)/V(II).
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INTRODUCTION

Vanadium flow batteries (VFBs) have been widely developed as
a green energy storage technology because of their high energy
efficiency, flexible design, long life cycle, high safety, and low cost
(Rychcik and Skyllas-Kazacos, 1988; Sun and Skyllas-Kazacos,
1992; Joerissen et al., 2004; Sukkar and Skyllas-Kazacos, 2004;
Zhao et al., 2006; Rahman and Skyllas-Kazacos, 2009; Ding et al.,
2013; Chakrabarti et al., 2014; Zheng et al., 2016). In general,
VFBs are mainly composed of the electrolyte, electrode, ion
exchange membrane, and a bipolar plate. They store energy
through the chemical changes in electroactive species, which are
separated by the ion exchange membrane (Wang et al., 2014;
Xia et al., 2019; Ye et al., 2019, 2020a,b; Yu et al., 2019; Lou
et al., 2020). The V(V)/V(IV) and V(III)/V(II) redox couples
are used as the catholyte and the anolyte, respectively, and the
sulfuric acid solution acts as the supporting electrolyte. The
concentrations of vanadium and H+ ions play an important role
in the determination of the electrochemical reaction processes
and the battery performance.

The most commonly used electrolyte in VFBs is an equivalent
volume mixture of V(III) and V(IV) sulfuric acid solution.
Previous studies have noted that the concentration of V(IV) and
acid as well as the operating temperature have important effects
on the physicochemical properties and electrochemical activity
of the positive electrode reaction (Sum et al., 1985; Kazacos
et al., 1990; Zhong and Skyllas-Kazacos, 1992; Iwasa et al., 2003;
Yi et al., 2003; Liu et al., 2011). However, few studies have
reported on the negative process. Sun and Skyllas-Kazacos (Sum
and Skyllas-Kazacos, 1982) investigated the electrochemical
behavior of the V(III)/V(II) redox couple at glassy carbon
electrodes using cyclic voltammetry (CV). They found that
the oxidation/reduction reaction is electrochemically irreversible
and the surface preparation is very critical in determining the
electrochemical behavior. Yamamura et al. (2005) determined the
standard rate constants of the electrode reactions of vanadium
on different carbon electrodes. Most studies (Sum and Skyllas-
Kazacos, 1982; Oriji et al., 2005; Lee et al., 2012; Aaron
et al., 2013; Sun et al., 2016) found that the electrode reaction
rate of V(III)/V(II) is much less than that of V(IV)/V(V);
however, systematic investigations into the detailed mechanism
remain scarce.

Owing to the sluggish kinetics of V(III)/V(II) and the
significant hydrogen evolution reaction, the negative process
contributes almost 80% polarization during the discharging
process (Sun et al., 2016). Agar et al. (2013) further verified
that the negative electrode process was the limiting factor in
VFB performance by using an asymmetric cell configuration.
As the key factors influencing electrode/electrolyte interfacial
reactivity, the concentration and physicochemical properties of
the V(III) acidic electrolyte as well as the temperature play
an important role in the redox reaction of V(III)/V(II) (Xiao
et al., 2016). For instance, the viscosity of the electrolyte
affects the mass transfer kinetics and the conductivity directly
influences the reversibility of the electrochemical reaction, which
both depend on the concentration of vanadium and H2SO4

(Zhang, 2014). In short, it is necessary to conduct a systematic

investigation into the physical and electrochemical characteristics
of V(III) acidic electrolytes using different concentrations and
diffusion kinetics.

In our previous work (Wang et al., 2014), the temperature-
related reaction kinetics of the V(IV)/V(V) redox couple on a
graphite electrode in sulfuric acid solutions was investigated.
Herein, we will investigate the physicochemical properties of
the electrolytes with different concentrations of V(III) and
sulfuric acid and conduct a systematic study of the diffusion
kinetics of V(III). Our aim is to clarify the kinetic rules
of the diffusion behavior of V(III) and further establish
a diffusion equation, providing a better understanding of
the V(III)/V(II) redox reaction in the negative half-cell
of VFBs.

EXPERIMENTAL

Preparations of the Electrode and
Electrolyte
A spectroscopically pure graphite rod (SPGR) (Sinosteel
Shanghai Advanced Graphite Material Co. Ltd, China) was used
as the working electrode. The working area of the SPGR was
∼0.28 cm2. This was ground with silicon carbide papers (down
to 2,000 grit in grain size) and thoroughly rinsed with deionized
water and alcohol before use.

All chemicals used in this work were analytically pure
agents and all solutions were prepared with deionized
water. V(III) acidic solutions were initially prepared by the
electrochemical reduction of VOSO4 with an electrolytic
cell and then diluted to produce solutions with the
required H+ and V(III) concentrations. In addition, the
concentration of the electrolytes was measured with a ultraviolet
spectrometer (TU-1900; Persee General Instrument Co. Ltd,
Beijing, China).

Physical Characterization of the Electrolyte
The viscosity was measured by means of an Ubbelohde
viscometer. The electrical conductivity was determined using
a conductivity meter (Mettler Toledo) at 293K. The surface
tensions of the solutions were measured by the bubble-
pressure method.

Electrochemical Measurements
The electrochemical measurements were performed using a
Reference 600 electrochemical workstation (Gamry Instruments,
USA) with a conventional three-electrode cell with an SPGR
as the working electrode, a platinum plate as the counter
electrode, and a saturated calomel electrode as the reference
electrode. A salt bridge was used to eliminate the liquid junction
potential between the Luggin capillary and the working electrode.
The electrolyte was purged with nitrogen for 10min before the
electrochemical test to reduce the influence of oxygen on the
electrochemical oxidation of V(II). Temperature was controlled
by a water bath.
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FIGURE 1 | Changes in the surface tension with different concentrations of V(III) (A) and H2SO4 (B).

RESULTS AND DISCUSSION

Physical Characteristics of the V(III) Acidic
Electrolyte at Different Concentrations
The physical parameters of the electrolyte, such as the surface
tension, viscosity, and conductivity, significantly affect the
ion transmission process and the electrochemical properties
of the electrode/electrolyte interface (Jing et al., 2016). In
general, higher surface tension will hinder the contact between
the electrolyte and the electrode, leading to a decrease in
the effective reaction area, while higher conductivity often
means faster transmission of ions and higher viscosity usually
leads to a lower diffusion rate. However, the three physical
parameters are not all proportional to the concentration of the
electrolyte, so it is not reasonable to simply increase or decrease
the electrolyte concentration in engineering applications. In
particular, vanadium ions often exist in a very complex
form in the electrolyte, which may result in a significant
difference in the physicochemical properties of the electrolyte
at different concentrations (Sepehr and Paddison, 2016). Hence,
it is necessary to investigate the influence of the electrolyte
concentration on its physicochemical properties.

The influence of the concentration of V(III) andH2SO4 on the
surface tension of the electrolyte was investigated first. Figure 1A
shows the surface tension of 2.0 mol·L−1 H2SO4 solutions with
different concentrations of V(III) (from 0.1 to 1.3 mol·L−1).
Obviously, the surface tension of the electrolytes gradually
increases with an increasing concentration of V(III). Actually,
the higher the concentration of vanadium, the higher the surface
tension and the greater the effect on the contact between the
electrolyte and the electrode. However, in practice, we want
to increase the concentration of vanadium to achieve high
volumetric capacities or energy densities. We can resolve this
contradiction by improving the hydrophilicity of the electrode
surface to apply a higher concentration of vanadium. In contrast
to Figure 1A, the variation in the trend in the surface tension was
very slight when changing the H2SO4 concentration (Figure 1B).
Such a different phenomenon might be attributed to the stronger
hydration force of the V(III) compared with that of H2SO4.

Therefore, the surface tension of the V(III) acidic electrolyte was
mainly affected by the concentration of V(III).

The influence of the concentration of V(III) andH2SO4 on the
viscosity and conductivity of the electrolyte was also investigated.
As shown in Figure 2, there was a fourfold increase in the
viscosity as the concentration of V(III) changed from 0.1 to 1.3
mol·L−1. However, the viscosity of the electrolytes changed very
little with different concentrations of H2SO4, which was similar
to the changing features of the surface tension described above.
This could be ascribed to the more complex structure of V(III). It
can be concluded that the concentration of V(III) was the main
factor in determining the viscosity of the V(III) acid electrolytes,
and a suitable concentration of V(III) had a positive effect on its
mass transfer performance.

Figure 3 shows the variations in the conductivity of the
electrolytes with different concentrations of V(III) (a) and
H2SO4 (b). When the concentration of V(III) increased from
0.1 to 1.3 mol·L−1, the conductivity decreased by ∼43.3%
(from 480 to 272 mS·cm−1), while there was an obvious
increase in conductivity (about 6-fold) with increasing H2SO4

concentration. The significant difference should also be ascribed
to the more complex form of V(III), which would result in a
larger hydrated ionic radius and poorer mobility (Sepehr and
Paddison, 2016). Therefore, it is necessary to investigate the
optimum concentration of V(III) and H2SO4 to obtain better
electrochemical performance.

Electrochemical Characteristics of the
V(III) Acidic Electrolyte at Different
Concentrations
The CV test was a useful tool to investigate the electrochemical
performance of the battery materials. For a CV curve, the value
of the peak currents of the oxidation and reduction reactions
(ipa, ipc, respectively) and their ratio (–ipa/ipc), as well as the
peak potential separation (1Ep), could be used to estimate the
electrochemical activity. Generally, the lower the value of 1Ep
or the more similar the ipa and –ipc values usually implied better
electrochemical reversibility, and a higher peak current often
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suggested higher reactivity (Bard and Faulkner, 2001; Ding et al.,
2013). However, the peak current (ipc) is closely related to the
electrochemical surface area of the electrode, which is difficult
to read directly from the CV curve, so 1Ep and –ipa/ipc were
more suitable for estimating the electrochemical properties.

Specifically, –ipa/ipc can be calculated from the CV curves by the
following equation (Bard and Faulkner, 2001):

ipc

ipa
=

(

ipc
)

0

ipa
+

0.485
(

isp
)

0

ipa
+ 0.086 (1)

FIGURE 2 | Changes in the viscosity with different concentrations of V(III) (A) and H2SO4 (B).

FIGURE 3 | Changes in conductivity with different concentrations of V(III) (A) and H2SO4 (B).

FIGURE 4 | CV curves on an SPGR in 2.0 mol·L−1 H2SO4 with different concentrations of V(III) (A) and 0.1 mol·L−1 V(III) with different concentrations of H2SO4 (B).

Scan rate, 10 mV·s−1.
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where (ipc)0 is the uncorrected cathodic peak current density
with respect to the zero current baseline and (isp)0 is the current
density at the switching potential.

Herein, CV tests on the SPGR in 2.0 mol·L−1 H2SO4

with different concentrations of V(III) electrolytes (from 0.1
to 1.0 mol·L−1) were first carried out at a scan rate of 10
mV·s−1 (Figure 4A). The detailed electrochemical parameters
are listed in Table 1. As expected, the value of –ipa/ipc gradually
increased to 0.97 with increasing concentration of V(III),
indicating a favorable electrochemical reversibility of V(III)/V(II)
with a 1.0 mol·L−1 V(III) acidic electrolyte. In addition, 1Ep
gradually decreased with increasing concentration of V(III), also
indicating increasing electrochemical activity of the electrolyte
with higher concentrations of V(III). It can be concluded that a
higher concentration of V(III) would facilitate the V(III)/V(II)
electrochemical redox reaction.

Next, CV tests on the SPGR in 0.1 mol·L−1 V(III) with
different concentrations of H2SO4 electrolytes (from 0.5 to 3.0
mol·L−1) were carried out at a scan rate of 10 mV·s−1. The
corresponding CV curves are shown in Figure 4B; the detailed
electrochemical parameters recorded from the CV curves in
Figure 4B are also listed in Table 1. Compared with the CV
curves in Figure 4A, the CV curves in the electrolytes at
different H2SO4 concentrations showed a smaller difference.
Even so, the value of 1Ep obviously decreased with increasing
concentration of H2SO4, which should be ascribed to the rapid

TABLE 1 | Electrochemical parameters recorded from the CV curves in Figure 4.

CV(III)

(mol·L−1)

–ipa/ipc 1Ep/V CH2SO4

(mol·L−1)

–ipa/ipc 1Ep/V

0.1 0.914 0.354 0.5 0.905 0.464

0.3 0.929 0.307 1.0 0.911 0.414

0.5 0.940 0.274 1.5 0.916 0.397

0.8 0.959 0.243 2.0 0.919 0.391

1.0 0.970 0.189 3.0 0.912 0.304

transfer rate of H+, resulting in favorable conductivity of the
electrolytes with higher concentrations of H2SO4. In addition,
the value of –ipa/ipc increased first and then decreased, and
the maximum value was obtained with 2.0 mol·L−1 H2SO4

electrolyte, which might be attributed to the coupling effect of
both the increased conductivity and viscosity as well as the
gradually increasing influence of the hydrogen evolution reaction
with increasing H2SO4 concentration. However, the –ipa/ipc
values changed little with H2SO4 concentration, indicating that
the H2SO4 concentration had a smaller effect on the electron
transfer process.

Electrochemical impedance spectroscopy (EIS) is a powerful
non-destructive technique for studying the electrochemical
processes at the electrode/electrolyte interface. Electrochemical
parameters such as the solution resistance (Rs), constant
resistance (Rc), and electron transfer resistance (Rct) can be
obtained simultaneously through the appropriate equivalent
circuit (Cao and Zhang, 2002).

Figure 5 shows the Nyquist plots of an SPGR recorded in
different electrolytes at a polarization potential of−0.6V, with an
excitation signal of 5mV and frequency ranging from 0.1mHz
to 10 mHz. As shown in Figure 5, the Nyquist plots for all
samples consisted of a semicircle at high frequency and a linear
part at low frequency, suggesting that the electrode reaction was
dual controlled by the electrochemical reaction and diffusion

TABLE 2 | EIS parameters obtained by fitting the impedance plots with the

equivalent electric circuits in Figure 5.

CV(III)

(mol·L−1)

Rs (Ω) Rct (Ω) CH2SO4

(mol·L−1)

Rs (Ω) Rct (Ω)

0.1 1.891 24.11 0.5 4.594 18.23

0.3 1.988 18.58 1.0 3.34 21.75

0.5 2.283 8.899 1.5 2.51 20.39

1.0 2.389 8.28 2.0 2.072 19.47

– – – 3.0 1.053 19.5

FIGURE 5 | Nyquist plots and the equivalent electric circuit of V(III)/V(II) redox couples with 2.0 mol·L−1 H2SO4 electrolyte with different concentrations of V(III) (A) and

0.1 mol·L−1 V(III) electrolyte with different concentrations of H2SO4 (B) at a polarization potential of −0.6 V.
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processes (Wei et al., 2014). Thus, the Nyquist plots in Figure 5

also show the equivalent circuits, where Rs is the bulk solution
resistance; CPE is the constant phase element, which accounts for
the double-layer capacitance; Rct signifies the faradaic interfacial
charge-transfer resistance; and Zw is the diffusion capacitance
attributed to the diffusion process of vanadium ions (Wang and
Wang, 2007; Wei et al., 2014).

According to the fitting results in Table 2, Rs increased
gradually with increasing V(III) concentration, which was caused

by the decreased conductivity of the electrolytes. Rct decreased
dramatically with increasing concentration of V(III), indicating
the better electrochemical reactivity of a higher concentration
of V(III), which was consistent with the CV results. Comparing
the increased Rs with the decreased Rct, the latter was much
more remarkable, thus the electrochemical polarization wasmore
prominent than the ohmic polarization on the SPGR in the
V(III) acid electrolytes. For the electrolytes with different H2SO4

concentrations, Rs rapidly decreased with increasing H2SO4

FIGURE 6 | CV curves on an SPGR recorded at different scan rates in 1.0 mol·L−1 V(III) with 2.0 mol·L−1 H2SO4 (A). Peak current density as a function of the square

root of the scan rate (B).

FIGURE 7 | CV curves of an SPGR in 0.5 mol·L−1 V(III) with 2.0 mol·L−1 H2SO4 electrolyte at 283.15K (A), 293.15K (B), 303.15K (C), and 313.15K (D).
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concentration, owing to the greater conductivity of the electrolyte
with a higher concentration of H+. However, Rct was almost
unchanged with increasingH2SO4 concentration, suggesting that
the electron transfer process of the V(III)/V(II) redox reaction
had little relationship with H+. In short, the concentration of
H2SO4 mainly affected the ohmic resistance of the electrolyte,
while the V(III) concentration mostly influenced its electron
transfer resistance, which was consistent with the CV results.

Based on the above, the electrolyte containing 1.0
mol·L−1 V(III) and 2.0 mol·L−1 H2SO4 exhibited favorable
electrochemical properties, so CV behaviors at different scan
rates in that electrolyte were further investigated. As shown
in Figure 6A, the oxidation and reduction peaks showed
comparative symmetry at all scan rates, indicating a favorable
electrochemical reversibility. In addition, the peak current
proved to be proportional to the square root of the scan rate
(Figure 6B), which suggested that the oxidation and reduction
reaction of the V(III)/V(II) redox couples on an SPGR were
controlled by the diffusion process (Wei et al., 2014).

Diffusion Kinetics Study of the V(III) Acid
Electrolytes
CV is one of the most commonly used electrochemical
techniques to study the electrode reaction kinetics. For an
irreversible electrode process, the peak current density is given
by Bard and Faulkner (2001):

ip = 4.958× 10−4nFCbD
1/2V1/2(−αnαF/RT )1/2 (2)

TABLE 3 | The mean values of –ipc/ipa and the formal potential (EO
′

) calculated

from the CV curves in Figure 7.

T (K) –ipc/ipa EO′

(V)

283.15 1.48 −0.529

293.15 1.53 −0.524

303.15 1.49 −0.511

313.15 1.41 −0.509

where V is the potential sweep rate (V·s−1) andD is the diffusion
coefficient of the active reactant (cm2

·s−1). Based on Equation
(2), we can obtain the value of DV(III) at different temperatures
from the slope of the plot of ip vs. V

1/2.
Moreover, the values of the reaction rate constant ks can be

calculated by Equation (3) (Bard and Faulkner, 2001):

ip = 2.27× 10−4nFCbks exp
[

−αnαF
(

EP − EO
′
)

/RT
]

(3)

where ip is the peak current density (A·cm−2); Ep is the peak
potential (V); Cb is the bulk concentration of the electroactive
species (mol·L−1); ks is the standard heterogeneous rate constant

(cm·s−1); α is the charge transfer coefficient; EO
′

is the formal
potential of the electrode; n is the number of electrons involved
in the rate-limiting step; and other symbols such as F, R, and T
have their usual meanings.

The formal potential EO
′

at different temperatures can be
calculated by Equation (4) (Bard and Faulkner, 2001):

E◦′ =

j
∑

i=1

(

Epaj + Epcj
)

/2

j
(4)

where j is the total number of potential scans applied in the CV
tests; Epa is the anodic peak potential; and Epc is the cathodic
peak potential.

TABLE 4 | Rate constant of the reduction reaction (ks) and the diffusion coefficient

(DV(III)) of V(III) at different temperatures.

T (K) DV(III) (10
−7 cm2

·s−1) ks (10
−5 cm·s−1) η (mm2

·s−1)

283.15 5.03 6.84 2.22

293.15 5.53 14.2 1.71

303.15 8.27 16.6 1.37

313.15 11.9 26.6 1.13

FIGURE 8 | Plots of ipc vs. V
1/2 (A) and ln ipa vs. (Epc–E

O′

) (B) at 303.15K from the CV curves in Figure 7C.
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FIGURE 9 | Chronopotentiograms for the reduction reaction of V(III) on an SPGR in 1.0 mol·L−1 V(III) with 2.0 mol·L−1 H2SO4 at various temperatures: 283.15K (A),

293.15K (B), 303.15K (C), and 313.15 K (D).

Herein, CV tests in an electrolyte consisting of 0.5 mol·L−1

V(III) with 2.0 mol·L−1 H2SO4 at different temperatures were
conducted to study their electrode reaction kinetics. Figure 7
shows the typical CV curves at scan rates ranging from 10 to 200
mV·s−1 at 283.15, 293.15, 303.15, and 313.15K, respectively. As
shown in Figure 7, 1Ep was significantly >60mV, indicating the
electrochemical irreversibility of the V(III)/V(II) redox reaction
(Kazacos et al., 1990; Aaron et al., 2013).

The mean values of –ipc/ipa and the formal potential EO
′

at
different scan rates obtained from the CV curves in Figure 7 are
listed in Table 3. The values of –ipc/ipa changed slightly with the
temperature, suggesting an insignificant effect of temperature on
the reversibility of the V(III)/V(II) redox reaction.

The values of the anodic charge transfer coeffcient (α) and
electron transfer number (n) have been estimated to be 0.56
and 1, respectively, according to our earlier work (Jing, 2017).
Based on Equation (2–3) in Jing (2017), we can deduce a

linear relationship between ipc vs. V
1/2 and ln ipc vs. (Ep- E

O′

).
The corresponding results measured at 303.15K are shown in
Figures 8A,B. Next, the values of DV(III) and ks at different
temperatures can be calculated according to the slope of the
linear curves in Figures 8A,B, respectively. For comparison,
the viscosities (η) measured by Ubbelohde viscometry under
different temperatures are listed in Table 4.

The results in Table 4 show that the values of the reaction
rate constants (ks) were of the order of 10−5 cm·s−1 and
became larger with increasing temperature, which suggested
that a higher temperature might facilitate the V(III)/V(II) redox
reaction. Furthermore, DV(III) increased from 5.034 × 10−7

cm2
·s−1 at 283.15K to 11.9 × 10−7 cm2

·s−1 at 313.15K,
suggesting that an increased temperature was beneficial to the
mass transfer of V(III), which was also reflected in the change
of viscosity. Indeed, the diffusion coefficient of the active ion
has an important effect on the battery performance. The larger
coefficient suggests a faster ionmigration rate, which is conducive
to themass transfer kinetics of the electrode reaction reducing the
concentration polarization of the battery under a higher current
density and leading to a better rate capability and electrolyte
utilization rate.

However, as mentioned above, CV is not an ideal quantitative
method to determine the kinetic parameters of the peak
current. Herein, chronopotentiometry was carried out as it is a
promising approach to obtain the diffusion coefficient by Sand’s
equation (Kazacos et al., 1990; Sepehr and Paddison, 2016). The
corresponding potential–time curves under various temperatures
are shown in Figure 9.

For an irreversible or reversible reaction, Sand’s equation is
given by Kazacos et al. (1990):
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FIGURE 10 | Current density as a function of the reciprocal of the square root of the transition time for the reduction reaction of V(III) at different temperatures, (A)

283.15 K, (B) 293.15 K, (C) 303.15 K, and (D) 313.15 K.

TABLE 5 | Diffusion coefficients of V(III) ions calculated from Figure 10 at different

temperatures.

T (K) DV(III) (10
−7 cm2

·s−1)

283.15 1.09

293.15 1.30

303.15 1.60

313.15 1.95

τ =
n2F2πDC2

b

4i2
(5)

where τ is the total time taken to achieve an abrupt change in the
potential of the electrode and i is the current density. The values
of τ are determined as the transition time when the absolute
values of the slope of the plots increase abruptly.

The plots of i vs. τ 1/2 obtained from Figure 9 are shown in
Figure 10, and the values of DV(III) calculated from the slopes of
these plots are listed in Table 5. By comparing the DV(III) values
in Tables 4, 5, it can be seen that the values of DV(III) obtained
from CV and chronopotentiometry were of the same order (10−7

cm2
·s−1), but there was a smaller variability when changing the

temperature, which might result in a smaller deviation of the
calculated DV(III) values.

Based on the chronopotentiometry results, the diffusion
activation energy, ED, can be obtained from the slope of the plot
of ln D(T) vs. 1/T by the Arrhenius equation (Zha, 2002):

D (T) = D0 exp (−ED/RT ) (6)

where D0 is a temperature-independent factor (cm2
·s−1) and ED

is the diffusion activation energy.
The shift of ln D(T) with 1/T is shown in Figure 11, from

where the values of ED and D0 can be estimated as 13.7 kJ·mol−1

and 1.3 × 10−4 cm2
·s−1, respectively. As a result, the diffusion

coefficient of V(III) can be expressed as follows:

DV(III) = 1.3× 10−4 exp 13700/RT (7)

which could be used to estimate the diffusion behavior of
V(III). In summary, an increase in temperature could facilitate
the V(III)/V(II) redox reaction and improve the mobility of
V(III) ions in the negative electrolyte, which would result
in improved electrochemcial performance. However, the more
intense hydrogen evolution at higher temperatures should also
be considered.
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FIGURE 11 | Plot of ln D(T) vs. 1/T.

CONCLUSION

In this work, the physical and electrochemical characteristics
of the V(III) acidic electrolytes at different concentrations
and with different diffusion kinetics have been systemically
investigated. The results show that the surface tension and
viscosity of the V(III) acidic electrolyte were mainly affected
by the V(III) concentration and that they were in direct
proportion to each other, which suggested the negative effects
of a high concentration of V(III) on the mass transfer kinetics.
As the supporting electrolyte, the H2SO4 concentration had a
significant effect on the conductivity of the electrolyte; however,
the higher H2SO4 concentration might result in significant
hydrogen evolution and increased mass transfer resistance.

The electrochemical measurements showed that a higher V(III)
concentration would facilitate the redox reactions of V(III)/V(II),
while the increase in H2SO4 concentration could improve the
ion transmission and had little effect on the electron transfer
process. In addition, the diffusion kinetics of V(III) were further
studied by CV and the chronopotentiometry method. The results
demonstrated that an elevated temperature would facilitate the
V(III)/V(II) redox reaction, and so the reaction rate constant
(ks) and diffusion coefficient [DV(III)] were obtained at different
temperatures. On this basis, the diffusion activation energy (13.7
kJ·mol−1) and the diffusion equation for V(III) are provided to
integrate kinetic theory in the redox reaction of V(III)/V(II).
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