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JES FOCUS ISSUE ON REDOX FLOW BATTERIES—REVERSIBLE FUEL CELLS

Processing and Pretreatment Effects on Vanadium Transport
in Nafion Membranes
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aJoint Center for Energy Storage Research
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This work describes how manufacturing processes and pretreatments affect the proton conductivity and vanadyl permeability of
Nafion R© and how these properties are altered by running in a cell. Five Nafion membranes were examined: reinforced XL100,
dispersion cast NR211 and NR212, and extruded N115 and N117. The membranes were subjected to pretreatments that included
annealing at 120◦C and immersing in ambient temperature and boiling water and sulfuric acid. Vanadyl permeability varied by ∼15X
with pretreatment and ∼3X with manufacturing process. Variations in ionic conductivity were comparatively modest: ∼1.5X with
pretreatment and ∼1.2X with processing. Differences in permeability can be eliminated by annealing the extruded membranes above
their glass-transition temperature or by immersing in boiling sulfuric acid. The differences induced by processing and pretreatments
were largely absent from membranes removed from vanadium redox cells subjected to repeated charge/discharge cycles.
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Perfluorosulfonic-acid (PFSA) membranes like Nafion are com-
monly used as separators in vanadium redox flow batteries (VRFBs)
because they have high proton conductivity, low hydraulic permeabil-
ity, and are stable in harsh oxidizing and corrosive environments.1–3

Nafion has been widely tested in VRFBs; however, reported transport
properties and cell performances vary significantly.4–13 One possible
explanation for property differences is that thin Nafion membranes
like NR212 are dispersion cast while thicker membranes like N117
are extruded.14 Another possible reason is that membranes in differ-
ent studies were subjected to different treatments prior to testing, such
as soaking in water4–6,8,9 or immersion in boiling acid.7 There has
not been a systematic study to understand the effects of manufactur-
ing processes and pretreatment protocols on the transport properties of
Nafion membranes relevant to VRFBs, although it has been previously
established that the morphology, and consequently transport proper-
ties, of Nafion are sensitive to processing conditions.15–18 Reinforced,
cast, and extruded Nafion were subjected to various pretreatment pro-
tocols and characterized in terms of vanadyl permeability and ionic
conductivity in this work to close this gap in the literature.

The concept of selectivity is widely employed in the field of mem-
brane separations to describe performance.19–22 We introduce the fol-
lowing definition of selectivity to quantify this relationship:

αV 4 = κRT

F2 PV 4cV 4
[1]

The variables are defined as follows: αV4 is the dimensionless selec-
tivity of protons over vanadyl ions VO2+, κ is the conductivity in
S/m, R is the universal gas constant in J · mol−1 · K−1, T is the ab-
solute temperature in K, F is the Faraday constant in C mol−1, PV4

is the permeability of VO2+ in m2 · s−1, and cV4 is the concentration
of VO2+ in the solution adjacent to the membrane. The dimension-
less selectivity can be regarded as the product of proton diffusivity
and concentration divided by the product of vanadyl (VO2+) diffu-
sivity and concentration. A thin membrane with high selectivity will
yield both low ohmic losses and low parasitic crossover of vanadium.
Implicit in equation 1 is that diffusion is the primary mechanism of
vanadium transport, which is a useful starting point especially at low
current densities.23 Although four vanadium ions V2+, V3+, VO2+,
and VO2

+ are present in a VRFB, focusing on a single ion is sufficient
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to observe trends caused by membrane treatments and exposure to the
cell environment.

Interpreting the magnitude of the selectivity is not intuitive. How-
ever the selectivity can be related to the energy efficiency of a flow
battery. One can show that the maximum energy efficiency of a flow
battery depends on selectivity (see Appendix, the subscript V4 has
been dropped):

εe,r t =
⎛
⎝1 −

√
φRT (1 + τ)

(
1 + τ−1

)
αFU

⎞
⎠

2

[2]

This expression can be used to calculate the maximum efficiency of a
flow battery as a function of temperature T, ratio of charge to discharge
times τ, selectivity of the limiting component α, and open-circuit po-
tential U; provided the area-specific resistance is dominated by the
membrane (if this is not the case, then divide α by 1 + R0κ/ l, where
Ro is the sum of other contributions to the area-specific resistance
and l is the thickness of the membrane). The proportionality constant
φ depends on the reactions associated with crossover and the charge
carried by the particular species for which α is defined, V4 in this
case. For a VRFB with equal fluxes of all vanadium species across
the membrane φ = 4.23 Equation 2 applies when polarization is linear
and parasitic crossover occurs by diffusion. Interestingly the maxi-
mum efficiency is independent of membrane thickness when Ro = 0.
The energy inefficiency, 1-εe,rt, which is easier to compare when the
efficiency is near 100% as used in this work.

Experimental

Membrane treatment.— Commercial Nafion membranes were pur-
chased from Ion Power Inc. (DE, USA). XL100 is a thin, fiber-
reinforced membrane (∼25 μm), NR211 and NR212 are dispersion
cast, and N115 and N117 are extruded.14 Vanadyl sulfate (VOSO4,
99.9%) and magnesium sulfate (MgSO4, anhydrous, >99.5%) were
purchased from Alfa Aesar (MA, USA). Sulfuric acid (H2SO4, 95.0–
98.0 w/w %) was purchased from Fisher Scientific (PA, USA). The
VOSO4 solutions were filtered before use. Other chemicals were used
as received. Pretreatment methods are described in Table I. All mem-
branes were tested immediately after pretreatment.

Water uptake.— Water uptake was measured by soaking Nafion
membranes in de-ionized water at ambient conditions for at least
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Table I. Nomenclature and brief description of membrane
pretreatments.

Nomenclature Pretreatment

As received Used without any treatment
Water treated Soaked in deionized (DI) water for 3 days
Electrolyte treated Soaked in 1.5 M VOSO4 / 2.6 M H2SO4

solution for 3 days
Boiled Boiled in 0.5 M H2SO4 solution for 2 hours

and then in DI water for 2 hours
Heat treated Heated in an oven at 120◦C for 3 days in air

3 days. The hydrated membranes were periodically weighed until
a constant wet mass (mh) was obtained. Lint-free tissue paper was
used to wipe the membrane surface to remove water droplets before
weighing. Then, the hydrated membranes were dried under vacuum
at 110◦C for at least 2 days. Samples were periodically weighed
until a constant dry mass (md) was obtained. The equilibrium volume
fraction of water in the hydrated membranes (φW ) was calculated as
follows:

φW = (mh − md ) /ρW

(mh − md ) /ρW + md/ρP
[3]

where ρp is the density of dry membrane and ρw is the density of water,
1.0 g/cm3. The density of dry Nafion was taken as 2 g/cm3 based on
literature.24

Ionic conductivity.— Ionic conductivity was measured in a Fuel
Cell Test System (Series 890B, Scribner Associates Inc., NC, USA)
by impedance spectroscopy using a Solartron 1255B Frequency Re-
sponse Analyzer coupled with a Solartron SI 1287 Electrochemical
Interface. The impedance was recorded in the frequency range from
1 MHz to 1 Hz with a perturbation current amplitude of 0.5 mA.
The membrane was embedded in a four-point-probe conductivity cell
(BekkTech #BT-112, BekkTech LLC, CO, USA) with platinum mesh.
Droplets on the surface of treated membranes were wiped off with
tissue paper before assembly. A fully-humidified mixture of 4 vol.%
hydrogen in nitrogen was purged through the cell at a flow rate of
0.25 L/min to control humidity. Measurements were conducted at
25◦C and 100% relative humidity after equilibrating for 2 h. The ionic
conductivity, κ, was calculated as follows:

κ = l

RS
[4]

where l is the distance between the two central probes of the con-
ductivity cell, S is the area of a membrane cross section, and R is
the resistance calculated with ZPlot and ZView software (Scribner
Associates Inc., NC, USA).

Vanadyl permeability.— Vanadyl permeability was measured us-
ing a dual-chamber, direct-permeation cell (Side-Bi-Side Cells,
PermeGear Inc., PA, USA) by a method similar to that described
in the literature.19,25 The membrane was clamped between the two
chambers to prevent leaks. The volume, V, of solution added to each
chamber was 45 mL, and the area available for mass transport (defined
by the circular openings of the permeation cell) was 1.77 cm2. The
donor chamber was initially filled with a solution containing 1.5 M
VOSO4 and 2.6 M H2SO4, and the receiver chamber was initially filled
with a solution containing 1.5 M MgSO4 and 2.6 M H2SO4. These
solutions have equal ionic strengths which minimizes differences in
osmotic pressure. The temperature was maintained at 25◦C by water
circulating through the outer jacket of the permeation cell. A magnetic
stir bar was placed in each chamber to ensure good mixing of the solu-
tions. Samples (5 mL each) were taken at regular time intervals from
the receiver chamber to determine vanadium concentration, and 5 mL
of 1.5 M MgSO4/2.6 M H2SO4 solution was added to the receiver
chamber after sampling to maintain a constant solution volume. The

vanadium concentration was measured using a Gary 5000 UV-vis-
NIR spectrometer (Varian Inc., CA, USA). The characteristic absorp-
tion of VOSO4 in UV-vis analysis was selected at the wavelength of
248 nm. The vanadium concentration in the receiver cell was less than
10 mM in all cases, and the UV-Vis response was linear within this
concentration range at 248 nm. Within this low concentration range
we found the absorption at 248 nm to be more sensitive than the re-
sponse obtained at 700–750 nm, which is the wavelength commonly
used for higher concentrations.

Applying Fick’s First Law of diffusion26 and material balances on
both chambers, vanadyl permeability, P, can be defined as follows:27

V
d cR (t)

d t
= P

A

d
[cD (t) −cR (t)] = P

A

d
[(cD (0) −cR (t)) −cR (t)]

≈ P
A

d
[cD (0) − cR (t)] [5]

where cR(t) is the vanadyl concentration at time t in the receiver
chamber, and cD(0) is the initial vanadyl concentration in the donor
chamber. Equation 5 applies when the concentration profiles in the
membrane are fully developed. The approximate form on the right is
arrived at by ignoring concentration changes in the donor chamber
and is frequently applied in the literature.5,9,28 The exact version of
Equation 5 can be integrated to give:

P = − V d

At
ln

(
1 − 2 · CR (t)

CD (0)

)
[6]

The vanadyl permeability was calculated using Equation 6 in this
study. The permeability differs from the diffusion coefficient primarily
because it is based on the concentrations in the bulk solutions adjacent
to the membrane, not the concentrations in the membrane.

VRFB cell testing.— VRFB cell testing was done with electrolyte
solutions containing 1.5 M vanadium (VOSO4 hydrate, Alfa Aesar,
99.9% on a metals basis) and 4.1 M total sulfate (Fisher-Scientific 95–
98% H2SO4, diluted with de-ionized water). The positive and negative
electrolytes were prepared by charging solutions initially consisting
of VOSO4 (VO2+ denoted V4) in H2SO4. The first charge yields V3+

(V3) and VO2
+ (V5). The positive solution was then discarded and

replaced with VOSO4 and the cell was then charged again to yield V2+

(V2) and V5. The masses of the positive and negative electrolytes after
all preparatory steps were 90 g and 100 g, respectively. The electrolytes
were fed to the cell at 120 ml/min with peristaltic pumps. Temperature
was not controlled, and was approximately 20◦C. Both storage vessels
were purged with nitrogen. Each cell had interdigitated flow fields on
both sides, and an active area of 23 cm2. All cells contained identical
carbon-paper electrodes that were heat treated in air at 400◦C for 30 h
in order to increase catalytic activity. The heat-treatment resulted in
approximately 1.5% mass loss. The areal specific mass of carbon was
between 12 and 14 mg/cm2 on both sides. Cells were cycled between
0.7 V and 1.65 V at several current densities using a battery tester
from Arbin Instruments. All cell tests lasted about ∼200 h.

Results and Discussion

This section begins with a summary of permeability and conduc-
tivity measurements on cast, extruded, and reinforced Nafion mem-
branes subjected to the five treatments listed in Table I. The selectivi-
ties and associated energy inefficiencies calculated from these values
are then presented and discussed. This is followed by an examina-
tion of how transport properties were altered by operation in a cell.
The transport properties of membranes were measured before and af-
ter charge/discharge cycling in a cell. Finally the impact of lengthy
immersive treatments on permeability is examined to distinguish the
effects of cycles from the effects of time.

Permeability and conductivity of membranes after various
pretreatments.— The permeabilities of vanadium through the five
different Nafion membranes subjected to the five pretreatments in
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Table II. Vanadyl permeability of different Nafion membranes with various pretreatments.

∗Estimated from as-received samples by assuming that heat-treatment did not alter membrane properties, which is
consistent with the results for NR212.

Table I are shown in Table II; errors are included when the measure-
ments were repeated. Repeated measurements were deemed unnec-
essary for all samples, since the errors were sufficiently small in the
samples that were repeated. The results are colored red, yellow, or
green based on magnitude, with green being the best or lowest. The
final row gives ratios of maximal to minimal permeability for differ-
ent membranes subjected to the same treatment. Similarly, the final
column gives ratios of maximal to minimal permeability for the same
membrane subjected to different treatments. Permeability varies by
a factor of 12.6 to 19.9 with pretreatment and 1.2 to 3.4 with man-
ufacturing process. The permeabilities of all of the membranes are
similar and low after heat-treatment, and similar and high after im-
mersion in boiling sulfuric acid and water. The extruded membranes
have consistently higher permeabilities than the cast membranes when
subjected to the other three treatments. The difference is largest in the
as-received state, smaller after soaking in electrolyte, and smallest
after soaking in water.

Water uptake was measured for the as-received and boiled mem-
branes and volume fractions of water in the hydrated membranes
are shown in Table III as an indicator of fractional free volume in
the swollen polymer matrix. Water molecules serve as plasticizers
in PFSA membranes because they enlarge the free volume within
the polymer matrix, which is evident from the large amount of
swelling that occurs when these membranes are equilibrated with
aqueous solutions.2,29 This increase in free volume increases salt
permeability.30,31 Immersing the membranes in boiling sulfuric acid
results in additional swelling, since the plasticized membrane is also
subjected to a temperature close to the glass-transition temperature of
dry Nafion ionomer (110 to 120◦C32). This pretreatment effectively
overwrites the thermal history of the membranes, and leads to the
opening of large continuous hydrophilic pathways, which were pre-
viously isolated free-volume voids connected by tiny channels.18 The
order-of-magnitude increase in vanadyl permeability of the boiled
membranes occurs because the transport of salts through these mem-
branes is taking place within a free volume and morphology that is
substantially altered relative to the as-received membranes.16

Table III. Volume fraction of water in hydrated Nafion
membranes.

N115 is manufactured by extrusion and quenching at ambient con-
ditions, which should result in a high degree of amorphous structure.33

This morphology has a larger fractional free volume, which presum-
ably explains the high permeability of the as-received N115 compared
to as-received cast membranes. A heat-treatment conducted close to
the glass-transition temperature of the ionomer acts as an anneal-
ing process during which the polymer matrix is reoriented and crys-
tallinity increases. This reorientation leads to a reduction in the free
volume,17 which results in decreased vanadium permeability. Substan-
tial changes were not observed with NR212, because the dispersion-
casting manufacturing process involves drying at high temperature
that result in a less amorphous polymer matrix, which is similar to
the polymer after thermal treatment. Heat treating NR212 and N115
for 10 days (not shown) gave substantially the same results as heat
treating for 3 days. Furthermore, heat treating NR212 and N115 after
either soaking in water or boiling solutions (not shown) gave perme-
abilities matching the heat-treated values shown in the second column
of Table II.

Table IV reports the ionic conductivities of the different Nafion
samples. The table has the same format as Table II, with green in-
dicating high conductivity. Clearly, the conductivity varies less with
both treatment and manufacturing process than vanadyl permeability.
The substantial morphology differences induced by processing have
less impact on proton movement than vanadyl movement. The con-
ductivity, like the permeability, is more sensitive to pretreatment than
manufacturing process. The ranking of the conductivities is nearly
the inverse to the ranking of permeabilities, which is not surprising
given that the conductivity is proportional to the diffusion coefficient
of protons, and high conductivity is favorable while high vanadyl
permeability is unfavorable.

Table V shows selectivities calculated for the different membranes.
The selectivities can be divided into the same three categories as the
permeabilities as indicated by the coloring. Comparing the variability
of ionic conductivity and vanadyl permeability, it is readily apparent
that the variability of the selectivity is dominated by vanadyl perme-
ability. Selectivity varies > 10X for treatment and < 3X for manu-
facturing. The selectivities of all membranes are best and similar after
heat treatment; and worst and similar after immersion in boiling sul-
furic acid. Thus, both of these treatments eliminate differences caused
by manufacturing, but heat-treatment gives 10X better selectivity. The
dispersion-cast membranes are better than the extruded membranes
in the as-received state and this order continues after treatment in
room temperature electrolyte. Exposure to room temperature water
causes the selectivities to worsen and the distinction between cast and
extruded membranes to diminish.

Table VI shows the minimum energy inefficiencies for hypothetical
VRFB cells having the selectivities in Table V, τ = 1, and φ = 4. The
minimum inefficiency ranges from 1.5% to 5.6%. The heat treated
samples would be the most efficient while the boiled samples would be
the least efficient, if these properties remained stable during operation
in a VRFB cell.
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Table IV. Ionic conductivity of different Nafion membranes with various pretreatments.

∗Estimated from as-received samples by assuming that heat-treatment did not alter membrane properties, which is
consistent with the results for NR212.

Table V. Selectivities of different Nafion membranes subjected to various pretreatments.

Table VI. Minimum energy inefficiencies of VRFBs with selectivities in Table V.

Figure 1 shows the selectivity of heat-treated, as-received, and
boiled NR212 and N115 before and after charge/discharge cycling in
a VRFB cell. Table VII contains the selectivities in Figure 1, as well
as the measured permeabilities and conductivities. During cell testing,
the membranes with different pretreatments were subject to the same
conditions including clamping pressure, temperature, water activity,
electrolyte composition, and current density. The differences between
the samples associated with the pretreatments were dramatically re-
duced after cycling in a cell. The selectivity of the heat-treated and as-
received membranes decreased while the selectivity of the membranes
immersed in boiling sulfuric acid increased. Selectivity appears to ap-
proach a common value of approximately 1200 (the dashed-purple
line) regardless of pretreatment and manufacturing process. A selec-
tivity of 1200 corresponds to a maximum energy efficiency of ∼97%
for τ = 1, R� = Rm, and U = 1.42 V. The NR212 selectivities are
more tightly grouped than the N115 after the cell test. Perhaps NR212
responds more quickly to the cell environment because it is thinner
than N115. The selectivities of NR212 and N115 after immersion in
water are shown by the horizontal lines, which are above the proposed
ultimate value. While one might expect the selectivities of membranes
subjected to charge/discharge cycling in a cell to approach the selec-
tivities of membranes soaked in electrolyte as seen in Table V, they
are in fact lower than the selectivities of the membranes soaked in
water, which are in turn lower than the selectivities of membranes
soaked in electrolyte. One possibility explored in the next section is
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Figure 1. A comparison of selectivity before and after cycling in a VRFB cell.
Squares denote NR212; triangles denote N115. Filled symbols denote before
test, while open symbols denote after cell test. The solid horizontal lines are
the selectivities of NR212 and N115 after immersion in water from Table V.
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Table VII. Selectivity, permeability, and conductivity before and after cycling in a VRFB cell.

Selectivity Permeability (×107 cm2/min) Conductivity (mS/cm)

Membrane Treatment Treated Post cell Treated Post cell Treated Post cell

NR212 Heat treated 4615 1246 1.59 5.11 68.9 59.7
As received 4706 1627 1.51 4.17 67.6 63.6

Boiled 358 1127 31.2 6.37 128 80.8
Max./Min. 11 1.3 20 1.5 1.9 1.4

N115 Heat treated 3937 1849 1.58 3.17 58.4 55.2
As received 1738 1185 4.35 6.01 71.0 67.5

Boiled 388 729 23.8 7.69 86.7 71.1
Max./Min. 7.5 1.9 15 2.4 1.5 1.3

that the membranes immersed in water and electrolyte did not have
sufficient time to reach equilibrium.

Effect of soaking time.— Figure 1 suggests that subjecting mem-
branes to charge/discharge cycles causes the permeabilities to con-
verge. NR212 was soaked in water and electrolyte for longer times in
an attempt to separate the effects of time and cycling. Resolving this
discrepancy is important because it appears as though membranes ap-
proach a common set of properties once they are run in a cell. Vanadyl
permeability through NR212 is presented as a function of soaking
time in water and electrolyte solution in Figure 2. As-received mem-
branes were placed in soaking solutions for various periods of time
and then transferred to the permeation cell for measurement. Each
point on the plots corresponds to an individual membrane sample that
was discarded after a single measurement. Figure 2a shows that water
imbibed the membrane rapidly. A large increase in permeability was
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Figure 2. Vanadyl permeability as a function of time for NR212 immersed in
a) water and b) electrolyte.

observed during the first several hours, followed by a slower increase
over the next 3 days before reaching a plateau at 5.5 × 10−7 cm2/min.
Membrane swelling in electrolyte is comparatively slower and weaker.
As shown in Figure 2b, the initial large increase in permeability oc-
curred over a period of 10 days and the slow increase lasted for 90
more days before reaching a plateau at 2.2 × 10−7 cm2/min, which
is less than 1

2 the permeability of the membrane in equilibrium with
water. However, the selectivity in water stops changing after 3 days,
and this selectivity is higher than that measured post cell testing (∼8
days). The selectivity of membranes soaked in electrolyte continues
to change over 90 days, but remains larger than both water soaked and
post cell. The slow response to electrolyte contrasts strongly with the
results from the charge/discharge cells. Furthermore, the selectivity of
the membranes extracted from the cells is closer to the water soaked
results.

Conclusions

The proton conductivities and vanadium permeabilities of rein-
forced Nafion XL-100, cast NR211 and NR212, and extruded N115
and N117 were measured as-received and after various pretreatments.
Permeability and selectivity vary strongly with pretreatment and com-
paratively weakly with manufacturing process. The observed varia-
tions in selectivity substantially diminish after charge/discharge cy-
cling in a cell and appear to converge to a single selectivity that is
between the values for water-soaked and boiled membranes.
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Appendix

The energy efficiency of the reactor in a flow battery is the product of the coulombic
and voltage efficiencies: εe,r t = εq,r t εv,r t . The subscripts e, q, v, and rt denote energy,
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coulombic, voltage, and round trip, respectively. The coulombic efficiency can be approx-
imated as:

εq,r t = id − ix

id + τix
≈ 1 − (1 + τ)

ix

id
[A1]

The second approximation applies when the inefficiency is small. The variable id is the
current density during discharge, ix is the crossover current density, and τ is the ratio of
charge time to discharge time. Similarly, the voltage efficiency can be approximated as :

εv,r t = U − id R�

U + τ−1id R�

≈ 1 − (
1 + τ−1) id R�

U
[A2]

U is the open-circuit potential and R� is the area-specific resistance. R� = Rm + Ro where
Ro includes all sources of overpotential aside from the membrane. The current density
that yields maximum efficiency can be found by differentiation:

∂εe,r t

∂id
= εq,r t

∂εv,r t

∂id
+ ∂εq,r t

∂id
εv,r t = 0 [A3]

A simple analytical solution exists when the approximations for low inefficiency apply.
The discharge current density that maximizes efficiency is:

id =
√

(1 + τ) ix U(
1 + τ−1

)
R�

=
√

τ ix U

R�

[A4]

And the corresponding efficiencies are:

εq,r t = εv,r t = √
εe,r t = 1 −

√
(1 + τ)

(
1 + τ−1

)
ix R�U−1 [A5]

Interestingly, the maximum coulombic efficiency is equal to the maximum voltage ef-
ficiency. Because this paper is concerned with the membrane, Ro is set to zero and,
consequently, Rm = R�. The product ixRm and, consequently, the maximum energy ef-
ficiency are independent of membrane thickness provided crossover occurs by diffusion.
This approximation is best at low current density, because the contribution of migration is
proportional to current density. For more detail regarding competition between diffusion
and migration, please refer to one of our earlier publications.23 Conversely, the value of
id at max(εe,rt) is inversely proportional to membrane thickness. If Ro is not equal to zero,
then max(εe,rt) will depend on thickness.

The selectivity defined in Equation 1 can be expressed in terms of the area-specific
resistance R� and crossover current density ix of the membrane:

α = RT

Rmix F
; Rm = d

κ
; ix = φF PAcA

d
[A6]

The proportionality constant φ needs to be determined by an analysis of the reactions
associated with crossover. For a VRFB, φ = 4 if all of the crossover fluxes are equal.23

Introducing the selectivity into the expression for the maximum efficiency yields

εe,r t =
⎛
⎝1 −

√
φRT (1 + τ)

(
1 + τ−1

)
αFU

⎞
⎠

2

[A7]

an appealingly simple relationship between energy efficiency and selectivity.

List of Symbols

A active membrane area in the cell, cm2

cD(0) initial vanadyl concentration in donor chamber, M
cR(t) vanadyl concentration in receiver chamber at time t, M
d membrane thickness, cm
F Faraday constant, C/mol e−

id discharging current density, A cm−2

ix crossover current density, A cm−2

l distance between the center two probes of the conductivity
cell, cm

md mass of dried membrane
mh mass of hydrated membrane
P vanadyl permeability, cm2/min
Q vanadyl flux or crossover, mmol/min
R impedance resistance, ohm
R universal gas constant, J mol−1 K−1

Rm membrane resistance, � cm−2

Ro other resistance, � cm−2

R� total resistance, � cm−2

S area of a membrane cross section, cm2

t time, min
T temperature, K
Tg glass transition temperature,◦C
U open-circuit voltage, V

V volume of the solution added to each chamber of permeation
cell, mL

Greek

α selectivity of protons over vanadyl ions, dimensionless
εe,rt round-trip energy efficiency, dimensionless
εq,rt round-trip coulombic efficiency, dimensionless
εv,rt round-trip voltage efficiency, dimensionless
φ proportionality constant between crossover current and

species flux
φW volume fraction of water in hydrated membrane
κ ionic conductivity, mS/cm
ρP density of dry membrane
ρW density of de-ionized water
τ ratio of charge to discharge times, dimensionless
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