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Sulfonated component-incorporated quaternized
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Novel poly(phthalazinone ether ketone)-based amphoteric ion exchange membranes with improved ion
selectivity, stability and water transport resistance were prepared for vanadium redox flow battery (VRB)
applications. The preparation method ensured the absence of electrostatic interaction. A small amount
of sulfonated poly(phthalazinone ether ketone) (SPPEK) with different ion exchange capacity (IEC) values
was mixed with brominated poly(phthalazinone ether ketone) (BPPEK) to prepare base membranes with
the solution casting method, and they were aminated in trimethylamine to obtain the resulting
membranes (Q/S-x, x represents the IEC value of SPPEK). Compared with the AEM counterpart (QBPPEK)
prepared from the amination of the BPPEK membrane, Q/S-1.37 showed lower swelling ratio and area
resistance (R). The R value of Q/S-1.37 (0.58 Q cm?) was close to that of Nafion115. The VO?* and V3*
permeability values of Q/S-x were 96.7-97.6% and 98.5-99.2% less than those of Nafionl1l5,
respectively, demonstrating the excellent ion selectivity of Q/S-x. Compared with Nafion11l5 and
QBPPEK, Q/S-1.37 displayed 90.0% and 92.1% decrease in the static water transport volume and 93.2%
and 66.7% decrease in the cycling transport rate, respectively, revealing good water transport resistance.
Compared with Nafion115, Q/S-1.37 exhibited an increase of 1.0-5.7% in the coulombic efficiency (CE)
and an increase of 2.5-8.7% in the energy efficiency (EE) at 20-200 mA cm~2. Q/S-x showed better
chemical stability in VO,* solutions than QBPPEK. VRB with Q/S-1.37 could be steadily operated for
400 h without sudden capacity and efficiency drop, while VRB with QBPPEK could hold for only around
250 h. Q/S-1.37 retained higher CE, EE and capacity retention than Nafion115, displaying good long-term
stability. Thus, the Q/S-x are promising for use in commercial VRBs.
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stability and water transport resistance.*”'*> The Nafion series of
Dupont, a type of commercial cation exchange membrane

1. Introduction

A vanadium redox flow battery (VRB) is a type of energy storage
device patented by M. Skyllas-Kazacos et al.** Based on the
redox reaction of vanadium ions with different valences, VRBs
ensure the elimination of electrolyte contamination.** Due to
the features of cost competitiveness, long lifetime, fast response
speed, etc., VRBs have attracted considerable attention from
researchers.*” Recently, the VRB system has been considered to
have potential to be used in the storage of intermittent energy.*°
Ion exchange membranes (IEMs), one of the crucial ingredients
in VRBs, are required to separate active vanadium species in two
electrodes and ensure charge balance.*'®" The features of ideal
IEMs used in VRBs include cost competitiveness, low area
resistance, good vanadium ion resistance, high chemical
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(CEM), exhibit low area resistance and excellent chemical
stability in the VRB system.'*'* However, the drawbacks of
serious vanadium ion crossover and increased cost hinder
further commercial applications in VRB operations, and the
former always leads to capacity decay and electrolyte flood-
ing.*" The improved VRB comprehensive performance was
achieved by employing modified Nafion membranes, but these
membranes still suffered from the disadvantage of high
costs. 8

Currently, some aromatic polymers are being actively
explored to prepare CEMs and anion exchange membranes
(AEMs) for VRBs.">"?*" Generally, CEMs with anionic groups
(most often sulfonic groups) possess desirable proton conduc-
tivity but suffer from serious vanadium ion crossover. On the
contrary, AEMs with cationic groups, including quaternary
ammonium, imidazolium and pyridinium groups, can effec-
tively constrict vanadium ion contamination and self-discharge
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due to the Donnan exclusion effect. However, AEMs in VRBs
suffer from undesirable conductivity. Amphoteric ion exchange
membranes (AIEMs) are encouraged to realize a competitive
VRB performance with the aid of cationic and anionic groups.
For AIEM preparation, researchers have conducted substantial
efforts. Qiu et al. explored a number of AIEMs by grafting
styrene and dimethylaminoethyl methacrylate into the
substrate materials: PVDF and ETFE.**** Anionic and cationic
groups were incorporated by sulfonation and protonation
processes, respectively. The resulting ETFE-based AIEM dis-
played comparable conductivity and much lower vanadium ion
permeability over Nafion117, with which VRBs could be oper-
ated for 40 cycles.*” Lee et al. explored AIEMs based on a micro-
porous polyethylene (PE) substrate. Sulfonic acid and quater-
nary ammonium groups were incorporated through the photo-
polymerization of PE, vinyl sulfonic acid and (vinylbenzyl)tri-
methylammonium chloride under UV radiation. Compared
with Nafion117, the resulting AIEM exhibited 92.3% decrease in
vanadium ion permeability.** Layer-by-layer self-assembly was
also employed to fabricate AIEMs.?*3¢ The performance of the
resulting AIEMs depended on the count of bilayers for nega-
tively and positively charged polymers. Cationic and anionic
group-functionalized polymers were synthesized for AIEM
preparation.’””** For example, Liao et al. synthesized a fluoro-
methyl sulfonated poly(arylene ether ketone)-bearing benz-
imidazole moiety to prepare AIEMs, which displayed 3.6%
increase in coulombic efficiency (CE) and comparable voltage
efficiency (VE) over Nafion117.* These AIEMs displayed
a competitive VRB performance, but the preparation methods
were multistep and complex.

Blending is a simple and attractive way to modify
membranes by combining the excellent quality of components
and overcoming the disadvantages of some components.” It has
been developed to prepare composite membranes for VRBs
through polymer blending or nanofiller incorporation.***
Some labs have explored AIEMs by mixing basic and acidic
polymers. The AIEMs prepared from sulfonated poly(ether ether
ketone) (SPEEK) and polymers with a benzimidazole moiety
displayed excellent vanadium ion resistance.***” Acid-base
pairs always appeared in this direct blending, which may result
in the formation of precipitates or nonuniform structures,
leading to the performance degradation of the resulting
membranes.*®*® Furthermore, acid-base interactions can
reduce the swelling ratio and occupy some conductive groups,
hindering the improvement in conductivity. Cao et al. blended
sulfonated polyimide with functionalized graphene oxide con-
taining both sulfonic and quaternary ammonium groups to
prepare AIEMs, which exhibited 9% increase in energy effi-
ciency (EE) over Nafion117.%° Liu et al. reported that SPEEK and
quaternized poly(ether imide) could be mixed to prepare
AIEMs.®* The resulting AIEMs exhibited better vanadium ion
resistance than SPEEK and Nafion117 and maximum EE of
88.45% in VRBs. He's group explored a number of AIEMs ob-
tained from SPEEK and imidazolium-based PSF, which
possessed close area resistance and lower vanadium perme-
ability compared with Nafion212.>** In these studies, the
electrostatic interactions of cationic and anionic groups may
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lead to the poor compatibility of components and polymer
precipitation in the casting solution. Furthermore, the resulting
non-uniform membrane structure deteriorated the properties
of VRBs.

In this work, we reported novel AIEMs based on poly(-
phthalazinone ether ketone). Our lab has explored a number
of AEMs based on poly(phthalazinone ether)s with quaternary
ammonium or pyridinium groups, which exhibited much
lower vanadium ion permeability than the Nafion counter-
part.?»**** However, further improvement in ion conductivity
is necessary. The sulfonated poly(phthalazinone ether ketone)-
based CEMs with increased ion exchange capacity (IEC)
showed lower area resistance than Nafion115, while the cor-
responding ion selectivity could be improved.** AIEMs based
on poly(phthalazinone ether ketone) have the potential to
combine the advantages of previous CEMs and AEMs, thus
realizing a competitive VRB performance. Recently, bromi-
nated poly(phthalazinone ether ketone) (BPPEK) and
sulfonated poly(phthalazinone ether ketone) (SPPEK) with the
ion exchange capacity (IEC) values of 0.70 and 1.37 mmol g~ *,
respectively, were used for the preparation of blend-based
membranes with 30% SPPEK loading. Then, Na-substituted
blend-based membranes were successively quaternized to
obtain the resulting membranes (Q/S-x), where x represents
the IEC value of SPPEK (IECs). Compared with the previous
preparation methods of radiation grafting, layer-by-layer self-
assembly and polymerization, this AIEM fabrication process
is simple and easy to realize. During this preparation process,
sulfonic acid and quaternary ammonium groups were sepa-
rately incorporated into Q/S-x through a blending and ami-
nation process. This could avoid the poor compatibility of
components due to electrostatic interactions in the case of
directing blending, thus ensuring compact and uniform
morphology. The hydrophilic SPPEK component in Q/S-x was
conducive for improving conductivity. Furthermore, based on
the fact that the BPPEK component obviously swelled, while
the Na-substituted SPPEK component remained nearly
invariable during the amination process, the SPPEK compo-
nent could restrict membrane swelling in the amination
process and make the structure of Q/S-x dense, thus improving
the dimensional stability and duration of VRB operation. The
water uptake, swelling ratio, area resistance, mechanical
property, chemical stability and long-term VRB performance
of Q/S-x were determined in detail and compared with those of
Nafion115 and the AEM counterpart (QBPPEK) prepared from
the amination of BPPEK membrane. The low swelling ratio
and quaternary ammonium groups allowed Q/S-x to achieve
competitive vanadium ion resistance. The vanadium species
in VRBs display distinct permeability due to the difference in
ion radius and valence.*>*® In addition, according to previous
reports, CEMs and AEMs exhibit different sequence of the
permeability of vanadium ions with varied valences.***%” This
indicated the distinct effect of the cation and anion exchange
groups on the permeability of different vanadium species. It
was speculated that the permeability of individual vanadium
ions was tuneable in Q/S-x by changing the ionic group
content. A consequent effect on the water transport in VRBs

This journal is © The Royal Society of Chemistry 2019
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was observed, which was partially derived from the hydration
of the diffusing vanadium ions.*>***” Water transport causes
numerous issues including electrolyte imbalance, vanadium
salt precipitation and capacity decay, ultimately leading to the
failure of the VRB operation.'"***” Moreover, water transport
resistance needs to be considered as an assessment for
membrane candidates. As reported, anionic groups drive the
water transport to the positive electrode due to the hydration
of V¥*/v**, while cationic groups benefit the water transfer to
the negative electrode under the hydration of VO,"/VO**.5®
Therefore, by encountering water transfer in the opposite
direction, the Q/S-x materials are promising to possess good
water transfer resistance. In this work, the V** and vO?**
permeability and water transport properties of Q/S-x and
QBPPEK were compared and investigated, which has been
rarely reported in previous works.

2. Experimental
2.1 Materials

4-(3,5-Dimethyl-4-hydroxyphenyl)(2H)-phthalazin-1-one
(DMDHPZ, 99.0%), 4(4-hydroxyphenyl)(2H)-phthalazin-1-one
(DHPZ, 99.0%) and 4,4’-difluorobenzophenone (DFB, 99.0%)
were purchased from Dalian Polymer New Material Co. Ltd.,
China. Trimethylamine (TMA, 33 wt%), N-methyl-2-
pyrrolidinone (NMP, 99.0%), hydrochloric acid (HCl, 36%), N-
bromosuccinimide (NBS, 98.0%), 1,1,2,2-tetrachloroethane
(99.0%), and concentrated sulfuric acid (H,SO,4, 95-98%) were
used without further purification, and other reagents were of
analytical grade.

2.2 Preparation of polymers and Q/S-x membranes

According to a previously reported study, DMDHPZ, DHPZ and
DFB with the mole ratio of 9: 1: 10 were employed to synthe-
size poly(ether ketone) containing 3,5-dimethyl phthalazinone
moieties (DMPPEK) via a condensation polymerization process
(Fig. 1a).” Similarly, poly(phthalazinone ether ketone) (PPEK)
was prepared from DHPZ and DFB in an equimolar ratio.
Brominated poly(phthalazinone ether ketone) (BPPEK) with the
degree of substitution (DS) of 95% was prepared from DMPPEK
dissolved in 1,1,2,2-tetrachloroethane with NBS as the bromi-
nation agent.> The mole ratio of NBS and methyl in DMPPEK
was set at 0.7 : 1. Sulfonated poly(phthalazinone ether ketone)
(SPPEK) materials with the ion exchange capacities (IECs) of
0.70 and 1.37 mmol g~ " were prepared through the sulfonation
of PPEK by varying the reaction temperature and time.*®
Concentrated sulfuric acid and fuming sulfuric acid were
employed as solvent and sulfonating agent, respectively. The
preparation process of Q/S-x is shown in Fig. 1b. By using the
solution casting method, blend-based membranes were ob-
tained from 13 wt% solutions of BPPEK and SPPEK dissolved in
NMP, and the mass ratio of BPPEK to SPPEK was fixed at 7/3.
Blend-based membranes on slick glass plates were evaporated
at 60 °C for 4 h. To avert the reaction of TMA and sulfonic acid
groups during the following quaternary amination process,
blend-based membranes were exposed to an NaCl solution at an
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ambient temperature to achieve complete substitution. Then,
Na-substituted blend-based membranes were directly placed in
a TMA solution for two days at 40 °C to introduce the quaternary
ammonium groups. Residual TMA was rinsed off with 5 wt%
HCI to obtain the resulting membranes (Q/S-x), where x is the
IEC of SPPEK (IECs). Pristine counterparts were prepared from
BPPEK and SPPEK, and the resulting membranes were denoted
as QBPPEK and SPPEK-x.

2.3 Characterization of membranes

The Fourier transform infrared (FTIR) analysis of membranes
was conducted by an FTIR spectrometer (Nicolet 6700). The
microstructure and element mapping of membrane samples
were detected by scanning electron microscopy (SEM, FEI
Quanta 450).

The cation and anion exchange capacities (IECc and IECa)
of Q/S-x were investigated using the titration method at room
temperature. For IECa gauging, original Q/S-x (in chloride
form) was preferentially immersed in NaNO; for two days. The
resulting solutions were titrated by AgNO; using K,CrO, as an
indicator, and then the volume of AgNO; solution was
recorded.

Weighted dry Q/S-x samples (in hydrogen form) were incu-
bated in NaCl for 72 h. IECc was determined by titrating the
soaking solution with NaOH using phenolphthalein as an
indicator. The volume of the consumed NaOH was then
recorded.

Before the test of water uptake (WU), the Q/S-x samples in
initial conditions were saturated in deionized water for one day.
The weight of wet Q/S-x (m,,) was immediately gauged after being
rubbed using an absorbent paper to remove the surface water.
The weight of dry Q/S-x (m4) heated in vacuum (at 60 °C for 48 h)
was measured, and WU was calculated using the following
equation:
mW

T = s 100% (1)

WU (%) = =
d

As an index to evaluate dimensional stability, the swelling
ratios (SRs) of Q/S-x in water and VOSO, solution were investi-
gated, which were named as SR(H,O) and SR(VOSO,), respec-
tively. First, the lengths of dry Q/S-x (I4) after placing in vacuum
of 60 °C for two days were gauged. Then, the lengths of wet Q/S-x
(1) after soaking in deionized water and 1.5 mol L™! VOSO,/
3.0 mol L' H,S0, for one day at room temperature were
detected. SR was obtained using the following equation:

ly — 14
d

SR (%) =

x 100% )

Following a previously reported method, area resistance (R)
measurement of Q/S-x was implemented in a self-made electrical
cell including two compartments containing 2.0 mol L™" VOSO,/
3.0 mol L™ H,S0,.* A membrane equilibrated with experimental
solutions was immobilized by two half-cells with the active area (S).
Moreover, r; (the resistance of the equipment without a membrane)
and r, (the resistance of the equipment with a membrane) were
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tested by electrochemical impedance spectroscopy (EIS) and were
employed to calculate R using the following equation:

=(rp—r) xS (3)
According to a previously reported procedure,* a diffusion
apparatus with two half-cells was employed to gauge vanadium
ion permeability of membranes, which contained 1.0 mol L™*
VO** or V**/2.5 mol L' H,50, and 1.0 mol L' MgSO,/
2.5 mol L™' H,S0,, respectively. MgSO, solutions for the
gauging process functioned to minimize osmotic pressure and
balance ionic strength. VO*>" and V** concentrations in the
MgSO, side were determined using a UV-visible spectropho-
tometer at 765 and 605 nm. The mass transfer coefficient (K) of
VO and V** was calculated using the following equation:

2K, A
In[abs By — 2abs A] =In abs By — (4)
Va
Here, abs B, is the original absorbance of VO?** or V** solution,

abs A and V, represent the absorbance and volume of MgSO,,
respectively, A4 is the active area, and ¢ refers to the time interval
of taking samples from the MgSO, side.

The static water transport testing of membranes followed
a previously reported procedure.*® As shown in Fig. 1b, the water
transport volume was evaluated through the calibration marks
of glass tubes in a diffusion cell. One half-cell was filled with
1.5 mol L™ ! vO,"/VO*" in 3.0 mol L ! H,SO, at the state of
charge (SOC) of 50% and the other contained 1.5 mol L™" V**/
V" in 3.0 mol L™* H,S0, at the same SOC. The initial volume in
each half-cell was 45 mL, and the effective area of membrane
samples was 24.8 cm?.
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2.4 VRB performance

Following a previously reported procedure,” a VRB system
housed by frames was constructed to conduct charge/discharge
tests, in which a membrane was sandwiched by carbon felts and
graphite current collectors. We circularly pumped 33 mL of
1.5 mol L™ vO,"/VO*" in 3.0 mol L™ ! H,SO, and 33 mL of
1.5 mol L™ V**/Vv*" in 3.0 mol L™* H,S0, into two electrodes.
The test was implemented by the CT-3008-5V/3A battery testing
system (Neware in Shenzhen) with terminal voltages of 1.7 V
and 0.8 V. The active area of the membrane samples was 5 cm”.
The CE, VE and EE of membranes were obtained according to
a previous report.”® The single cell and cycling test of all
membrane samples was carried out three times.

2.5 Chemical stability

As reported in previous studies, the chemical stability of Q/S-x
was evaluated by dipping in VO," solutions. Q/S-x was immersed
in 1.5 mol L™ VO,/3.0 mol L' H,S0, for 60 days at 25 °C.***
The weight loss and properties of soaked Q/S-x were gauged.
Weight loss was obtained through the following equation:

my X Mgy a4

Weight loss (%) = x 100% (5)

my
Here, my and me q are the weights of the original and soaked Q/
S-x, respectively.

During the immersion procedure in 0.1 mol L' VO,"/
3.0 mol L' H,S0,4, VO," (yellow) would be reduced to VO**
(blue) by membranes. The colour and VO** concentration of
solutions were recorded after 56 days.
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(a) Synthesis of BPPEK and SPPEK. (b) The schematic diagram of Q/S-x preparation process. (c) The cell for static water transport test.
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3. Results and discussion
3.1 Characterization of membranes

As displayed in the FTIR spectra (Fig. 2a), compared with
QBPPEK, Q/S-1.37 exhibited characteristic absorption peaks at
around 1030 and 1080 cm™ ', which were ascribed to the
symmetric stretching of O=S=O0 and stretching of O=S,
respectively. This suggested the incorporation of sulfonic acid
groups into Q/S-1.37. Moreover, the absence of the peak at
1080 em ™" for Q/S-0.70 may be because the content of sulfonic
acid groups is low.

The IEC results shown in Fig. 2b confirmed that Q/S-1.37 and
Q/S-0.70 possessed both anion and cation exchange groups, and
QBPPEK contained only anion exchange groups. Both Q/S-1.37
and Q/S-0.70 exhibited similar IECa values, while Q/S-1.37
exhibited a higher IECc value. In addition, the theoretical IEC
(IECT) values of Q/S-x almost coincided with the measured IEC
(IEC™) ones. IECa™ was obtained under the hypothesis that all
bromomethyl groups react during the quaternary amination
process, and IECc” was defined as IECs divided by the SPPEK
mass content in Q/S-x.

From both the low- and high-resolution SEM images dis-
played in Fig. 3, it can be observed that the cross-section of Q/S-
x is rough, while the surface microstructure is smooth. Q/S-x
displayed a similar microstructure to those of pristine QBPPEK,
SPPEK-0.70 and SPPEK-1.37. The compact and uniform
morphology of Q/S-x revealed good compatibility between two
components and the absence of electrostatic interactions
during the preparation process.

Fig. 3k-o display the element mapping of Q/S-x based on
energy dispersive X-ray (EDX) analysis. The uniform distribu-
tion of sulfur and chlorine corresponding to the sulfonic acid
and quaternary ammonium groups revealed good compatibility
between the two components and the absence of electrostatic
interactions. In addition, the detected sulfur in Q/S-x indicated
the incorporation of sulfonic acid groups. Q/S-0.70 and Q/S-1.37
exhibited similar chlorine contents, while Q/S-1.37 displayed
a higher content of sulfur, which agreed well with the IEC
results. Both the IEC and EDX results suggested a lower
quaternary ammonium group content in Q/S-x compared to that
in QBPPEK.

(a)| — ass-0.70 —— QBPPEK (b)
——SPPEK1.37 —— Q/S-1.37 27 Eca”
164 B Eca’
’ [ Eecc”
e B Ecc
| 1030 cm! 2424
] £
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//\/\/\\/ £ o.8-
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Fig. 2 (a) FTIR spectra of membranes; (b) IEC of membranes.
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3.2 Basic properties of Q/S-x

The WU, SR(H,0) and SR(VOSO,) results of QBPPEK, SPPEK-x
and Q/S-x are presented in Fig. 4. Compared with QBPPEK, Q/S-
0.70 exhibited lower WU, SR(H,O) and SR(VOSO,). This is
because the introduced SPPEK (IEC = 0.70 mmol g %) in Q/S-
0.70 showed poor hydrophilicity, as indicated by the lower
WU and SR values of SPPEK-0.70 compared to those of QBPPEK.
Analogously, it was concluded that the SPPEK component in Q/
S-1.37 showed better hydrophilicity than the QBPPEK compo-
nent. Generally, the incorporation of sulfonated polymers
benefits the improvement in hydrophilicity. However, the WU,
SR(H,0) and SR(VOSO,) values of Q/S-1.37 (29.2%, 6.8% and
6.0%, respectively) were lower than those of QBPPEK (34.0%,
9.7% and 8.9%, respectively). The length differences of
membranes before and after the amination process were
detected (Fig. 4). The length changes in QBPPEK, Na-
substituted SPPEK-0.70 and SPPEK-1.37 during the amination
process were 6.8%, 0.2% and 0.2%, respectively. The result
suggested that the BPPEK component obviously swelled, while
the Na-substituted SPPEK component remained nearly invari-
able during the quaternary amination process. Q/S-1.37 dis-
played a lower length change (2.1%) than QBPPEK during
amination. Compared to the observations for QBPPEK, both the
smaller amount of the BPPEK component and the higher
content of the Na-substituted SPPEK component in Q/S-1.37
were not conducive for swelling during amination, leading to
a dense microstructure. Although highly hydrophilic sulfonic
acid groups existed in Q/S-1.37, the compact and dense struc-
ture restrained WU and SR. Compared with Nafion115, Q/S-1.37
with increased WU displayed lower SR, thus revealing good
dimensional stability.

Fig. 5a—c present the area resistance of Q/S-x. The area
resistance of a membrane is influenced by proton conduction,
which is related to many factors such as the type of ionic
groups, IEC, WU and SR. The possible proton transfer process
in Q/S-x is presented in Fig. 5d. It was observed that proton
conduction was controlled by the vehicle mechanism and
Grotthuss mechanism. In Q/S-x, the introduced sulfonic acid
groups benefited proton conduction via the Grotthuss mech-
anism, decreasing the area resistance.”””> However, the
decreased WU and SR caused by SPPEK incorporation

QBPPEK Q/S-0.70 Q/$-1.37
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Fig. 3 Cross-section microstructure of membranes: (a) QBPPEK, (b) Q/S-0.70, (c) Q/S-1.37, (d) SPPEK-1.37, (e) SPPEK-0.70; surface micro-
structure of membranes: (f) QBPPEK, (g) Q/S-0.70, (h) Q/S-1.37, (i) SPPEK-1.37, (j) SPPEK-0.70 (the insets are the corresponding high-resolution
SEM images). Chlorine element mapping of membranes: (k) QBPPEK, (1) Q/S-1.37, (m) Q/S-0.70. Sulfur element mapping of membranes: (n) Q/S-

1.37, (0) Q/S-0.70.

suppressed proton conduction induced by water-assisted
vehicle mechanism, hindering the reduction in area resis-
tance.”"”* In Q/S-0.70, sulfonic acid groups displayed a small
content, and the contribution to proton conduction via the
Grotthuss mechanism was too small to offset conduction
reduction caused by decreased WU and SR. Therefore, as
presented in Fig. 5, the R value of Q/S-0.70 (1.02 Q cm?) was
higher than that of QBPPEK (0.65 Q cm?). In the case of Q/S-
1.37, due to the desirable amount of sulfonic acid groups,
the improvement in proton conduction controlled by the
Grotthuss mechanism dominated, effectively reducing the
area resistance. Therefore, Q/S-1.37 showed lower R (0.58 Q

50 60
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401 . [ SR during quaternary amination
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SPPEK-0.70 SPPEK-1.37 QBPPEK @/S-0.70  Q/S-1.37 Nafion 115

Fig. 4 The WU, SR(H,0), SR(VOSO,) and length change during ami-
nation process (sulfonic acid groups were substituted by sodium
before amination).
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cm?®) than QBPPEK, which indicated that the incorporation of
SPPEK with desirable IECs was effective in reducing R of Q/S-x.
The R value of Q/S-1.37 was close to the value of Nafion115
(0.45 Q cm?), demonstrating the good ion conductivity of Q/S-
1.37.
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Fig. 5 VO?* permeability (a), V3* permeability (b) and the ratio of V3*
to VO?* permeability (c) versus area resistance; (d) the diagram of
possible ion transport process in Q/S-x.
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The crossover of vanadium ions with varied valences across
a membrane can generate the self-discharge of VRBs, which
needs to be restricted. Generally, the permeability coefficient of
vanadium ions (Kg) is employed to assess the vanadium ion
resistance of a membrane. As shown in Fig. 5a and b, the VO**
and V** permeability of membranes followed the order QBPPEK
> Q/S-1.37 > Q/S-0.70, coinciding with the aforementioned SR
results. This is because a dense structure restrains the crossover
of vanadium ions. Despite sulfonic acid groups, Q/S-x had lower
vanadium ion permeability than QBPPEK. In CEMs, the elec-
trostatic attraction of the electronegative groups promoted
vanadium ion diffusion, which was restrained in AEMs because
of the electrostatic repulsion of the positively charged groups.
Both the attraction and repulsion have greater effects on the
transport of V** than that of VO*" due to the higher charge
number of V**.54% Therefore, in Nafion115 (CEM), the V**
permeability was higher than the VO*' permeability and in
QBPPEK (AEM), the V*" permeability was lower. The corre-
sponding ratios of the V** permeability to the VO** permeability
for QBPPEK, Q/S-0.70 and Q/S-1.37 were 31.8%, 34.0% and
49.6% (Fig. 5¢). This suggested that the discrepancy of the VO**
and V** permeability could be regulated by incorporating
SPPEK and the SPPEK component promoted V** diffusion. The
VO and V** permeability values of Q/S-x were 96.7-97.6% and
98.5-99.2% less than those of Nafion115, respectively. Q/S-x
exhibited good resistance to vanadium permeability due to the
Donnan exclusion effect, as shown in Fig. 5d.

Fig. 5a and b present vanadium ion permeability as a func-
tion of area resistance. An ideal membrane for VRBs should
exist in the lower left hand corner of the figure. From the figure,
it can be concluded that Q/S-1.37 provided superior ion selec-
tivity over Nafion115.

3.3 Water transport performance

Water transport influences VRB operation as one half-cell
becomes diluted and the other side becomes concentrated,
leading to vanadium salt precipitation and capacity decay.'"***”
Simultaneously, extra working procedures and high costs are
needed for rebalancing electrolytes. Therefore, one requirement
of IEMs for VRBs is to deter excessive net water transport.
According to previous reports, the hydration of transporting
ions can impact water transfer.*®*-*® Therefore, the diffusion rate
of vanadium ions and the number of the corresponding bound
water molecules influence the net water transport.

Fig. 6 displays the static water transport volume of
membranes at 50% SOC. The static water transport in the case
of Nafion115 and SPPEK-1.37 was directed to the positive half-
cell (+ve), and this coincided with previous results.”***** This
is mainly due to the hydration of V>*/v3* 5806 Ag described,
electronegative groups are more conducive for V>*/V** perme-
ability than VO,"/VO** permeability due to higher charge
numbers of V**/V**, Furthermore, the number of water mole-
cules bound to V**/V*" is higher than that for VO,"/VO*".” The
water transfer direction of QBPPEK was towards the negative
half-cell (—ve), reported
results.”®**®> The electropositive groups exhibited a greater

agreeing well with previously
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Fig. 6 The static water transport volume of membranes.

suppression effect on the transport of V>*/V®* than on the
transport of VO,"/VO*". Regardless of the increased bound
water content for V**/V**, the hydration of VO,"/VO*" directed
the water transport to —ve in QBPPEK. The effects of sulfonic
acid and quaternary ammonium groups on the water transport
direction were opposite and would offset each other. Sulfonic
acid groups intensified the water transport toward +ve. There-
fore, for QBPPEK, Q/S-0.70 and Q/S-1.37, the volumes of water
transferring to +ve were 0 mL, 0.03 mL and 0.08 mL, while those
to —ve were 1.02 mL, 0.21 mL and 0.06 mL, respectively. Q/S-
1.37 showed the static water transport volume of 0.08 mL,
which was 90.0% less than that of Nafion115. This is due to the
adverse effect of the cation and anion exchange groups on the
water transport direction and low vanadium permeability in Q/
S-1.37. Compared with QBPPEK and SPPEK-1.37, Q/S-1.37 dis-
played decrease of 92.1% and 84.0%, respectively, in the water
transport volume, revealing good water transport resistance.

3.4 VRB performance

As presented in Fig. 7, the CE values of Nafion115, QBPPEK and
Q/S-1.37 increase on enhancing the current density. This is
because the increased current density ensures quick charge-
discharge cycles, restraining vanadium ion diffusion. QBPPEK
and Q/S-1.37 with lower vanadium permeability exhibited
higher CE than Nafion 115. The VE values of Nafion115,

100
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—A—Q/S-1.37
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Fig. 7 VRB performance of membranes at 20-200 mA cm™2. The
maximum error was lower than 2%.
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Table 1 The properties of membranes after being immersed in 1.5 mol L=1 VO,* solution

Before After being immersed for 60 days
Membrane Weight loss (%) IECc (mmol g™ ') IECa (mmolg ') IECc (mmolg ') IECa(mmolg ') CE (%) VE (%) EE (%)
QBPPEK 7.3 +0.3 — 1.72 £ 0.03 — 1.51 £ 0.01 — — —
Q/S-0.70 41+04 0.25 £+ 0.02 1.23 £+ 0.03 0.22 + 0.02 1.13 £+ 0.02 97.7+0.5 874 +13 854+0.9
Q/S-1.37 5.4 +£0.2 0.32 £ 0.03 1.14 £ 0.03 0.27 4+ 0.03 1.01 £ 0.02 97.2 +1.0 909+ 09 88.4+1.1
SPPEK-1.37 2.8 £ 0.2 1.29 £+ 0.01 — 1.25 £+ 0.02 — 98.6 + 0.7 858+ 1.3 844 +1.2
SPPEK-0.70 3.5 + 0.3 0.68 + 0.03 — 0.64 + 0.03 — — — —
Nafion115 2.1+£0.2 0.89 £ 0.02 — 0.87 + 0.02 — 94.0 + 0.9 90.5+1.2 851+1.1

QBPPEK and Q/S-1.37 decreased as the current density
increased. Higher current density intensifies cell polarization,
leading to the reduction in VE. Compared with QBPPEK, Q/S-
1.37 showed higher VE, confirming that the incorporation of
SPPEK was conducive for improving conductivity. In addition,
Q/S-1.37 displayed higher VE than Nafion115, and the VE gap
widened with the increase in current. The EE values of
membranes reduced as the current density increased.
Compared with Nafion115, Q/S-1.37 exhibited an increase of
1.0-5.7% in CE and an increase of 2.5-8.7% in EE at different
current densities, thus revealing a good VRB performance.

3.5 Chemical stability of membranes

The ability to resist oxidative VO, solutions is important for
membranes applied in VRB constructions, which is evaluated
through an immersion test in VO," solutions.’**” As displayed in
Table 1, the soaked membranes exhibit lower IEC values in
comparison with the original ones, indicating the degradation of
ion exchange groups during the immersion process. The IEC
values of QBPPEK, SPPEK-0.70 and SPPEK-1.37 after the
immersion test decreased to 0.21, 0.04 and 0.04 mmol g,
respectively. This suggested better chemical stability of SPPEK in
VO, solutions, which was also proven by the fact that the weight
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loss of QBPPEK (7.3%) was higher than those of SPPEK-1.37 and
SPPEK-0.70 (2.8% and 3.5%, respectively). As shown in Table 1,
among the membranes, Nafion115 exhibits the lowest mass loss
of 2.1%, revealing the good chemical stability in VO,". The weight
loss of Q/S-1.37 (5.4%) was lower than that of QBPPEK, which
revealed better chemical stability in the VO, " solution. The result
is caused by the good chemical stability of the SPPEK component
and the low SR induced by SPPEK incorporation, which hinder
the absorption of VO," and improve chemical stability.

The VRB performance of the membranes after being soaked
in 1.5 mol L™ VO," was detected (Table 1) (current density: 40
mA cm™?). SPPEK-0.70 with low IECc showed poor ion
conductivity and could not be assembled in VRBs. After the ex
situ degradation test, QBPPEK could not bear the compression
of other components in the battery device, while Q/S-x and
SPPEK-1.37 could still be fabricated in VRBs. Furthermore, Q/S-
1.37 showed 3.3% increase in EE than Nafion115. Compared
with the efficiencies for original Q/S-1.37 (CE: 98.0%, VE: 91.8%,
EE: 90.0%), those of the soaked membrane showed no signifi-
cant change. These results demonstrated that Q/S-1.37 exhibi-
ted good stability in VO,".

As presented in Fig. 8a and b, SPPEK-1.37 and SPPEK-0.70
exhibit higher tensile strength and elongation at break than
QBPPEK, thus revealing better mechanical properties. The

(b) 30
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Fig. 8

(a) The tensile strength of membranes in original and soaked state; (b) the elongation at break of membranes in original and soaked state;

surface microstructure of membranes after being soaked in 1.5 mol L™* VO,* solution for 60 days: (c) QBPPEK, (d) Q/S-0.70, (e) Q/S-1.37, (f)

SPPEK-0.70, (g) SPPEK-1.37.
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tensile strengths of Q/S-0.70 and Q/S-1.37 were 67 and 65 MPa,
and the elongation at break values were 17% and 18%,
respectively. All these values were higher than those of QBPPEK
(58 MPa and 12%). This is because Q/S-x contain a SPPEK
component with good mechanical properties and exhibit better
dimensional stability than QBPPEK. In addition, the result
demonstrated the good compatibility of the two components in
Q/S-x. It can also be observed in Fig. 8a and b that the
mechanical strength of the membranes decreases during the
immersion test in a VO," solution and Q/S-x exhibit lower
decline degree compared to QBPPEK. This proved the better
chemical stability of Q/S-x in VO, solutions than QBPPEK. After
immersion in 1.5 mol L™* VO, solutions, Q/S-x and SPPEK-x
showed intact surface morphology (Fig. 8d-g), while cracks can
be seen in the surface SEM image of QBPPEK (Fig. 8c). All the
above results revealed that the introduction of the SPPEK
component benefited the improvement in the mechanical
properties and chemical stability of Q/S-x.

The membranes were exposed to 0.1 mol L™ VO,*. The
VO content and solution states after 56 days are shown in
Fig. 9. During membrane degradation, VO," was reduced to
VO®". The better chemical stability of the SPPEK component
was demonstrated by the fact that SPPEK-1.37 and SPPEK-
0.70 exhibited solutions with yellower colour and an almost
halved VO** content compared with QBPPEK. In addition, the
dense structure induced by the incorporation of the SPPEK
component resisted the absorption of VO," into Q/S-x.
Therefore, the incorporation of the SPPEK component
effectively improved the chemical stability of Q/S-x in VO,"
solutions. Q/S-1.37 and Q/S-0.70 exhibited much lower VO**
contents (1.08 mol% and 1.00 mol%, respectively) than
QBPPEK (1.94 mol%), which were close to the value of
Nafion115 (0.89 mol%).

The cycling performance of QBPPEK, Q/S-1.37 and Nafion115 is
shown in Fig. 10. The capacity retention of Q/S-1.37 and Nafion115
gradually declined, while QBPPEK showed a sudden drop from 63%
to 15% after 245 h (Fig. 10a). The images of QBPPEK and Q/S-1.37
after the cycling test are also shown in Fig. 10a. Except some dents
caused by the carbon felts and frames of VRBs, Q/S-1.37 showed
intact morphology after 400 h, while QBPPEK cracked after 245 h.
This may be because QBPPEK with poor mechanical properties and
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Fig. 9 The VO?* content and the state of VO,* solution containing
membranes after 56 days.
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chemical stability could not bear the strong compression of other
components and the flushing of flowing electrolytes in the VRB
system. The capacity of VRB with Nafion115 rapidly reduced to 20%
after 185 h and was too low to continue testing. Due to lower
vanadium permeability, QBPPEK and Q/S-1.37 exhibited much
higher capacity retention than Nafion115. After 185 h cycling, Q/S-
1.37 showed the capacity retention of 81.3%, which was four times
that of Nafion115 (20.3%). Q/S-1.37 possessed the CE and EE values
of around 99% and 83%, respectively, which were higher than those
of Nafion115 (around 96% and 80%). Q/S-1.37 showed stable
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Fig. 10 Cycle performance: (a) capacity retention and photographs of
QBPPEK and Q/S-1.37 after cycling tests. (b) Efficiencies of
membranes. (c) Water transport rate of membranes and solution states
after cycling tests.
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efficiencies during the 400 h test period, while QBPPEK displayed
a sudden efficiency drop after 245 h. This demonstrated that the
SPPEK incorporation could easily improve the duration and stability
of Q/S-x for a long-term VRB operation. Moreover, this was achieved
by improving the chemical, mechanical and dimensional stabilities
in Q/S-x. The abovementioned results were confirmed by repeated
experiments. The maximum errors of efficiency and operation time
were less than 2% and 10 h, respectively. The water transport rates
of the membranes and solution states after the cycling test are
presented in Fig. 10c. Q/S-1.37 showed the water transport rate of
0.08 mL (24 h™ "), which was 93.2% and 66.7% less than the values
of Nafion115 and QBPPEK (1.17 mL (24 h™*) and 0.24 mL (24 h™ %)),
respectively. The adverse effect of the sulfonic acid and quaternary
ammonium groups on the water transport direction and the low
vanadium permeability in Q/S-x benefited the reduction of electro-
lyte imbalance. As presented in the solution states after the cycling
test, Nafion115 and QBPPEK showed more obvious electrolyte
imbalance than Q/S-1.37. These results revealed that Q/S-x could
easily reduce the cycling water transport volume. In addition, it was
detected that the cycling water transport direction for Nafion115
was from —ve to +ve, while for QBPPEK and Q/S-x, the direction was
opposite.

There have been very few studies on the water transport across
AIEMs. Table 2 lists the electrolyte imbalance values of Q/S-1.37
and other AIEMs during the VRB cycling test. Q/S-1.37 exhibited
the imbalance of 8%, which was lower than the values of QBPPEK
and Nafion115 (16% and 55%, respectively), thus revealing good
water transport resistance. Compared with the imbalance values of
EFTF-g-Poly(VP) and SPI50 membranes (12% and 44%, respec-
tively), the value of Q/S-1.37 was lower. However, different experi-
mental conditions in various labs should be considered.

The VRB performance of Q/S-x was compared with that of
various AIEMs reported in the current litera-
tures,?*3437,39:46748,50-53,74-79 At both low and high currents, Q/S-
1.37 exhibited increased CE (>96.0%), thus revealing good
vanadium ion resistance. Despite varied experimental condi-
tions in different labs, the VE and EE values of Q/S-1.37 at both
low and high currents remained at a relatively high level. With
the aid of anionic and cationic groups, Q/S-x achieved a good
VRB performance under various current densities. Current
density has an effect on charge-discharge time and vanadium

Table 2 The electrolyte imbalance of membranes during VRB cycling
test

Electrolyte
volume (mL)
Cycle - Imbalance”

Membrane number \'A V_ (%)
Nafion115 80 42.1 23.9 55
QBPPEK 60 30.4 35.6 —-16
Q/S-1.37 100 31.7 34.3 -8
EFTF-g- 120 78.0 88.0 —-12
Poly(VP)™
SPI50 (ref. 74) 400 39.0 61.0 —44

“ The imbalance was calculated according to the previous literature.”
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ion crossover, and it was hard to compare the long-term stability
of various AIEMs at different currents. Since the cycling test was
conducted under the same current, the ImPSf/SPEEK and
SPEEK/PPO-TTA-15% membranes were selected and compared
with Q/S-1.37.*%°> The capacity retention during the cycling test
could be employed to evaluate stability. Q/S-1.37 exhibited the
capacity retention of 72.3% at 50 cycles, which was higher than
the values for ImPSf/SPEEK (69.0%) and SPEEK/PPO-TTA-15%
(48.0%). Q/S-1.37 exhibited good stability in VRBs.

4. Conclusions

A facile method was employed to prepare novel poly(phthalazinone
ether ketone)-based AIEMs (Q/S-x) for VRB applications, thus
avoiding electrostatic interactions. Based on the independent
introduction of sulfonic acid and quaternary ammonium groups,
no precipitates were formed during membrane preparation and Q/
S-x exhibited uniform and compact morphology. The SPPEK
incorporation restricted the swelling of membranes during the
amination process and made the structure of Q/S-x dense, leading
to lower SR and better dimensional stability than QBPPEK and
Nafion115. Compared with QBPPEK, Q/S-1.37 exhibited lower R,
which was close to the value of Nafion115. Q/S-x showed lower
VO® and V** permeability compared to QBPPEK and Nafion115.
The discrepancy of the VO*" and V** permeability in Q/S-x could be
regulated. The ratio of the V** permeability to the VO** perme-
ability improved from 31.8% (for QBPPEK) to 49.6% (for Q/S-1.37).
Based on the low vanadium permeability and the adverse effect of
the cation and anion exchange groups on water transport, good
water transport resistance was observed for Q/S-x. Q/S-1.37 dis-
played higher CE and VE than QBPPEK and Nafion115. The ex situ
degradation test in VO," solutions revealed that the SPPEK incor-
poration in Q/S-x improved chemical stability. The VRB with Q/S-
1.37 could be steadily operated for 400 h and retained higher CE,
EE and capacity retention than that with Nafion115. Thus, Q/Sx
with improved ion selectivity, stability and water transfer resistance
has a potential for use in commercial VRBs.
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