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h i g h l i g h t s

� Asymmetric current operation is explored as a technique to reduce capacity loss.
� Diffusion-dominated and convection-dominated membranes.
� Capacity loss of a VRFB is found to decrease with increasing charging current.
� The decrease in capacity loss is greater for the diffusion-dominated membrane.
� Voltage efficiency is found to decrease with an increase in the charging current.
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a b s t r a c t

In this study, the operation of a vanadium redox flow battery (VRFB) under asymmetric current condi-
tions (i.e., different current densities during charge and discharge) was investigated as a technique to
reduce its capacity loss. Two different membrane types (a convection-dominated membrane and a
diffusion-dominated membrane) were analyzed. In these analyses, the charging current density was
varied while the discharging current was held constant. For both membranes, it was found that
increasing the charging current decreases the net convective crossover of vanadium ions, which reduces
the capacity loss of the battery. When the tested membranes were compared, the improvement in ca-
pacity retention was found to be larger for the diffusion-dominated membrane (12.4%) as compared to
the convection-dominated membrane (7.1%). The higher capacity retention in the diffusion-dominated
membrane was attributed to the reduction in the cycling time (and hence, suppressed contribution of
diffusion) due to the increased charging current. While asymmetric current operation helps reduce ca-
pacity loss, it comes at the expense of a reduction in the voltage efficiencies. Increasing the charging
current was found to increase the ohmic losses, which lead to a decrease of 6% and 4.3% in the voltage
efficiencies of the convection-dominated and diffusion-dominated membranes, respectively.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

Vanadium redox flow batteries (VRFBs) hold great promise for
use in grid-scale energy storage due to their flexible design and
ability to efficiently store large amounts of energy. Unlike con-
ventional electrochemical systems (e.g., closed-cell batteries and
supercapacitors), VRFBs have a unique system architecture which
allows them to decouple energy storage capacity from power
output [1e5]. Although this architecture offers a number of key
advantages, one major issue that hinders the long-term

performance of these systems is the loss of available capacity over
time. Typically, VRFBs experience significant capacity fade during
cycling, which occurs primarily due to the undesired transport of
vanadium ions through the membrane (known as ‘crossover’).
Species crossover during operation initiates side reactions which
reduce the system capacity, lower the device voltage, and increase
the operating cost [6].

One main approach to alleviate the crossover problem in these
systems is to employ a membrane that has high ion selectivity for
ion conduction versus vanadium crossover. To date, a majority of
the studies in this field have been largely focused on exploring new
membranes that can effectively suppress vanadium crossover while
providing reasonable proton conductivity. Various types of mem-
branes, including: proton exchange membranes (PEMs) [7,8], anion
exchange membranes [9e11], nanoporous membranes [12] and

* Corresponding author. Tel.: þ1 814 867 1847; fax: þ1 814 865 2917.
** Corresponding author. Tel.: þ1 215 895 5871; fax: þ1 215 895 1478.

E-mail addresses: hickner@matse.psu.edu (M.A. Hickner), eck32@drexel.edu
(E.C. Kumbur).

Contents lists available at ScienceDirect

Journal of Power Sources

journal homepage: www.elsevier .com/locate/ jpowsour

0378-7753/$ e see front matter � 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.jpowsour.2013.08.023

Journal of Power Sources 246 (2014) 767e774

mailto:hickner@matse.psu.edu
mailto:eck32@drexel.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpowsour.2013.08.023&domain=pdf
www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
http://dx.doi.org/10.1016/j.jpowsour.2013.08.023
http://dx.doi.org/10.1016/j.jpowsour.2013.08.023
http://dx.doi.org/10.1016/j.jpowsour.2013.08.023


amphoteric membranes [13,14] have been investigated. While sig-
nificant progress has been achieved, one major issue limiting the
implementation of these membranes is the conductivity/perme-
ability trade-off. In most cases, raising the conductivity of the
membrane results in an increase in the vanadium permeability, and
vice versa. For instance, increasing the ion exchange capacity im-
proves the proton conductivity; however this improvement often
results in an increase in vanadium permeability and water uptake,
which increases the crossover [15]. Although with the help of
recent efforts, significant advances with regards to performance
and capacity fade have been achieved with new membranes as
compared to Nafion� (which has been widely accepted as a
benchmark membrane for VRFBs), the performance trade-off be-
tween conductivity and vanadium permeability in these systems is
not well understood at present. The lack of a breakthrough in the
conductivity/permeability trade-off is largely due to the lack of
understanding of the multi-ionic transport mechanisms and how
they are related to the membrane properties. Studies are still un-
derway to better understand this trade-off and explore new
membranes that are inexpensive and possess the desired perfor-
mance characteristics required for long-term VRFB operation.

In addition to tailoring membrane properties, our recent studies
[16e18] indicate thatonepotential approach to reduce the crossover
duringVRFBoperation is altering the operating conditions (e.g.,flow
type, flow rate) to take advantage of the membrane properties. The
idea behind this approach is that by adjusting the operating condi-
tions, it is possible to minimize the driving forces that are respon-
sible for species crossover in themembrane. In our previous studies
[16e18], we investigated the transport of vanadium species (V2þ,
V3þ, V4þ, V5þ) through the membrane as a result of diffusion, con-
vection, andmigration. Fordiffusion-dominatedmembranes suchas
Nafion�, we observed that osmotic convection (which occurs due to
the difference in viscosities of the electrolytes in positive and
negative half-cell giving rise to a pressure gradient across the
membrane) has a significant effect on the magnitude and direction
of net crossover flux [16]. Accordingly, it was shown that by con-
trolling the pressure gradient across themembrane, the net osmotic
convection in a charge/discharge cycle can be minimized, and the
net species crossover (and thus capacity fade) can be significantly
reduced [17]. This was also experimentally observed in Ref. [19].
Similarly, in a more recent study [18], we compared the species
transport mechanisms governing capacity loss in Nafion� 117 and
sulfonatedRadel (s-Radel)membranes [6]. Thegoalof this studywas
to quantify how the differences in key membrane properties affect
the dominance of specific species transport mechanisms within the
membrane.When compared toNafion�, s-Radel (composed of post-
sulfonated polyphenylsulfone resin e Radel) has been shown to
possess superior ion selectivity, high coulombic efficiency, and low
capacity fade rate (almost half that of Nafion�) [6]. Our analysis
indicated that the transport of vanadium ions across s-Radel is pri-
marily dominated byelectro-osmotic convection,whichdepends on
the magnitude and direction of the current [18]. Accordingly, it was
suggested that varying the applied current during charging and
discharging (i.e., using different current during charge and
discharge) can potentially balance the convective crossover
(osmosis and electro-osmotic convection) during cycling, which
would reduce the capacity fade.

Motivated by the findings in our previous work, in this study, we
further explored the effectiveness of altering the charge and
discharge current as a potential technique to reduce the capacity
loss in VRFBs. Two types of membranes, namely a diffusion-
dominated and a convection-dominated membrane, were investi-
gated to assess the effectiveness of the proposed technique with
respect to membrane type/properties. Analyses were conducted by
using an experimentally-validated VRFB model that was developed

by our group [16]. Several studies, including the long-term cycling
performance under symmetric (i.e., same current during charge/
discharge) and asymmetric current operations (i.e., different cur-
rents during charging and discharging) were performed for these
two membrane types. The changes in specific transport modes and
resulting crossover with respect to tested operating conditions
were quantified and linked to the membrane properties tomeasure
the effectiveness of the approach and provide guidance for future
optimization efforts.

2. Model formulation and method of approach

2.1. Assumptions and governing equations

The proposed asymmetric current operation technique was eval-
uated using a 2-D, transient, isothermal VRFB model previously
developed by the authors [16]. The model has five domains (i.e.,
positive/negative current collector plates, negative/positive electrode,
andmembrane) andwas constructedbasedontheassumptions that i)
the electrolyteflow is incompressible, ii) themass and charge transfer
properties of the electrode, electrolyte and membrane (i.e., diffusion
coefficients, resistivity, etc.) are isotropic, iii) hydrogen and oxygen
evolution are neglected, iv) all domains in the cell are isothermal and
v) variations in concentration, potential, and pressure in the z-direc-
tion are neglected (i.e., 2-dimensional). Detailed information about
this model, including governing equations, boundary and initial con-
ditions for eachdomain, canbe found inour previous studies [16e18].
However, for the sakeof the readers, a briefdescription regardinghow
the species transport ismodeled in themembrane (thekeydomain for
the current study) is provided below.

The model incorporates the transport of all vanadium species,
water, protons and sulfate ions across the membrane as a result of
convection, diffusion, and migration. The transport of species
through the electrodes and membrane is modeled using the
NernstePlank equation:
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where mw is the viscosity of bulk electrolyte, kp is the electrokinetic
permeability and k4 is the hydraulic permeability. This equation
accounts for i) the osmosis of electrolyte through the membrane as

Table 1
Side reactions incorporated at membranejelectrolyte interface in the model due to
crossover [20].

Mobile
speciesa

Reaction location Side reaction

VO2þ Negative half-cell VO2þ þ V2þ þ 2Hþ / 2V3þ þ H2O
VO2

þ Negative half-cell VO2
þ þ 2V2þ þ 4Hþ / 3V3þ þ 2H2O

V2þ Positive half-cell V2þ þ 2VO2
þ þ 2Hþ / 3VO2þ þ H2O

V3þ Positive half-cell V3þ þ VO2
þ / 2VO2þ

a Indicates species which crosses over and initiates the side reaction.
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