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A quaternary ammonium functionalized poly(fluorenyl ether) anion exchange membrane (AEM) with ex-
tremely low VO2+ permeation was characterized for vanadium redox flow battery (VRFB) application. One
hundred percent coulombic efficiency (CE) was achieved for the AEM-based VRFB at all the current densities
tested. Comparatively, the CE of a N212 membrane-based VRFB was lower than 94% and varied with charge/
discharge current density. At current densities lower than 60 mA cm−2, the energy effiency of the
AEM-based VRFB was higher than that of a device with N212. The cycling performance demonstrated that
the AEM-based VRFB was free of capacity fade, which is a consequence of its low VO2+ permeability. These
observations are of significant importance for flow batteries that operate intermittently or at moderate cur-
rent densities.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

As a promising technology for large-scale stationary energy stor-
age, vanadium redox flow batteries (VRFBs) have experienced several
significant improvements in cell design [1], modeling [2], and elec-
trode materials [3]. The acceleration of VRFB technology is especially
evident when considering innovations in the electrode/electrolyte
separator which isolates the anolyte and catholyte compartments
while maintaining charge transport across the cell [4–6]. The majority
of current research on VRFB separators is aimed at developing proton
exchange membranes (PEMs) that feature high proton conductivity,
low vanadium permeability, and long lifetime. VRFBs with over 99%
coulombic efficiency (CE) were obtained by strategic tuning of the
membrane's chemical structure and properties [7]; however, the ca-
pacity fade of these batteries due to vanadium crossover cannot be ig-
nored. Nanofiltration membranes that selectively transfer protons
compared to vanadium ions by size exclusion were proposed for
VRFBs to achieve 98% CE [8]. While these membranes have advan-
tages for high performance cells, it would be highly desirable to
have a zero capacity fade device.

Anion exchange membranes (AEMs) block the transport of cations
due to Donnan repulsion effects and are widely used in electrodialysis
[9]. Preliminary evaluations of AEMs in VRFBs were reported with CEs
of as high as 99%; however, limited information was given regarding

the transport relationships by which AEMs operate in VRFBs and how
the basic properties of the membrane contributed to high perfor-
mance in devices [10,11]. It is generally recognized that protons are
the charge carriers passing through the separator of VRFBs. In fact,
any ion, such as sulfate in a sulfuric acid-based electrolyte, can be
the charge carrier to balance the redox reactions of the vanadium spe-
cies. This inspired us to explore the properties of AEMs to prevent va-
nadium crossover and capacity fade in VRFBs. Herein, we report our
recent success in employing an anion exchange membrane in VRFB
to obtain 100% CE under various current densities.

2. Experimental

Quaternary ammonium functionalized poly(fluorenyl ether)
(QA-PFE) with an ion exchange capacity of 2.0 mequiv. g−1 was syn-
thesized [12]. Its chemical structure is shown in Scheme 1. This
QA-PFE was in I− counter-ion form as synthesized and its intrinsic
viscosity was 0.65 g dL−1. The QA-PFE anion exchange membrane
(AEM) was cast from 8 wt.% solution in N,N′-dimethylacetamide on
a glass plate at 80 °C under atmospheric pressure for 24 h. The AEM
was ion-exchanged to the SO4

− anion in 1 M Na2SO4 for 24 h, and
then immersed in deionized water for 24 h with three water ex-
changes. The 56 μm thick AEM was used for performance evaluation
in a VRFB. Nafion® N212 (Ion Power Inc., USA) was examined under
the same conditions.

Ionic conductivity was measured by two-probe electrochemical im-
pedance spectroscopy (EIS) using a Solartron 1260A frequency response
analyzer [13]. The VO2+ permeability measurements were conducted in
amembrane-separated cell using the standard procedure from literature
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[7]. VRFB performance measurements were conducted with 100 mL of
1 M VOSO4+2.5 M H2SO4 solution as the positive electrolyte and
50 mL of 1 M VOSO4+2.5 MH2SO4 solution as the negative electrolyte.
The cell configuration was the same as our previous report [14]. The cell
was first charged to 1.7 V and discharged to 0.7 V at 80 mA cm−2, and
then cycled at this current density for 15 cycles and finally charged-
discharged at 60, 40 and 20 mA cm−2with pre-discharging at the corre-
sponding current density before the final charging–discharging process.
The coulombic efficiency (CE), voltage efficiency (VE) and energy
efficiency (EE) for any galvanostatic charging–discharging process
were calculated from:

CE ¼ td
tc

� 100% ð1Þ

VE ¼ Vd

Vc
� 100% ð2Þ

EE ¼ CE� VE ð3Þ

where td is the discharging time, tc is the charging time, Vd is the average
discharging voltage, Vc is the average charging voltage.

3. Results and discussion

3.1. Ion conductivity and vanadium permeability of AEMs

AEMs are notorious for their low conductivity compared to PEMs
due to the low mobility anions compared to protons in aqueous solu-
tion. The proton conductivity of N212 at room temperature was
69 mS cm−1 while the SO4

2− conductivity of our AEM at room tem-
perature was only 5 mS cm−1. Fortunately, the high concentration
of SO4

2− in the electrolytes of VRFBs mitigates the low conductivity
of AEMs due to uptake of free SO4

− ions into the membrane. Further-
more, the existence of protons in the anolyte and catholyte may also
help lower the resistance of AEMs. We measured the conductivity of
N212 and the QA-PFE AEM after equilibration in 1 M VOSO4+2.5 M
H2SO4 solution for 24 h. The apparent conductivity of N212 was
44 mS cm−1, lower than its proton conductivity in pure water. The
lower conductivity was due to some of the sulfonate sites being occu-
pied by vanadium cations. Also, increased acid concentration has
been observed to decrease the conductivity of solutions and mem-
branes [15,16]. The measured conductivity of the AEM in 1 M
VOSO4+2.5 M H2SO4 increased to 20 mS cm−1, almost half of the
total ion conductivity of N212.

For N212, the permeation of VO2+ could be observed by the change
of the vanadium deficient solution from clear to blue within 1 h. The
VO2+ permeability of N112 was calculated to be 3.2×10−12 m2 s−1,
similar to literature values [5]. For the AEM, there was no solution
color change after one month and no detectable VO2+ ion by UV–vis
analysis. This absence of VO2+ crossover indicated that theAEMhad ex-
cellent capability to prevent the transport of vanadium ions. Therefore,

we propose that the AEM in a VRFB transports both proton and sulfate
ions but retains vanadium ions as depicted in Fig. 1.

3.2. VRFB performance under different current densities

The charge–discharge curves of VRFBs assembled with QA-PFE or
N212 membranes at 20 mA cm−2 are shown in Fig. 2. The N212-
based VRFB had lower charge voltage than the QA-PFE AEM-based
VRFB. This difference in charge voltage was attributed to the lower re-
sistance of N212 as discussed above since both membranes had sim-
ilar thickness. The average discharge voltage for both the VRFBs was
similar even though the discharge curve of the N212 VRFB was slight-
ly lower than the discharge curve of the AEM-based VRFB. Since N212
had lower resistance, its VRFB performance was expected to afford
higher average discharge voltage than the AEM. Nevertheless, N212
suffered from large vanadium permeation resulting in short-circuit
reactions, which negatively affected the discharge voltage and thus
offset its lower resistance.

The coulombic efficiency (CE) of the N212-based VRFB at
20 mA cm−2 was 81.2%, similar to literature values [17]. Surprisingly,
the CE of the QA-PFE AEM VRFB was 100%, or as near to 100% as we
could measure, suggesting there was no vanadium crossover or side
reactions during cell operation. Generally, the CE of a VRFB is
influenced by vanadium permeation, electrode corrosion, and side re-
actions of vanadium ions with oxygen or other solution contami-
nants. For our measurements, we kept the upper limit of charging
voltage to 1.7 V, which avoids corrosion of the electrodes [18]. Fur-
thermore, a sealed and N2 purged electrolyte tank eliminated side re-
actions of vanadium ions. Together, with the undetectable vanadium
permeation of our AEM, it is reasonable to achieve 100% CE, which
paves the way for very high energy efficiency VRFBs even during
long periods of test.

Fig. 3 shows the influence of current density on coulombic effi-
ciency (CE), voltage efficiency (VE) and energy efficiency (EE) of the
VRFBs. It can be seen that the AEM-based VRFB achieved 100% CE

Scheme 1. Chemical structure of QA-PFE.

Fig. 1. Functions of an AEM in a VRFB.

38 D. Chen et al. / Electrochemistry Communications 26 (2013) 37–40

image of Fig.�1


Download English Version:

https://daneshyari.com/en/article/179617

Download Persian Version:

https://daneshyari.com/article/179617

Daneshyari.com

https://daneshyari.com/en/article/179617
https://daneshyari.com/article/179617
https://daneshyari.com

