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ABSTRACT: Acid—base blend membrane prepared from sulfo-
nated poly(ether ether ketone) (SPEEK) and polyacrylonitrile
(PAN) was detailedly evaluated for vanadium redox flow battery
(VRFB) application. SPEEK/PAN blend membrane exhibited
dense and homogeneous cross-section morphology as scanning
electron microscopy and energy-dispersive X-ray spectroscopy
images show. The acid—base interaction of ionic cross-linking and
hydrogen bonding between SPEEK and PAN could effectively BRI [EESERE0RmEs
reduce water uptake, swelling ratio, and vanadium ion perme-

ability, and improve the performance and stability of blend membrane. Because of the good balance of proton conductivity and
vanadium ion permeability, blend membrane with 20 wt % PAN (S/PAN-20%) showed higher Coulombic efficiency (96.2% vs
91.1%) and energy efficiency (83.5% vs 78.4%) than Nafion 117 membrane at current density of 80 mA cm™> when they were
used in VREFB single cell. Besides, S/PAN-20% membrane kept a stable performance during 150 cycles at current density of 80
mA cm ™ in the cycle life test. Hence the SPEEK/PAN acid—base blend membrane could be used as promising candidate for
VREFB application.

KEYWORDS: vanadium redox flow battery, blend membrane, sulfonated poly(ether ether ketone), polyacrylonitrile,
acid—base interaction
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1. INTRODUCTION

Because of the need for large-scale energy storage systems to
meet the requirements of increasing energy demand and power
grid safety, vanadium redox flow battery (VRFB) has been
extensively researched due to the features of high-energy
efficiency, long cycle life, modular design, and flexible
operation.'~* The VRFB comprises VO,"/VO*" and V3*/V?**

membranes”’ have been investigated for VREB application
recently. Because of the Donnan exclusion effect, the AEMs
possess enormously low vanadium ion permeability and
absorbed VO," concentration, which could efficaciously reduce
the degradation of AEMs. However, the dramatically low ionic
conductivity would result in considerable low voltage efliciency
and energy efficiency, which make AEMs unsuitable for high-

redox couples in sulfuric acid as positive and negative
electrolytes, carbon fabric materials as electrodes, and
membranes as separators.’”® As the key material of VREB,
numerous high-performance membranes have been re-
ported.’™"> Nevertheless, the lack of appropriate low-cost
membrane for long-term operation is a crucial issue for the
advancement of VRFB.

Nafion membrane, state-of-the-art perfluorosulfonic polymer,
is widely employed as the benchmark in VRFB owing to its
high proton conductivity and excellent stability."*™'® To
surmount the drawback of high vanadium ion permeability of
Nafion membrane, modifications including composites and
introduction of thin layer have been published with better
VRFB performance than pristine Nafion membrane.'””**
However, the defect of essentially high cost of Nafion
membrane would hinder the commercialization of VREB.>***
The anion-exchange membranes (AEMs)***® and porous
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power VREB applications. The porous membranes are also
unsuitable for large-scale VRFB applications owing to the
heterogeneous and uncontrollable morphology, despite the
high VRFB performance and good stability.

As one of the nonperfluorinated cation-exchange membranes
(CEMs), the sulfonated polyaromatic membranes including
sulfonated polysulfone,” sulfonated poly(phthalazinone ether
ketone),” sulfonated fluorinated poly(arylene ether),® and
sulfonated poly(ether ether ketone)®'~>* have been widely
researched for VRFB application. Owing to the features of low
cost and easy preparation, the sulfonated poly(ether ether
ketone) (SPEEK) membrane has attracted considerable
attention.” ~>* However, to achieve high proton conductivity,
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the high degree of sulfonation (DS) SPEEK membrane often
causes high vanadium ion permeability and low VRFB
performance and stability, which greatly hinder its further
application in VRFB. Blending SPEEK with another polymer
would be a facile way to obtain a membrane with
comprehensive properties.***® Polyacrylonitrile (PAN) has
been utilized in many fields due to its good mechanical
property and chemical stability.>’ > The SPEEK and PAN,
which are employed as acid polymer and base polymer,
respectively, could be mixed together to get an acid—base blend
membrane. The acid—base interaction of ionic cross-linking
and hydrogen bonding between the sulfonic acid groups of
SPEEK and the N-containing groups of PAN could reduce
water uptake and vanadium ion permeability and then improve
the performance of the blend membrane.*”*" Besides, PAN
could reduce swelling ratio and improve mechanical properties
of the blend membrane, leading to better stability for VRFB
application.

Accordingly, SPEEK and PAN acid—base blend membranes
were fabricated with various PAN mass ratios and investigated
for vanadium redox flow battery application. The properties
and VRFB performance of acid—base blend membranes were
evaluated in detail.

2. EXPERIMENTAL SECTION

2.1. Materials. Poly(ether ether ketone) (PEEK 450G, Victrex)
was purchased from local commercial agents. Polyacrylonitrile (PAN,
average M,, ~ 150 000) was purchased from Sigma-Aldrich Co. LLC.
Nafion 117 membrane was purchased from DuPont Company. Other
reagents were purchased from common commercial suppliers and used
as received.

2.2. Membrane Preparation. Sulfonated poly(ether ether
ketone) (SPEEK) with a high degree of sulfonation (DS) up to 0.79
was prepared via postsulfonation method."”> PAN was dissolved in
N,N’-dimethylformamide at 60 °C for 2 h, and then SPEEK was added
into the PAN solution to form an approximately 15 wt/vol % blend
solution. The blend solution was cast onto a glass plate and then dried
at 80 °C for 24 h. Afterward the membrane was peeled off by
immersing the glass plate in deionized water, and then it soaked in 1
mol L™! H,SO, solution for 24 h. Finally the membrane was washed
with deionized water and then stored in deionized water at ambient
temperature before it was used. The SPEEK/PAN acid—base blend
membranes with various PAN mass ratios were denoted as S/PAN-X,
where X was the PAN mass ratio. For example, S/PAN-20%
membrane comprised 20 wt % PAN and 80 wt % SPEEK. The
Nafion 117 membrane was pretreated and used as a benchmark.**

2.3. Characterization. 2.3.1. Morphology and FTIR Spectra. The
cross-section morphology and energy-dispersive X-ray spectroscopy
(EDX) element mapping of membrane was confirmed by scanning
electron microscopy (SEM, S$-4800, Hitachi). The cross-section
sample was achieved by breaking membrane in liquid nitrogen and
then coating it with gold. The Fourier transform infrared (FTIR)
spectrum was recorded in the range of 4000—650 cm™' on an FTIR
spectrometer (Nicolet 6700, Thermo Fisher Scientific Inc.) with 32
scans and 4 cm ™' resolution at ambient temperature.

2.3.2. Physicochemical Properties, Mechanical Properties, VO**
Permeability, and lon Selectivity. The physicochemical properties
and mechanical properties were investigated to get at least three
parallel results, and the VO?* permeability was conducted two times to
get an average value. The physicochemical properties of water uptake,
swelling ratio, ion-exchange capacity (IEC), and proton conductivity
were measured as reported previously.'> The water uptake was defined
as the ratio of absorbed water weight in wet membrane to dry
membrane weight, while the swelling ratio was represented as the ratio
of length change from wet to dry membrane. The IEC was examined
by titration of H* exchanged from membrane with 0.1 mol L™ NaOH
solution and was described as the ratio of the consumed amount of

NaOH to dry membrane weight. The DS of SPEEK was calculated by
the IEC result as reported previously."> The proton conductivity was
measured by two-probe electrochemical impedance spectroscopy
(EIS) on a PARSTAT 2273 electrochemical station. The mechanical
properties of air-dry membranes were detected on a MTS CMT-4204
electromechanical universal testing machine. The stretching dimen-
sions of the sample were 25 mm X 4 mm, and the tensile speed was S
mm min~". The VO** permeability was examined on a membrane-
separated diffusion cell by filling VO** solution in left compartment
and VO*" blank solution in right compartment, followed by the
standard procedures.** The VO** concentration in right compartment
was measured on a Leng Guang 752S UV—vis spectrometer, and the
VO permeability was calculated by the following equation:

dCgr(t)
dt (1)

where P is VO permeability, Vi is solution volume of right
compartment, C; and Cy(t) are VO** concentration in left and right
compartments, respectively, and A and L are area and thickness of
membrane, respectively. The ion selectivity of membrane was an
important indicator for VRFB and was defined as the ratio of proton
conductivity to VO** permeability.

2.3.3. VRFB Single-Cell Test. The VRFB single-cell configuration
was the same as reported previously* as shown in Figure 1. The wet

W = A%(CL - Cx(1)

Graphite polar plate Graphite felt

L Membrane e
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Figure 1. Configuration and assembly of VREB single cell.

membrane thickness was 70—80 um, and the geometry area of
graphite felt was 25 cm’. Two 50 mL solutions of 2.0 mol L™
vanadium ion (Cyo>*/Cy** = 1:1) with 2.0 mol L™ free sulfuric acid
(total 4.5 mol L' SO,*”) were applied as positive and negative
electrolytes, respectively, and the electrolytes were cyclically pumped
through the corresponding half-cells. The performance measurements
were conducted on a Neware CT-3008W battery testing system, and
the cutoff voltages were set at 1.65 and 0.8 V, respectively, to avoid the
corrosion of graphite felts and graphite polar plates. The VRFB single
cell was charged to 50% state of charge at current density of 60 mA
cm™ Then the self-discharge test was begun and finished when the
open circuit voltage was below 0.8 V. The charge—discharge test was
performed at current densities from 40 to 200 mA cm ™2 Four cycles
were done at each current density, and the average efficiency values
were obtained. The cycle life test was conducted at current density of
80 mA cm ™2 The Coulombic efficiency (CE), voltage efficiency (VE),
and energy efficiency (EE) were calculated by the following equations:

[ 1dt

CE(%) = X 100
fICdt (2)
Vil,d
EE(%) = % x 100
d ®3)

EE
VE(%) = —— x 100
00 =& (4)

where I. and I; are the charge current and discharge current,
respectively, and V, and Vj are the charge voltage and discharge
voltage, respectively.
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Figure 2. Cross-section SEM images of membranes: (a) SPEEK, (b) S/PAN-5%, (c) S/PAN-10%, (d) S/PAN-15%, (e) S/PAN-20%, (f) S/PAN-
25%. (insets) The corresponding high-resolution SEM images. EDX element mapping of S/PAN-20% membrane: (g) element S and (h) element N.

2.3.4. Chemical Stability Test. The membrane chemical stability
was investigated with both low and high concentration V(V)
solutions.*~* Two sample membranes were soaked in 30 mL of
0.1 mol L™! V(V) with 3.0 mol L™ free sulfuric acid and in 30 mL of
1.5 mol L™ V(V) with 3.0 mol L™ free sulfuric acid, respectively.
Various mixing ratios of V(IV)/V(V) solutions (total vanadium
concentration was 0.1 mol L™") were prepared, and the absorbance of
mixtures was measured with UV—vis spectrometer (752S, Leng Guang
Tech.) at 760 nm to make a standard curve. The concentration of
V(IV) ions in the soaking solutions was determined by the UV—vis
spectrometer. The average data was obtained from two sets of sample
membranes. The weight loss and reduction of V(V) to V(IV) of
sample membrane were calculated by following equations:

. Wy - W
weight loss(%) = X 100
W ©)

_ Cyaw)
reduction of V(V) to V(IV)(%) = —— X 100

Cvvy (6)

where W, and W are the weight of dry sample membrane before and
after soaking in V(V) solution for two weeks, Cyqyy is the
concentration of the V(IV) reduced from V(V) solution after two
weeks, and Cy(y) is the concentration of initial V(V) solution.

3. RESULTS AND DISCUSSION

3.1. Morphology and FTIR Spectra. The dense and
homogeneous cross-section morphology of SPEEK and
SPEEK/PAN acid—base blend membranes were observed in
Figure 2 a—f, demonstrating the good compatibility of two
components. The high-resolution SEM images (insets of Figure
2b—f) showed that the cross-section morphology of blend
membranes was getting smoother with the increases of PAN
mass ratio, suggesting the increasing of acid—base interaction
between SPEEK and PAN. Moreover, the region encircled by
white dash line in Figure 2e was investigated by EDX, and the
EDX element mapping of S/PAN-20% membrane was
illustrated in Figure 2gh. The element S (red color points in
Figure 2g), representing SPEEK, and element F (blue color
points in Figure 2h), representing PAN, were uniformly
dispersed, indicating the homogeneous morphology of blend
membranes.

Similar FTIR spectra of SPEEK and SPEEK/PAN blend
membranes were represented in Figure 3. Typical absorption
peaks of SPEEK could be found including carbonyl stretching
at 1640 cm ™', asymmetric and symmetric stretching of O=S=
O at 1251 and 1076 cm™, respectively, and asymmetric

SPEEK
S/PAN-5%
S/PAN-10%
S/PAN-15%
S/PAN-20%

1
1 1
' Y
l | 841
U U
i X
| SIPAN-25% \
I ;
1 1
1 1
1 1
1 1
i .
1 1
1 1

—_—

Transmittance (a.u.)

860 ' 845

2244 1640 1251

1 " 1 " 1 " 1 " 1 2 1 " 1 " 1 "

2200 2000 1800 1600 1400 1200 1000 800
Wavenumber (cm™)

Figure 3. FTIR spectra of SPEEK and SPEEK/PAN blend
membranes.

stretching of diphenyl ether groups at 1218 cm™'.*™** The
peak at 2244 cm™' was attributed to the C=N stretching of
PAN,*”*® and the peak intensity increased with the increasing
of PAN mass ratio. The peak at 861 cm™' was assigned to the
out-of-plane C—H bending of the isolated hydrogen in the
1,2,4-trisubstituted phenyl ring of SPEEK. The increasing of
peak intensity at 861 cm™" could be due to the increasing of
acid—base interaction comprised of ionic cross-linking and
hydrogen bonding between SPEEK and PAN as described in
Figure 4.**' The peak shift from 841 cm™ (out-of-plane
bending of two hydrogen atoms of 1,4-disubstituted phenyl
ring) to 845 cm™" also could be assigned to the influence of the
acid—base interaction.

o

e -0 L0k

SO;H

oN
PAN

n

Figure 4. Schematic of acid—base interaction between SPEEK and
PAN.
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3.2. Physicochemical Properties, Mechanical Proper-
ties, VO** Permeability, and lon Selectivity. The
physicochemical properties of various membranes comprised
water uptake, swelling ratio, ion exchange capacity (IEC), and
proton conductivity as shown in Figure S5, and the
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Figure S. Physicochemical properties of Nafion 117, SPEEK, and
SPEEK/PAN blend membranes: (a) water uptake and swelling ratio;
(b) ion-exchange capacity and proton conductivity.

corresponding data are listed in Table 1. The extremely high
water uptake and swelling ratio of SPEEK membrane were
disadvantageous for VRFB as shown in Figure 5a.° The
incorporation of PAN obviously reduced water uptake and
swelling ratio of SPEEK/PAN blend membranes, which could
be owing to the stronger acid—base interaction (see Figure 4)
and the decreasing of SPEEK component with the increasing
PAN mass ratio. The decreasing of water uptake of blend
membranes would cause lower vanadium ion permeability and
higher VRFB performance compared with SPEEK membrane.'®
The lower swelling ratio of blend membranes compared with
SPEEK membrane would result in higher mechanical property
and better stability and then lead to more stable VRFB
performance and slower capacity fade."#** The IEC and proton
conductivity of various membranes are shown in Figure Sb. The
IEC of blend membranes decreased the same proportion with
the decreasing of SPEEK component, demonstrating that the
acid—base interaction had no hindrance during ion-exchange

process. Proton conductivity was mainly affected by water
uptake and IEC.*7' Therefore, the proton conductivity of
blend membranes decreased with the decreasing of water
uptake and IEC as shown in Figure Sb. Generally, higher
proton conductivity was beneficial for VRFB. However, the
vanadium ion permeability and membrane stability of SPEEK-
based membrane were mainly affected by the high water
uptake. Therefore, the optimized blend membrane with the
good balance of proton conductivity and vanadium ion
permeability would lead to better and more stable VRFB
performance.

The tensile curves and mechanical properties of various
membranes were illustrated in Figure 6. As shown in Figure 6a,

(a)
a0l . SIPAN-25%
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g0 } |
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Figure 6. Tensile curves (a) and mechanical properties (b) of Nafion
117, SPEEK, and SPEEK/PAN blend membranes.

the stress and strain of blend membranes increased and
decreased, respectively, with the increasing of PAN mass ratio,
which was due to the acid—base interaction and the good
mechanical property of PAN. The yield stress of S/PAN-15%,
S/PAN-20%, and S/PAN-25% membranes exhibited obvious
increase, revealing better mechanical properties than other
membranes. The breaking strength, elastic modulus, and
percentage elongation of various membranes are shown in

Table 1. Data of Physicochemical Properties, Mechanical Properties, VO>* Permeability, and Ton Selectivity

proton

water swelling IEC conductivity
membrane  uptake (%) ratio (%)  (mmol g') (mS cm™)
Nafon 117 371 201 093+001 362+ 1.0
SPEEK 365+18  109+5  224+001 195+ 03
S/PAN-5% 183 %7 242 2124001 186+ 04
S/PAN-10% 120 + 4 34 +£2 2.00 + 0.01 175 £ 0.3
S/PAN-15% 69 + 2 21 +1 1.89 + 0.01 163 + 0.4
S/PAN-20% S8 +1 16 + 1 1.78 + 0.01 150 + 0.3
S/PAN-25% S1+1 14 +1 1.67 + 0.01 134 £ 0.2

breaking elastic percentage
strength modulus elongation ~ VO>' permeabili ion selectivity
(MPa) (MPa) (%) (1077 cm? min_t; (10* S min cm™3)

19.1 £ 0.3 189 + 7 149+ 3 37.7 £ 0.4 9.6 + 04
20.1 £ 0.3 696 + 15 97 2 76.6 + 2.6 2.6 £02
222 + 04 749 + 19 91+3 484 + 0.8 3.8 +02
23.8 £ 0.5 805 + 20 79 £ 4 299 + 0.2 59 +02
259 £ 0.7 959 + 21 S7+2 178 £ 0.1 92+ 03
283 + 1.1 1043 + 29 411 113 £ 0.1 13.3 £ 04
329 £ 1.5 1148 + 2§ 32+1 7.7 £ 0.1 174 + 0.5
18888 dx.doi.org/10.1021/am5047125 | ACS Appl. Mater. Interfaces 2014, 6, 18885—18893
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Figure 6b and Table 1. Because of the structural differences
between the SPEEK and Nafion 117 membranes,**° the
SPEEK membrane possessed higher rigidity than that of the
Nafion 117 membrane. Therefore, higher breaking strength,
higher elastic modulus, and lower percentage elongation of
SPEEK membrane could be observed. The increasing of acid—
base interaction and PAN component further improved the
mechanical properties of blend membranes, leading to the
increasing of breaking strength and elastic modulus and the
decreasing of percentage elongation. Although the percentage
elongation of blend membranes was lower than that of the
Nafion 117 membrane, the blend membranes were flexible
enough for the VRFB single-cell test.

The schematic illustration of membrane-separated diffusion
cel, VO*" permeability, and ion selectivity of various
membranes are shown in Figure 7. The data are listed in

(a) 15M \'osl(]), +3MH,S0, 1.5M MgSO, +"3 M H,SO,

| |

(b) o Men:brane "

VO™ permeability
] lon selectivity N

)
W

[3

o
T
1

[

N
o
T

v
/
é
.
.

N
o
T
lon selectivity (10° S min cm™)

VO permeability (107 cm?® min

0

,\-(\ é;l- g\°§\° \(,g\° r§\° q(:g\°
(N
S AP PN

Figure 7. VO** permeability test device and results: (a) schematic
illustration of membrane-separated diffusion cell; (b) VO** perme-
ability and ion selectivity of various membranes.

Table 1. The VO** permeability of blend membranes decreased
with the increasing of PAN mass ratio. The acid—base
interaction would reduce water uptake and hydrophilic domains
of blend membranes, leading to lower cross-mixing of
vanadium jons and higher VRFB Coulombic efliciency. As a
key parameter of VRFB, the ion selectivity could evaluate the
balance of proton conductivity and vanadium ion permeability.
Normally hi§her ion selectivity represented better VRFB
performance. *** The ion selectivity of S/PAN-15%, S/PAN-
20%, and S/PAN-25% membranes were close to or higher than
that of the Nafion 117 membrane, suggesting that these
membranes were better than other membranes in this work for
VREB application.

3.3. VRFB Single-Cell Performance. To confirm the good
trends of properties of SPEEK/PAN blend membranes, the
self-discharge test of various membranes was conducted. The
self-discharge test was begun at 50% state of charge and
finished when the open circuit voltage was below 0.8 V. As

18889

shown in Figure 8, the self-discharge time of various
membranes were consistent with the VO** permeability and
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Figure 8. Self-discharge curves of Nafion 117, SPEEK, and SPEEK/
PAN blend membranes.

ion selectivity results. The incorporation of PAN effectively
reduced the cross-mixing of vanadium ions, causing a longer
self-discharge time than that of the SPEEK membrane. The self-
discharge times of S/PAN-15%, S/PAN-20%, and S/PAN-25%
membranes were close to or higher than that of the Nafion 117
membrane, indicating better properties for further test. Because
of the acid—base interaction between SPEEK and PAN, the
blend membranes exhibited good trends of physicochemical
properties, mechanical properties, VO*' permeability, ion
selectivity, and self-discharge time with the increase of PAN
mass ratio. Furthermore, the S/PAN-15%, S/PAN-20%, and S/
PAN-25% membranes were selected to perform further
investigation owing to the similar or better properties
compared with Nafion 117 membrane.

The charge—discharge test was conducted at constant
current densities from 40 to 200 mA cm 2, and the charge—
discharge curves of VRFBs assembled with various membranes
at constant current densities of 40, 80, 120, 160, and 200 mA
cm™? were represented in Figure 9a—e. The capacities of all
membranes decreased with the increasing current density.
Because of the higher IR drop at higher current density, higher
charge voltage and lower discharge voltage were observed,
leading to the decreasing of capacities when the amount of
electrolyte was fixed in this test. The capacities of SPEEK/PAN
blend membranes were higher than that of Nafion 117
membrane at all current densities, revealing the higher
utilization of electrolyte, which was beneficial for reducing the
actual amount of electrolyte. Besides, higher capacities of blend
membranes also demonstrated higher VRFB single-cell
performance. The S/PAN-20% membrane exhibited highest
capacities within these membranes, which could be attributed
to its good balance of proton conductivity and vanadium ion
permeability. The capacities of S/PAN-15% membrane were
fewer than S/PAN-20% membrane, which could be assigned to
the higher vanadium ion permeability and higher cross-mixing
of vanadium ions. The S/PAN-25% membrane also possessed
fewer capacities than S/PAN-20% membrane, although the ion
selectivity of S/PAN-25% membrane was highest. This was due
to the lower proton conductivity of S/PAN-25% membrane,
resulting in higher ohmic polarization and fewer capacities. As
shown in Figure 9f, the discharge energy and average discharge

dx.doi.org/10.1021/am5047125 | ACS Appl. Mater. Interfaces 2014, 6, 18885—18893
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Figure 9. Charge—discharge curves at constant current densities of (a) 40 mA cm™, (b) 80 mA cm™, (c) 120 mA cm™2, (d) 160 mA cm™, (e) 200
mA cm™% and (f) discharge energy and average discharge power density of VRFBs assembled with various membranes.

power density maintained the same order as shown in the
charge—discharge curves, where the S/PAN-20% membrane
exhibited highest values within these membranes at all current
densities.

The charge—discharge performance of Coulombic efficiency
(CE), voltage efficiency (VE), and energy efficiency (EE) of
VRFBs assembled with various membranes were illustrated in
Figure 10. The deviation of efficiency value was less than 0.5%

100
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Figure 10. Coulombic efficiency (CE), voltage efficiency (VE), and
energy efficiency (EE) of VRFBs assembled with Nafion 117, S/PAN-
15%, S/PAN-20%, and S/PAN-25% membranes at constant current
densities from 40 to 200 mA cm ™2

in the charge—discharge test and cycle life test. Because of the
identical configuration of VRFB single cell except membrane,
CE was dominantly affected by the cross-mixing of vanadium
ions.”>** Therefore, the blend membranes exhibited higher CE
than Nafion 117 membrane according to the VO** permeability
results, and the order of CE was S/PAN-25%, S/PAN-20%, S/
PAN-15%, and Nafion 117 membranes. The increasing of CE

with the increasing of current density could be assigned to
shorter charge—discharge time at higher current density,
resulting in lower cross-mixing of vanadium ions and capacity
loss."* The VE rank was S/PAN-20%, S/PAN-15%, Nafion 117,
and S/PAN-25% membranes. The lowest VE of S/PAN-25%
membrane could be attributed to the lowest proton
conductivity and highest IR drop. The gradual decreasing of
VE with the increase of current density could be assigned to the
increase of ohmic polarization. EE was an important indicator
of energy loss during the charge—discharge process and often
employed in the energy storage system.> The order of EE was
the same as shown in the charge—discharge curves, where the
blend membranes exhibited higher EE than Nafion 117
membrane. Because of the lower proton conductivity, the EE
decreasing of S/PAN-25% membrane was also larger than other
membranes, causing lower EE than S/PAN-15% membrane
above current density of 100 mA cm™2 Owing to the good
balance of proton conductivity and vanadium ion permeability
accompanied by suitable proton conductivity, S/PAN-20%
membrane showed highest EE within these membranes at all
current densities. The VRFB single-cell performance of S/PAN-
20% membrane showed higher CE (96.2% vs 91.1%) and EE
(83.5% vs 78.4%) than Nafion 117 membrane at current
density of 80 mA cm™?, revealing the advancement for VRFB
application.

The cycle life test of VRFBs assembled with Nafion 117 and
S/PAN-20% membranes were performed at constant current
density of 80 mA cm™ to investigate the membrane stability in
actual VRFB operation. The cycle performances of CE, EE, and
discharge capacity retention were illustrated in Figure 11. The
CE and EE of Nafion 117 and S/PAN-20% membranes kept
stable during 150 cycles, indicating that both membranes could
effectively resist the degradation under the severe VRFB
operation. Besides, the CE and EE values of S/PAN-20%
membrane were consistent with the results of charge—discharge
test (see Figure 10), demonstrating the good reproducibility of
SPEEK/PAN acid—base blend membranes. The discharge
capacity fade of S/PAN-20% membrane was slower than
Nafion 117 membrane. After 150 cycles, the discharge capacity
retention of Nafion 117 and S/PAN-20% membranes were 46%
and 34%, respectively, indicating the good stability of S/PAN-
20% membrane.

dx.doi.org/10.1021/am5047125 | ACS Appl. Mater. Interfaces 2014, 6, 18885—18893



ACS Applied Materials & Interfaces

Research Article

100
g0 fmmm

80
70 - @ 80 mA cm®

60 PR S B 'Y | IS Y PR Y a1
900 30 60 90 120 150

80

Nafion 117
S/PAN-20%

CE (%)

T

i)

E (%)

70
Y o6o

50 PR S (ST S [ S NS S N T—— |
150

120

100 f
80
60
40

oo b v o 0,
60 90 120 150

Cycle number

Capacity retention (%)

Figure 11. Coulombic efficiency (CE), energy efficiency (EE), and
discharge capacity retention of VRFBs assembled with Nafion 117 and
S/PAN-20% membranes at constant current density of 80 mA cm™2,

The volume and vanadium ion concentration of electrolytes
would be imbalanced due to the imbalanced migration of
vanadium ions, hydrogen ions, and water.® With the increase of
cycle number, the imbalance of electrolytes would be larger,
leading to higher state of charge of electrolyte in one side of
VRFB single cell. Therefore, higher polarization and lower
capacity was observed. The capacity difference between Nafion
117 and S/PAN-20% membranes increased with the increasing
of cycle number until S0th cycle. The smaller capacity
difference after SO cycles may be due to the swelling behavior
of S/PAN-20 membrane, which could lead to larger cross-
mixing of vanadium ions and faster capacity fade than the
foregoing cycles. Nevertheless, the cycle performance of S/
PAN-20% membrane was still better than Nafion 117
membrane. The SPEEK/PAN acid—base blend membranes
possessed higher, stable CE and EE and slower discharge
capacity fade, indicating the good applicability of SPEEK/PAN
blend membranes and good prospect for VRFB applications.
3.4. Chemical Stability. The chemical stability of Nafion
117 and S/PAN-20% membranes were further investigated by
soaking membranes in both low and high concentration (0.1
and 1.5 mol L™!) V(V) solutions for two weeks.*** The
results are listed in Table 2. The chemical degradation of

The charge—discharge curves of Nafion 117 and S/PAN-20%
membranes at different cycles in the cycle life test were
illustrated in Figure 12. The capacities of both membranes
decreased with the increase of cycle number, while the higher
charge voltage and lower discharge voltage could be observed.

Voltage (V)

Nafion 117
—— S/PAN-20%

150th

80 mAcm? @ 0.8-1.65V
1 1 1
1000 1500 2000 2500

Capacity (mAh)

500

Figure 12. Charge—discharge curves of Nafion 117 and S/PAN-20%
membranes in the cycle life. The number in the figure is the specific
cycle number.
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Table 2. Chemical Stability Results of Nafion 117 and S/
PAN-20% Membranes by Soaking in V(V) Solutions for Two
Weeks

reduction of V(V) to V(IV)
0y

weight loss (%) (%)
0.1 mol L™! 1.5 mol L™! 0.1 mol L™! 1.5 mol L™!
membrane V) V) V) V)
Nafion 117 0.1 04+ 0.1 0.0 0.1
S/PAN- 0.5 + 0.1 40+ 03 0.3 29 £02
20%

membrane could be due to the degradation of membrane
backbone.*® Hence the V(IV) reduced from V(V) indicates the
stability of membrane. The Nafion 117 membrane showed
extremely low weight loss and V(IV) reduced from V(V),
revealing the high chemical stability in both low and high
concentration V(V) solutions. The S/PAN-20% membrane also
exhibited high chemical stability as shown in Table 2. The
V(IV) reduced from V(V) was only 2.9% after soaking in 1.5
mol L' V(V) solution for two weeks, suggesting the good
chemical stability and long lifetime of S/PAN-20% membrane.

4. CONCLUSIONS

SPEEK/PAN acid—base blend membranes with various PAN
mass ratios (5%, 10%, 15%, 20%, and 25%) were prepared and
investigated in detail in VRFB. SEM and EDX results indicated
that blend membranes maintained dense and homogeneous
cross-section morphology. The acid—base interaction of ionic
cross-linking and hydrogen bonding between SPEEK and PAN
was proposed and confirmed by FTIR spectra. The good trends
of physicochemical properties, mechanical properties, VO**
permeability, ion selectivity, and self-discharge time with the
increase of PAN mass ratio possessed by blend membranes also
supported the existence of acid—base interaction. The S/PAN-
15%, S/PAN-20%, and S/PAN-25% membranes were chosen
to perform further VRFB single-cell test. Because of the good
balance of proton conductivity and vanadium ion permeability
accompanied by suitable proton conductivity, S/PAN-20%
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membrane showed higher VRFB performance of CE (96.2% vs
91.1%) and EE (83.5% vs 78.4%) than Nafion 117 membrane
at current density of 80 mA cm™ Furthermore, S/PAN-20%
membrane exhibited identical, stable CE and EE during 150
cycles in the cycle life test, and the discharge capacity retention
(46% vs 34%) was higher than Nafion 117 membrane after 150
cycles. Therefore, the low-cost SPEEK/PAN acid—base blend
membranes showed good prospect of substituting Nafion
membrane for VRFB application.
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