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Abstract: The VO2+/VO2
+ redox couple commonly employed on the positive terminal of the

all-vanadium redox flow battery was investigated at various states of charge (SOC) and H2SO4

supporting electrolyte concentrations. Electron paramagnetic resonance was used to investigate
the VO2+ concentration and translational and rotational diffusion coefficient (DT, DR) in both bulk
solution and Nafion membranes. Values of DT and DR were relatively unaffected by SOC and on
the order of 10−10 m2s−1. Cyclic voltammetry measurements revealed that no significant changes
to the redox mechanism were observed as the state of charge increased; however, the mechanism
does appear to be affected by H2SO4 concentration. Electron transfer rate (k0) increased by an order
of magnitude (10−6 ms−1 to 10−8 ms−1) for each H2SO4 concentrations investigated (1, 3 and 5 M).
Analysis of cyclic voltammetry switching currents suggests that the technique might be suitable
for fast determination of state of charge if the system is well calibrated. Membrane uptake and
permeability measurements show that vanadium absorption and crossover is more dependent on
both acid and vanadium concentration than state of charge. Vanadium diffusion in the membrane is
about an order of magnitude slower (~10−11 m2s−1) than in solution (~10−10 m2s−1).

Keywords: redox flow battery; state of charge; VRFB; cyclic voltammetry; electrochemical kinetics;
diffusion; permeability

1. Introduction

Large-scale energy storage technologies play a pivotal role in the global clean energy transition,
enabling intermittent renewable energy sources such as solar and wind to serve as feasible replacements
for fossil fuels [1]. The vanadium redox flow battery (VRFB) is a promising candidate for renewable
energy storage applications due to its high energy efficiency, low toxicity, and long lifespan [2,3].
Like all redox flow batteries, the VRFB utilizes two tanks of electrolyte that circulate through the battery
cell stack, where the redox couples in each electrolyte react at the electrodes to generate an electrical
current. Because energy storage capacity scales with the volume of the electrolyte, redox flow batteries
are conducive to large-scale applications such as electrical grid storage. Power output, meanwhile,
increases with the number of stacked reaction cells [2].

The VRFB in particular is unique in that a single chemical species, vanadium, is employed on both
the positive and negative half-cells of the battery: the catholyte contains the redox couple VO2+/VO2

+,
while anolyte contains V2+/V3+, in a supporting electrolyte, typically sulfuric acid. The half-cells of the
battery are separated by a proton exchange membrane to allow for proton transport while minimizing
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the mixing of catholyte and anolyte. Nafion, a perfluorinated polymer with sulfonate functional
side-groups that facilitate proton transport, is the most widely used membrane due to its high proton
conductivity and chemical and thermal stability [3]. However, the low ion selectivity of Nafion permits
positively charged vanadium ions, as well as others, to cross through the membrane into the opposite
electrolyte [4–6]. The resulting unintended side reactions between vanadium species after crossover
results in self-discharge of the battery, reducing its efficiency [7,8]. Although the single-metal design of
the VRFB enables the vanadium electrolyte to be salvaged after self-discharge, minimizing vanadium
ion crossover is crucial in the optimization of VRFB performance and reducing battery down time [9].

The complete characterization of vanadium crossover must take into account the relationship
between electrolyte composition and membrane properties. Vanadium concentration, sulfuric acid
concentration, and state of charge are the three main parameters that determine electrolyte composition.
High total vanadium concentration improves the energy density of the VRFB, but the solubility of
vanadium ions is a limiting factor as the maximum vanadium concentration that can be achieved
has been reported at 3 M [10], though 2 M is most common [11,12]. The common ion effect, resulting
from the sulfate anions in both vanadyl sulfate and sulfuric acid, causes a decrease in the solubility
of vanadium as acid concentration increases [13]. Furthermore, this shift in equilibrium causes the
conductivity of the electrolyte to decrease at higher vanadium concentrations, which increases internal
resistance of the battery [14]. Additionally, other studies have reported the use of electrolyte additives
to enhance reactions and increase solubility with varying degrees of success [15–17].

On the other hand, decreasing the sulfuric acid concentration has a remarkable effect on
the electrochemical reversibility of the VO2+/VO2

+ redox couple. Prior studies employing cyclic
voltammetry revealed that the catholyte redox couple is electrochemically irreversible at H2SO4

concentrations < 3 M and becomes quasi-reversible above 3 M [11,18,19]. CV is a useful technique
to study VRFB electrolytes as it can yield important thermodynamic and kinetic information such as
reversibility, rate constants and reaction mechanisms.

Permeability studies by Lawton et al. [20] found that electrolyte solutions with higher H2SO4

concentration corresponded to lower VO2+ membrane permeability. A higher initial VO2+ concentration
also corresponded to lower VO2+ membrane permeability; however, the effect diminished with
increased acid concentration. The low permeability at high H2SO4 and VO2+ concentrations could only
be partially attributed to increased viscosity. Other contributing factors may include dehydration of
the membrane from interactions with sulfuric acid, the immobilization of the fraction of VO2+ ions that
interact with the membrane’s sulfonate groups, and the diffusion of sulfate ions into the membrane.

The influence of different vanadium species on membrane permeability and uptake has been
previously investigated [21]. In crossover-diffusion experiments, the permeability of VO2+ with respect
to the counter ion followed the trend H+ > VO2

+ > VO2+, while the permeability of V3+ with respect to
the counter ion was found to be VO2

+ > VO2+. Uptake of vanadium species in the membrane followed
the order V3+

≈VO2+ > VO2
+ at all concentrations of H2SO4 (0.5 M to 5 M), suggesting that permeability

behavior of each vanadium species depends on the presence or absence of competitive partitioning
resulting from particular vanadium counter ions. For all vanadium species, increased acid concentration
decreased both the permeability and uptake of vanadium ions, likely due to the dehydration of the
membrane in more acidic conditions [21]. However, Tang et al. [22] found that a higher concentration
of sulfuric acid in the membrane increases proton concentration while simultaneously decreasing
water content, leading to a decrease in membrane conductivity. The optimal acid concentration for
VRFB performance must strike a balance between these opposing factors of crossover, decreased
conductivity and electrochemical reversibility-which affects the electrochemical kinetics.

In an operating VRFB, the relative ratios of the redox couples in the anolyte and catholyte
change continuously as the battery completes a charge–discharge cycle. The state of charge (SOC) of
the electrolyte, expressed as a percentage from 0% to 100%, describes the extent of oxidation/reduction
that has occurred in each electrolyte. In the catholyte, for example, a 0% SOC solution consists of
entirely VO2+, while a 100% SOC solution is entirely VO2

+. The characterization of mass transfer



Batteries 2020, 6, 49 3 of 16

in the operating VRFB has yet to fully take into account the role of SOC on electrolyte properties.
The mass transfer processes of diffusion, migration, and convection are driven by concentration
gradients, electrical potential, and bulk motion of a solution, respectively [23]. During discharge of
the VRFB, diffusion and migration cause a flux of vanadium species in the same direction across the
membrane, resulting in crossover of vanadium species; during charging, the direction of migration is
reversed due to the application current while the direction of diffusion remains the same, somewhat
reducing the extent of vanadium species crossover. The low velocity of solution within the membrane
makes the contribution of convection minimal [24]. The 3D simulation of the VRFB constructed by
Oh et al. [24] suggests that accurate modeling of the diffusion and migration of vanadium species
across the membrane can help predict the SOC that will exist when the total concentration of vanadium
in each side of the battery becomes imbalanced, at which point halting the VRFB charge/discharge cycle
would minimize capacity fade. The VRFB model developed by Barton et al. [25] takes into account
concentration and potential-driven crossover of vanadium species, but, as in the Oh et al. model,
the properties of the electrolytes are assumed to be constant across different SOCs.

In studying the relationship between SOC and physical characteristics of the catholyte, which was
the focus of our study, electron paramagnetic resonance spectroscopy is a valuable tool [26–28].
Vanadium in the 4+ oxidation state, existing as VO2+ in the catholyte, has a single unpaired electron
and thus is Electron Paramagnetic Resonance (EPR) active. VO2+ yields a characteristic 7-peak on an
EPR spectrum (nuclear spin I = 7/2), which can be analyzed quantitatively to determine vanadium
concentration in a solution among other parameters. The 5+ oxidation state of vanadium, VO2

+,
is EPR silent, but chemical reduction via potassium iodide converts VO2

+ to EPR-active VO2+ to
enable quantification.

The fundamental aspects of these vanadium ion/sulfuric acid system studies of the may also be
of interest in application where recent advances utilizing vanadium have taken place. These include
catalysis [29,30], medicine [31] and biological systems [32,33]. Additionally, the methods employed
in this article have applications in catalysis [34,35], dietary medicine [36], and materials applications
such as smart glass [37], which exemplifies the broad utility of vanadium compounds and the methods
discussed below.

This work seeks to elucidate some of the questions that remain in characterizing Nafion membrane
permeability in the VRFB catholyte, in particular: how vanadium ion permeability varies with SOC;
how the presence of VO2+ and VO2

+ together in the catholyte influences each ion’s permeability;
and how H2SO4 concentration affects all of these factors. Finally, the effect of SOC on the electrochemical
kinetics of the catholyte is presented via analysis of the cyclic voltammograms.

2. Results and Discussion

2.1. Electron Paramagnetic Resonance

Figure 1 shows sample EPR spectra of the VO2+ ion signal for 0%–80% state of charge (SOC)
in 1 M H2SO4. The decrease in signal with increasing SOC is consistent with the decrease in VO2+

concentration as SOC increases. The line shape of the VO2+ signal does not change significantly with
SOC other than the decreasing signal intensity (e.g., peaks retain their original shape).

The EPR solution data were fit to determine the rotational rate (DR) of the VO2+ ions.
Initial parameters for fitting the spectra were described previously [18]. The rotational diffusion,
which decreased as H2SO4 concentration and viscosity increased, did not exhibit a trend with SOC but
remained in the 10−10 m2s−1 range.

The hydrodynamic radius of the VO(H2O)5
2+ complex [38] is related to the rotational diffusion

through the Stokes Einstein Debye (SED) equation:

DR =
kBT

8πηr3 (1)
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Figure 1. Electron Paramagnetic Resonance (EPR) spectra of vanadium electrolytes in 1 M H2SO4

supporting electrolyte at 0%, 20%, 40%, 60% and 80% state of charge. Total vanadium concentration is
0.1 M. Note 100% state of charge (SOC) is missing as VO2

+ is EPR silent.

The radius decreases with increasing H2SO4 concentration: 3.3 Å in 1 M, 3.1 Å in 3 M and 3.0 Å in
5 M H2SO4. These values are in good agreement with values reported elsewhere [39–41]. The trend
with H2SO4 concentration, however, is different than what was observed by Oriji et al. [11] in solutions
with significantly higher VO2+ concentration (~2 M) where considerably lower Stokes Radii (~2 Å)
were reported. The observation seen here with higher Stokes radius might be the result of a lack of
solution crowding effects in comparison to the higher VO2+ employed in the above study.

The rotational diffusion and hydrodynamic radius can be related to the translational diffusion
through the Stokes Einstein (SE) equation relating translational diffusion and viscosity:

DT =
kBT
6πηr

(2)

And by combining Equations (1) and (2):

DT

DR
=

4
3

r2 (3)

The translational diffusion of VO2+ in the H2SO4 solutions as determined by EPR is shown
in Table A1 (in Appendix A). There was no significant trend in the translational diffusion with
varying SOC.

2.2. Cyclic Voltammetry

Cyclic voltammograms are presented in Figure 2a as a function of SOC for the reaction:

VO2+ + H2O
 VO+
2 + 2H+ + e− (4)

The difference in peak potential (∆Ep) for each electrolyte is on the order of 400 mV (at 5 M H2SO4)
and is consistent with previous work [11,18], which indicates an irreversible electrochemical system.
One major difference observed in the SOC series is a systematic decrease in current for all scans at all
potentials. This CV depression is consistent with the increasing amount of VO2

+ as SOC increases, thus
producing more cathodic current ubiquitously in the CV. Figure 2b explores this phenomenon more
closely via inspection of the difference in switching currents (isw,a and isw,c) based on a method described
by Scholz and Hermes [42] on reversible systems. A linear trend is evident with increasing mole
fraction of VO2

+, which for a well-known system could be used to estimate the SOC. The slope of this
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line decreases with increasing sulfuric acid concentration, exemplifying the need to fully characterize
the system in order to employ this technique as an SOC determination method. However, this rather
simplistic process might open up an avenue for a quick, in situ gauge to determine SOC on operating
VRFBs. Otherwise, no significant changes occur within the dataset at fixed H2SO4 concentrations
vs. SOC.
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Figure 2. (a) Cyclic voltammograms (CVs) of the VO2+/VO2
+ redox couple in 5 M H2SO4 on a glassy

carbon electrode at 50 mV/s. CVs started at open circuit potential (ca. 0.55 V) and proceeded in
the anodic direction first. All CVs shown here were the 50th scan of each experiment to attain a
steady-state CV. (b) Absolute value of the difference in switching currents (|isw,a| – |isw,c|) as a function
of mole fraction of VO2

+ at 50 mV/s, 50th scan of each data set. The switching potentials (Esw,a and
Esw,c) corresponding to isw,a and isw,c were 1.1 V and −0.7 V vs. Ag/AgSO4 respectively.

Figure 3a shows sample cyclic voltammograms for 0.1 M VO2+ at 0% SOC in 1, 3 and 5 M H2SO4.
Figure 3b shows the CVs in the same H2SO4 concentrations at 100% SOC. Guide lines are provided to
draw a comparison to the peak positions between Figure 3a,b. At 0% SOC, the anodic peaks (positive
current) only exhibit a slight shift in potential (Ep,a) toward the cathodic direction (more reversible)
from 1 M to 3 M H2SO4. However, a significant decrease in peak current (ip,a) is observed. The origin
of this phenomena is unclear, though it might be ascribed to slower diffusion due to the increased
viscosity [18,43] at higher H2SO4 concentrations. This decrease in ip,a of the anodic peak is most
prevalent in low SOC (i.e., high VO2+ concentrations). At 100% SOC, the difference in ip,a in 1 and 3 M
is negligible.

From 3 M to 5 M H2SO4, there is only a small decrease in ip,a but a significant shift in Ep,a toward
the reversible direction, which is also consistent with previous findings [11,18] of faster electrochemical
kinetics with higher H2SO4 concentrations. The cathodic peaks (negative current) shift away from the
reversible direction, are broadened and muted at lower H2SO4 concentrations. This effect is similar to
previous observations supporting the EC (electrochemical-chemical) mechanism [18,44] as the lower
H+ concentration would be expected to benefit the forward direction of Equation (4) and hinder the
reverse process.

Also note that, aside from the decreased ip,a for 1 M H2SO4, there is no significant difference
in peak position, supplying further evidence that the degree of SOC does not affect the EC reaction
mechanism for the anodic reaction.

The presence of both valence state of vanadium does not appear to change the reaction mechanism
as the overall shape of the CVs remains unchanged. The anodic peaks shift slightly towards a more
reversible potential as the SOC is increased. The effect on the cathodic peak is dependent on sulfuric
acid concentration, with little change in cathodic peak position at 5 M and a slight shift away from a
more reversible potential at 1 M sulfuric acid.
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Figure 3. Cyclic voltammograms of (a) 0.1 M VO2+ in 1 M, 3 M and 5 M H2SO4 and (b) 0.1 M VO2+ in
the same acid concentrations on a glassy carbon electrode. All CVs shown were collected at 50 mV/s
starting at open circuit potential (ca. 0.55 V) progressing in the anodic direction first. All CVs shown
were the 50th scan of each experiment to attain a steady-state CV. Intermediate SOCs (not shown) had a
total vanadium concentration of 0.1 M.

Using the Randles-Sevcik equation for irreversible redox reactions [45,46], the translational
diffusion could be predicted from the first CV scan of a series, when the VO2+ concentration at the
electrode is the same as that in the bulk and is known:

iirrev
p = ±0.496(αn′)

1
2 nFAC

(FDυ
RT

)1/2
(5)

where n’ is the number of electrons transferred before the rate determining step. The average diffusion
coefficient determined for each of the electrolyte solutions is listed in Table A1 and is similar to the
values calculated using EPR.

Assuming α = 0.5, those determined diffusion coefficients (D) and the peak potential
difference (∆Ep), the standard heterogeneous rate constant (k0) can be determined by employing
the relationship of Klingler and Kochi [46]:

k0 = 2.18
[DανnF

RT

]1/2
exp

[
−

(
α2nF
RT

)(
Eox

p − Ered
p

)]
(6)

This method is similar to the commonly used method of Nicholson and Shane [47,48] but is more
appropriate for the larger values of ∆Ep (and therefore lower values of k0) which are observed here for
the lower H2SO4 concentrations. As Figure 4 illustrates, the rate of the electrochemical step on glassy
carbon approximately increases by an order of magnitude as H2SO4 concentration is increased for the
three H2SO4 concentrations probed.
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Figure 4. Rate (k0) as a function of state of charge as determined from the CVs using Equation (6).

Interestingly, there is no consistent trend in k0 as a function of SOC across the three series.
In 1 M H2SO4, the rate is the slowest, which is consistent with poor kinetics for low acid content [18].
This can be explained by Le Chatelier’s Principle and Equation (4), where H+ is produced during the
anodic reaction (forward arrow) and consumed during the cathodic reaction. The difference in the
rates with SOC is largely due to changes in the peak position of the cathodic peak. In 5 M H2SO4,
the cathodic peak for all SOCs is at a more reversible potential than the peaks seen in 1 M H2SO4.
Through modeling and Tafel slope fitting, Gatrell et al. [44] suggested that the V5+ to V4+ reaction
occurs through a CEC (chemical, electrochemical, chemical) mechanism close to the reversible potential
and shifts to a ECC (electrochemical, chemical, chemical) mechanism as the overpotential increases.
The different behavior of the cathodic peak at 1 M and 5 M H2SO4 could be an effect of a shift from
CEC mechanism dominating at 5 M and the ECC mechanism occurring in 1 M.

2.3. Uptake of Vanadium in Nafion Membrane

Figure 5a shows VO2+ uptake in the Nafion membranes upon exposure to the different electrolyte
solutions. The uptake decreases with increased acid concentration, as shown in Figure 5d. It also
decreases linearly with SOC, consistent with the decrease in concentration of VO2+ in the solution.
Also plotted in Figure 5a is the VO2+ uptake when the membranes were exposed to solutions of VO2+

with concentrations consistent with the VO2+ concentration for a particular SOC. For example, the
40% SOC solution contains 0.06 M VO2+ and 0.04 M VO2

+. The comparison solution contains only
0.06 M VO2+. The presence or absence of VO2

+ from the soaking material does not have an effect on
the amount of VO2+ that is absorbed into the membrane.

Figure 5b shows VO2
+ uptake in the Nafion membranes upon exposure to the different electrolyte

solutions. The uptake decreases with increased acid concentration, shown in Figure 5d. It also
increases fairly linearly with SOC, consistent with the increase in concentration of VO2

+ in the solution.
Also plotted in Figure 5b is the VO2

+ uptake when the membranes were exposed to solutions of
VO2

+ with concentrations consistent with the VO2
+ concentration for a particular SOC. Similar to

the VO2+, the presence of VO2+ does not have a significant effect on the amount of VO2
+ absorbed into

the membrane.
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+ per sulfonate group in Nafion

vs. SOC, (c) total vanadium per sulfonate group in Nafion vs. SOC and (d) vanadium per sulfonate
group as a function of H2SO4 concentration for both 0.1M VO2+ and VO2

+ (0 and 100 SOC). In all cases,
the Nafion had been equilibrated in the appropriate solution then subsequently leeched out of the
membrane by soaking in 5% HNO3 and analyzed by EPR. Data in (a) and (b) that indicate “VO2

+

absent” and “VO2+ absent” were prepared with the appropriate concentration of each vanadium while
omitting the other.

In general, VO2+ absorbs more readily into the membrane than VO2
+. However, this effect is more

pronounced at lower H2SO4 concentrations. At low H2SO4 concentrations, VO2+ has been observed to
absorb into the membrane substantially [21]. In Figure 5c, the total vanadium in the membrane with
SOC shows that there is a significant decrease in the total vanadium content at 1 M H2SO4 as SOC
increases, but this change essentially disappears at 3 and 5 M sulfuric. It is an interesting observation
that the relationship between VO2

+ and the membrane is not affected by the pH the way VO2+ is.
The permeability of the VO2+ and VO2

+ is calculated using the following equation:

C(t) = Ct=∞ + (Ct=0 −Ct=∞)e
−PAt

Vl (7)

The concentrations here reflect the concentration of the particular vanadium species at the given
state of charge considering that the total vanadium concentration in this study is 0.1 M. The total
vanadium permeability combines the results of the two ions. Figure 6 shows the permeability of VO2+

(Figure 6a), VO2
+ (Figure 6b) and the total vanadium permeability (Figure 6c). The VO2+ permeability

is not significantly altered by state of charge (data is flat in Figure 6) but it does increase with lower
acid concentration. Similar results were observed for VO2

+ except the permeability of VO2
+ is lower

than VO2+ in 1 M sulfuric acid, consistent with the patterns of uptake. In 3 and 5 M sulfuric acid, the
permeability rates are similar for both ions. This leads to the total vanadium permeability being fairly
consistent with SOC in 3 M and 5 M H2SO4. However, a linear decrease is observed in 1 M sulfuric acid
as SOC increases. Because the concentration is accounted for in the permeability, the overall crossover
of VO2

+, for example, is lower at low SOCs and increases with SOC even though the permeability
remains consistent.
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Two important factors that govern the permeability are the diffusion of the vanadium ions in the
membrane and the amount of each ion that is able to absorb into the membrane, determined from the
uptake measurements. This relationship is described by the following equation:

DT =
P
K

(8)

where P is permeability and K is the partitioning coefficient. Partitioning describes the concentration
of VO2+ or VO2

+ in the membrane versus the concentration of the solutions. In general, vanadium
diffusion in the membrane is about an order of magnitude lower than the vanadium diffusion in the
bulk solution. Both partitioning and solvent uptake decrease with increasing H2SO4 concentration
but remain fairly unchanged with SOC. The results of translational diffusion and partitioning in the
membrane are listed in Table A2 (in Appendix A).

3. Materials and Methods

3.1. Preparation of Electrolyte Solutions

Electrolyte stock solutions were prepared from crystalline vanadium (IV) oxide sulfate hydrate
(Sigma Aldrich, St. Louis, MO, USA) in sulfuric acid (Sigma Aldrich, St. Louis, MO, USA). Sulfuric acid
solutions at the target concentrations of 1.0, 3.0, and 5.0 M were titrated with standardized NaOH to
verify concentration; the actual titrated H2SO4 concentrations were 1.0, 3.0, and 4.9 M. Stock electrolyte
solutions at each acid concentration were then prepared to consist of 1.0 M VOSO4·xH2O (x = 3.04 via
the certificate of analysis). To prepare the charged vanadium (V) oxide solutions, a flow battery cell [49],
with equal 50 mL volumes of 1.0 M VO2+ electrolyte solution as the anolyte and catholyte, was held at
1.8 V for approximately 24 h [21]. This yielded 50 mL of 1.0 M VO2

+ and 50 mL of 1.0 M V3+, the latter
of which was not used in the experiment below. The charged 1.0 M VO2

+ stock electrolyte solutions
were prepared at each of the 1.0, 3.0, and 5.0 M H2SO4 concentrations.

Electrolyte solutions for the experiments below were prepared from the stock 1.0 M VO2+ and
1.0 M VO2

+ electrolyte solutions. Mixing appropriate ratios of the stock electrolytes enabled the
preparation of solutions at various state of charge (SOC) percentages from 0% (all VO2+) to 100%
(all VO2

+). The electrolyte solutions were then diluted with H2SO4 of corresponding concentration to
achieve the desired total vanadium concentration.

3.2. Electron Paramagnetic Resonance (EPR) Measurements

Vanadium in the 4+ oxidation state, VO2+, has a single unpaired electron and therefore is EPR
active. The characteristic 7-peak EPR signal for VO2+ can be analyzed quantitatively to determine
vanadium concentration. Because relatively low concentrations of vanadium are analyzed in the
following experiments, the signal peak widths remain narrow so the intensity of the maximum
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(third) peak can be used for quantification, rather than the double integration necessary at higher
concentrations. For the membrane uptake experiments, VO2+ standards ranging from 0.098 to 25 mM
were prepared in nitric acid (5% by mass, TraceMetal Grade, Fisher Scientific, Fairlawn, NJ, USA). For the
crossover/diffusion cell experiments, VO2+ standards ranging from 0.098 to 100 mM were prepared
at each of the four H2SO4 concentrations. A 50 µL sample of each standard was sealed in a quartz
capillary tube (Hirschmann, Eberstadt, Germany) and measured on the EPR (Freiberg Instruments
Magnettech MiniScope MS-5000 EPR with ESRStudio Software, Berlin, Germany). Calibration curves,
with the EPR signal intensity of the third peak on the x-axis and VO2+ concentration on the y-axis,
were fitted using a quadratic function to account for the very subtle broadening at the upper end of the
concentration range. The calibration curve equations were then used to determine VO2+ concentration
from EPR measurements taken for the 50 µL capillary tube samples of electrolyte solutions collected
during the experiments.

Electrolyte solutions at SOC above 0% also contain VO2
+, vanadium in the 5+ oxidation state.

This species is not paramagnetic and thus not EPR-active, so the VO2
+ in each of these solutions were

converted to EPR-active VO2+ in order to determine the concentration. After collecting an initial 50 µL
capillary tube sample to measure the existing VO2+ concentration via EPR, 0.5 mL the electrolyte
solution was transferred to a plastic centrifuge vial (1.5 mL volume, VWR International, Radnor, PA,
USA). An excess (10 µL) of 1.0 M potassium iodide (Sigma Aldrich, St. Louis, MO, USA) was then
added to the vial to reduce VO2

+ to VO2+.

2VO2
+ + 2I− + 4H+

→ 2VO2+ + I2 + 2H2O (9)

The reaction proceeds quickly, so after a minimum of 30 min a 50 µL volume of the reduced
solution was sealed in capillary tube and the EPR measurement taken. The resulting EPR spectrum
represents the total concentration of vanadium (the sum of existing VO2+ and reduced VO2

+) in a
given electrolyte solution. The VO2

+ concentration in the solution was determined by subtracting the
VO2+ concentration, as previously determined, from the total vanadium concentration.

The SOC solutions were deoxygenated by bubbling with hydrated nitrogen for 1 h. Samples were
sealed in a capillary. Measurements were collected on an x-band EPR (Magnettech 5000 miniscope) at
25–45 ◦C and at −180 ◦C. The spectra were fitted using Easyspin [50,51].

3.3. Membrane Pre-treatment

The Nafion 117 membrane (FuelCellStore, College Station, TX, USA) used in the experiments was
pretreated to ensure consistent initial conditions. After cutting to the appropriate size, the membrane
was heated in a beaker of MilliPore deionized water (18.2 MΩ·cm, Millipore Sigma, Burlington, MA,
USA) at 80 ◦C for 1 h, followed by heating in 5.0 M H2SO4 at 80 ◦C for 1 h. The membrane was then
rinsed with deionized water and stored in a sealed container of deionized water at room temperature
until use.

3.4. Membrane Uptake Experiments

Nafion 117 membrane was cut into 25-mm-wide strips and pretreated as described in Section 3.3
Membrane Pretreatment. The pretreated membranes were dried in a vacuum oven overnight at 40 ◦C.
The large strips were then cut into smaller 3.0 mm × 25 mm samples and placed into individual
1.5 mL plastic centrifuge vials (VWR International, Radnor, PA, USA). The dry mass of each membrane
was measured with an analytical balance (XS 105 Dual Range, Mettler-Toledo, Columbus, OH, USA),
working quickly to minimize exposure of the membrane to atmospheric moisture when removed from
the centrifuge vial. The membranes were then soaked in electrolyte solutions, a 1.5 mL volume of
which was added to each centrifuge vial, for at least 72 h at room temperature to establish uptake
equilibrium. The different electrolyte solutions were prepared with SOC percentages of 0%, 20%, 40%,
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60%, 80%, and 100%; total vanadium concentrations of 0.02, 0.04, 0.06, 0.08, and 0.1 M; and H2SO4

concentrations of 1.0, 3.0, and 5.0 M.
After equilibration in the electrolyte solutions, each membrane sample was removed from its

centrifuge vial, the surface wiped dry with a Kimwipe and the mass of each soaked membrane
was also measured on the analytical balance. The membranes were then transferred into clean,
labeled centrifuge vials containing 1.5 mL nitric acid at (5% by mass, TraceMetal Grade, Fisher Scientific,
Fairlawn, NJ, USA). Another 72-h equilibration period allowed for the vanadium contained within the
membranes to leach out into the HNO3 soak solution. The VO2+ and VO2

+ concentration in the soak
solutions were measured by EPR.

3.5. Crossover/Diffusion Cell Experiments

Nafion 117 membrane was cut into a 4cm x 4cm square and pretreated as described in Section 3.3
(Membrane Pretreatment). The pretreated membrane was clamped between the two halves of a 15 mm
Side-Bi-Side glass diffusion cell with 10 mL volumes (PermeGear, Hellertown, PA, USA). A circulating
water bath was flowed through the outer jacket of the diffusion cell to maintain a temperature of
25 ◦C during all experiments, and magnetic stir bars in each side of the cell were used to prevent the
formation of a concentration gradient. Before and after each diffusion experiment, both sides of cell
were filled with 10 mL of H2SO4 to equilibrate the membrane. After removing the equilibration acid,
experiments were conducted by inserting 10 mL of an electrolyte solution into one side of the cell and
a 10 mL “blank,” pure H2SO4 of the same concentration as the electrolyte, into the opposite side of
the cell. Electrolyte solutions were prepared at 0.1 M total vanadium concentration, SOC percentages
of 0%, 20%, 40%, 60%, 80%, and 100%, and H2SO4 concentrations of 1.0, 3.0, and 5.0 M.

Over a run time lasting up to 4250 min, 50 µL samples were removed at recorded time intervals
from the sampling port on the “blank” side of the diffusion cell. The samples, sealed in capillary tubes,
were measured on the EPR for VO2+ quantification.

For the 20% through 100% SOC solutions, an additional 0.5 mL sample was taken at the end of the
diffusion experiment and transferred to a clean centrifuge vial. The procedure outlined in Section 3.2
(EPR Measurements) was followed to determine the VO2

+ concentration.

3.6. Cyclic Voltammetry (CV) Experiments

Electrolyte solutions were prepared with 0.1 M total vanadium, SOC percentages of 0%, 20%,
40%, 60%, 80%, and 100%, and H2SO4 concentrations of 1.0, 3.0, and 5.0 M. Ultra-high-purity argon
gas (Airgas, Radnor, PA, USA) was hydrated and bubbled for at least 30 min to degas the solutions
prior to the CV experiments. Approximately 25 mL of a degassed solution was poured into a 50 mL
glass beaker fitted with a Teflon cap with ports, through which the three electrodes were inserted into
the solution. The working electrode, a glassy carbon electrode with a 3.0 mm diameter (BASi, West
Lafayette, IN, USA), was pretreated by polishing with 0.05 µm alumina slurry (Electron Microscopy
Sciences, Hatfield, PA, USA) followed by sonication in deionized water. The counter electrode was a
platinum mesh spot welded to a platinum wire, and the reference electrode was a Ag/AgSO4 reference
electrode (saturated K2SO4, Koslow Scientific, Englewood, NJ, USA). A glass tube hovering above the
surface of the electrolyte solution supplied a gentle stream of hydrated ultra-high purity argon gas to
blanket the electrolyte.

The electrodes were connected to a low-current probe differential electrometer on the Bio-Logic
SP-300 Potentiostat (with Bio-Logic EC-Lab software, Seyssinet-Pariset, France). Cyclic voltammograms
for each electrolyte solution were collected using potential limits of −0.70–1.10 V versus Ag/AgSO4

and scan rates of 50, 25, 15, and 10 mV/s. To allow for equilibration to occur in the solution, fifty
cyclic voltammograms were collected at 50 mV/s, five at 25 mV/s, five at 15 mV/s, and two at 10 mV/s;
only the final cyclic voltammogram at each scan rate was used for analysis except for Randles-Sevcik
analysis (Equation (5)) as described above.
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The experiments were conducted in a Faraday cage to prevent electrical interference. Between each
CV experiment, the electrodes, beaker, and cap were rinsed with deionized water and dried thoroughly.

4. Conclusions

The VO2+/VO2
+ redox couple was studied as a function of state of charge (SOC) at 1, 3 and 5 M

H2SO4 concentrations by EPR, cyclic voltammetry and gravimetric techniques. Vanadium species
crossover through Nafion membranes was also studied by EPR, diffusion cell measurements and
gravimetric methods. EPR data show that SOC has a minimal impact on the EPR line shape and
only reflects the decreasing signal intensity as VO2+ concentration decreases. Cyclic voltammetry
measurements show no major changes in the reaction mechanism with respect to SOC, but possible
changes when the H2SO4 concentration is varied. The electron transfer rate determined from the
CV analysis was shown to be largely constant as SOC changes except at low SOC. However, H2SO4

concentration significantly affects the rate by increasing an order of magnitude for each of the three
H2SO4 series investigated.

Vanadium uptake measurements show that the amount of VO2+ or VO2
+ that absorbs into the

membrane is dependent on concentration, but it is not affected by the presence of the other redox
partner. More VO2+ absorbs into the membrane than VO2

+, but the difference decreases significantly
with increased H2SO4 concentration. The crossover of the vanadium species through the membrane is
related to the uptake, as the ions have to absorb into the membrane to cross through. Permeability is
reduced with increased H2SO4 concentration but is not affected by SOC. The permeation and uptake
measurements combined allow for a calculation of vanadium diffusion in Nafion, which is about an
order of magnitude smaller than the diffusion in the bulk solution.
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Appendix A

Table A1. Translational diffusion coefficient determined from EPR and Cyclic Voltammetry as a function
of H2SO4 concentration and SOC.

[H2SO4] (M) SOC (%) VO2+ DT, Solution,
EPR, (m2s−1) ×1010

VO2+ DT, Solution, CV,
(m2s−1) ×1010

1 0 6.03 3.20
1 20 6.02 2.97
1 40 5.91 2.88
1 60 5.92 2.95
1 80 6.06 3.15
1 100 - -
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Table A1. Cont.

[H2SO4] (M) SOC (%) VO2+ DT, Solution,
EPR, (m2s−1) ×1010

VO2+ DT, Solution, CV,
(m2s−1) ×1010

3 0 4.19 2.18
3 20 4.20 2.01
3 40 4.07 1.88
3 60 4.22 1.81
3 80 4.18 2.60
3 100 - -
5 0 3.44 1.52
5 20 3.34 1.96
5 40 4.05 1.72
5 60 3.49 1.52
5 80 3.48 1.46
5 100 - -

Table A2. Partition and translational diffusion coefficients for VO2+ and VO2
+ in the membrane.

SOC
(%)

VO2+ Partition
Coefficient

VO2
+ Partition

Coefficient

Mass of Absorbed
Solvent per Gram of

Membrane

VO2+ DT,
Membrane

(m2s−1) × 1011

VO2
+ DT,

Membrane
(m2s−1) × 1011

1 M H2SO4

0 3.18 - 0.103 2.38 -
20 3.44 0.377 0.106 2.09 3.20
40 3.75 1.35 0.0951 2.18 2.51
60 3.88 1.28 0.0926 1.86 2.94
80 3.87 1.30 0.101 2.02 3.12
100 - 1.24 0.103 - 3.09

3 M H2SO4

0 0.836 - 0.0946 1.06 -
20 1.01 0.613 0.0826 0.865 1.32
40 1.11 0.802 0.0742 0.802 1.07
60 0.790 0.817 0.0911 1.14 1.11
80 0.740 0.840 0.0837 1.15 1.10
100 - 0.64 0.0878 - 0.996

5 M H2SO4

0 0.615 - 0.0764 0.551 -
20 0.780 0.164 0.0660 0.497 2.12
40 0.433 0.604 0.0924 0.958 0.768
60 0.574 0.530 0.0725 0.913 1.53
80 0.360 0.643 0.0707 1.31 0.536
100 - 0.552 0.0782 - 0.375

Note: partition coefficients are dimensionless quantities as calculated by mol kg−1/mol kg−1.

Table A3. List of terms and symbols.

Term/Symbol Definition

A Electrode area, cm2

Co Bulk Concentration, mol m−3

DR Rotational diffusion, s−1

DT Translational diffusion, m2 s−1

Eox
p Anodic peak potential, V

Ered
p Cathodic peak potential, V

Esw,a Anodic switching potential, V
Esw,c Cathodic switching potential, V

F Faraday’s constant, C mol−1

i Current, Amperes
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Table A3. Cont.

Term/Symbol Definition

ip,a Anodic peak current, Amperes
ip,c Cathodic peak current, Amperes
K Partitioning coefficient, a.u.
kB Boltzmann Constant, kg m2 s−2 K−1

k0 Rate constant, cm s−1

n Moles
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