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Vanadium flow batteries (VFBs) have drawn considerable attention as an emerging technology for large-
scale energy storage systems (ESSs). One of the pivotal challenges is the availability of eligible ion ex-
change membranes (ICMs) that provide high ion selectivity, proton conductivity, and stability under
rigorous condition. Herein, a ‘side-chain-type’ strategy has been employed to fabricate highly stable
phenolphthalein-based cardo poly(arylene ether ketone)s (PAEKs) membrane with low area resistance
(0.058 © cm?), in which flexible alkyl spacers effectively alleviated inductive withdrawing effect from
terminal ion exchange groups thus enabling a stable backbone. The assembled VFBs based on PAEKs bear-
ing pendent alkyl chain terminated with quaternary ammonium (Q-PPhEK) demonstrated an energy effi-
ciency above 80% over 700 cycles at 160 mA/cm?. Such a remarkable results revealed that the side-chain-
type strategy contributed to enhancing the ICMs stability in strong oxidizing environment, meanwhile,
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more interesting backbones would be woken with this design engaging in stable ICMs for VFBs.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Increasing energy demands and environmental concerns are
current cynosure, which have been surged into energy develop-
ment propelling global energy reframing towards renewable en-
ergy system, such as wind power and solar energy [1-3]. As
renewable energy resource has been tagged with intermittence
which mismatches between electricity generated and correspond-
ing demand, large-scale energy storage systems (ESSs) can ef-
fectively mitigate the limitation [4-6]. Vanadium flow batteries
(VFBs), one of typical ESSs, are feasible and prevail all over the
world with successful commercialization by virtue of independent
regulation of power and capacity together with high safety and
long lifetime [4,7-9]. As one of the most mature flow battery tech-
nologies, VFBs further development of the battery is limited by the
stability and cost of the membrane.

Ion-conducting membranes (ICMs), the key component of VFBs,
separates catholytes and anolytes while conducts charge car-
riers to make the circuit complete [7,10-13]. ICMs including
dense membranes and porous membranes, in which dense mem-
branes includes cation exchange membranes (CEMs) with nega-
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tively charged groups, anion exchange membrane (AEMs) with pos-
itively charged groups and amphoteric ion exchange membranes
(AIEMs) with both negatively and positively charged groups [10,14].
The battery performance, such as coulombic efficiency (CE), volt-
age efficiency (VE) and energy efficiency (EE) are highly affected
by the selectivity and conductivity of ICMs [7,10,15-18]. Hence, the
design of the high stability, selectivity, conductivity, and low-cost
membrane has become one of the most important issues for VFBs
development.

One intractable thing should be noted that the VFBs elec-
trolyte comprising strong oxidant and acid, which poses instabil-
ity and decomposition concerns for ICMs [19-21]. VO,* species
are strongly oxidative especially in acid environment, which would
cause serious chemical decomposition of polymers. To meet the re-
quirements for VFBs application especially used in rigorous envi-
ronment, membranes always be asked for elite stability. The most
commonly used VFBs membrane is perfluorosulfonic acid cation
exchange membrane (such as Nafion series), whose stable and hy-
drophobic C-F bonds tightly surround the polymer backbone to
prevent attack and degradation while hydrophilic sulfonic groups
gather into ion clusters for ion conduction [15,22-28]. However,
Nafion has encountered the bottlenecks of low selectivity and high
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Fig. 1. Chemical structure, TEM images, AFM height images, and Phase images of (a, c, e, and g) Q-PPhEK and (b, d, f, and h) A-PPhEK membranes.

cost, which slows the pace of VFBs development. There is an ur-
gent demand designing high-performance membranes with accept-
able selectivity, conductivity, stability and cost for VFBs. Since most
nonfluorinated polymer always cannot endure such rigorous con-
dition, membrane design should be focus on inert materials with
considerable stability [20].

Cardo poly(arylene ether ketone) (PAEK) is widely used as poly-
mer membranes due to its impressive physical and chemical sta-
bility [29-32]. Normally, the semicrystalline PAEK has considerable
hydrophobicity and it is not solution processible [33,34]. Hence hy-
drophilic modification should be executed to alleviate the mem-
brane resistance and make PAEK capable for VFBs.

Herein, we propose two functionalized phenolphthalein-based
cardo poly(arylene ether ketone)s bearing pendent alkyl chain ter-
minated with quaternary ammonium, Q-PPhEK (Fig. 1a), and zwit-
terionic group, A-PPhEK (Fig. 1b), respectively via a typical poly-
condensation for VFBs as shown in Fig. S1 (Supporting informa-
tion) [35,36]. These side-chain-type ion exchange membranes ex-
hibit impressive robustness under rigorous condition as the ion
exchange groups are separated by the alkyl spacers. Electron
withdrawing effect from quaternary ammonium and sulfonic acid
groups can be effectively retarded by alkyl spacers which con-
tribute to the stable backbone especially for the sensitive moi-
ety (ether and carbonyl group) [37-39]. Based on this design,
both phenolphthalein-based ICMs demonstrate comparable stabil-
ity with Nafion at lower cost. Furthermore, Q-PPhEK membrane
delivers a satisfying area resistance and the assembled VFB bat-
teries also show outstanding long-term cycling performance (over
700 cycles with EE of 80% at 160 mA/cm?). More polymer by the
‘side-chain-type’ strategy will be taken into consideration for VFBs.

The phenolphthalein-based cardo polymers were prepared
by a typical nucleophilic substitution polycondensation of lac-
tamized phenolphthalein and 4,4’-difluorobenzophenone catalyzed
by potassium carbonate (Fig. S1). The chemical structure of an-
ion exchange membrane (Q-PPhEK) and amphoteric membrane (A-
PPhEK) were verified by TH NMR spectroscopy (Figs. S2 and S3
in Supporting information) and the corresponding basic proper-
ties of all the phenolphthalein-based membranes including thick-
ness, ion exchange capacity (IEC), tensile strength, WU, SR and
area resistance (Ry) are shown in Table S1 (Supporting informa-
tion). The characteristic peaks of the aromatic proton from 7.0 ppm

to 9.0ppm and the alkyl protons of side chains at ca. 0.8 ppm to
3.6ppm in 'H NMR spectra confirmed that the pendant ion ex-
change group had been successfully incorporated (Figs. S2 and S3).
The tensile strength of Q-PPhEK (44.9MPa) is comparable with
commercial Nafion 115 which indicates it is candidate for VFBs
operating under the condition requiring high mechanical proper-
ties. While the tensile strength of A-PPhEK is only 26.4 MPa as its
relatively large proportion of long side chains and ion exchange
groups. WU of Q-PPhEK (36.2%) in DI water is higher than A-PPhEK
(17.4%) which may ascribe to different membrane microstructure
and ionic cross-linked network of cation-exchange groups (sulfonic
acid) and anion-exchange groups (quaternary ammonium) [40-43].
Apparently, the same trend was observed in SR. A much lower
Ry of Q-PPhEK (0.058 € cm?) and a relatively low one of A-
PPhEK (0.176 © cm?) are obtained by four-probe method in a H-
cell which may cause by the different SR. The hydrophilicity of Q-
PPhEK and A-PPhEK have been measured as 66.8° and 67.4° re-
spectively by water contact angle (WCA) (Fig. S4 in Supporting
information). In addition to the Q-PPhEK and A-PPhEK, the sul-
fonic group and double quaternary ammonium groups modified
phenolphthalein cardo PAEKs were also synthesized, respectively
(Figs. S5 and S6 in Supporting information). However, the poor hy-
drophilicity (WCA = 85.4°) of the sulfonic group decorated PAEK led
to a higher Ry and maynot be used in VFBs (Fig. S7 in Supporting
information). While the double quaternary ammonium group dec-
orated PAEK suffered from a severe swelling even dissolved in the
water.

The surface morphology and the distribution of ion exchange
groups are shown in typical TEM images (Figs. 1c and d). The dark
region is attributed to the hydrophilic domains dyed by PdCl;~
or Pb?t stems from opposite charge attraction while the light re-
gion represents hydrophobic polymer backbones. The TEM image
displays that the aliphatic side chains terminated with ion ex-
change groups could aggregate into hydrophilic clusters, ie., ion
channels. In addition, a clear N/S mapping of quaternary ammo-
nium/sulfonated groups enable by high resolution transmission
electron microscope (HRTEM), which indicates that the functional
groups have been successfully incorporated into phenolphthalein-
based polymer (Figs. S8 and S9 in Supporting information).

In addition, the surface morphology of PPhEK membranes has
been further verified by atomic force microscope (AFM) images.
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Fig. 2. Structure-activity relationship of ion cluster and ion transport. (a) SAXS
curves of Q-PPhEK and A-PPhEK. (b) VO?** permeation test of Q-PPhEK and A-
PPhEK. (c) ITN of KCl in Q-PPhEK and A-PPhEK (colors range from light to dark
representing 0.11 mol/L to 0.33 mol/L, 0.33 mol/L to 1 mol/L, 1 mol/L to 3 mol/L).

Q-PPhEK shows successional microstructure (Figs. 1e and g) while
A-PPhEK exhibits a relatively discrete aggregating pattern (Figs. 1f
and h) and there are some abrupt fluctuations on the surface mor-
phology image as its longer side chain together with two oppo-
sitely charged functional groups. The ion cross-linking stem from
the different aggregation microscopically between quaternary am-
monium group and zwitterionic group thus resulting in more com-
pact ion clusters.

To gain a deeper insight into the structure-activity relationship
between ion exchange groups and membrane morphology, small-
angle X-ray scattering (SAXS) was employed to estimate the ion
cluster dimension (Fig. 2a). As shown in Fig. 2a, the scattering
intensity of two membranes was located at 2.46 nm~! and 1.67
nm~!, and the corresponding d-spacing of ion cluster were cal-
culated as 2.55nm (A-PPhEK) and 3.76 nm (Q-PPhEK) respectively,
which due to the distinguished aggregation caused by ionic cross-
linked network. Despite featuring a high IEC, A-PPhEK does not
have inter-connective ion channels. The cluster dimension of A-
PPhEK is smaller than it of Q-PPhEK due to the ion cross-linking
effect, which makes the ion clusters too compact to swell suffi-
ciently in the solution thus leading an inefficient ion conduction.
By contrast, the concentrated hydrophilic regions of Q-PPhEK can
achieve an efficient ion conduction.

Based on the hydrophilic quaternary ammonium anchoring
pendent alkyl side chains, proton could penetrate the Q-PPhEK
membrane through aggregated ion channels. The proton transport
rate is literally fast (3.62 x 10~3 cm? V-! s71) and the ion channel
dimension dominates ion transport especially at high concentra-
tion [44]. Notably, Donnan effect of Q-PPhEK membrane plays a
critical part in vanadium ions inhibition comparing with Nafion.
The vanadium resistance of all these membranes were verified by
vanadium ion permeation test (Fig. 2b). Both VO?*+ permeation
rates of Q-PPhEK and A-PPhEK are lower than Nafion 115 implying
that PPhEK membranes featuring better performance of vanadium
resistance. From the perspective of continuous VO2t concentration
changes, the vanadium ions permeability of Q-PPhEK is the lightly
higher than that of A-PPhEK, which is mainly guided by different
ion cluster dimension.
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Fig. 3. Chemical stability of functionalized PPhEK membranes. (a) Oxidation test
of Q-PPhEK, A-PPhEK and Nafion 115 in 0.15mol/L VO,*. (b) Oxidation test of Q-
PPhEK, A-PPhEK and Nafion 115 in 1.5 mol/L VO,*.

Ion-transport mechanism across PPhEK membranes was charac-
terized by a four-electrode method and KCl was picked as a probe
salt on account of the similar mobility of K* and CI~ to figure
out the different ion transport behavior of the PPhEK membranes
[21]. As shown in Fig. 2c, the anionic Cl~ transport number (tc-)
of Q-PPhEK is above 0.5, suggesting that the membranes are pos-
itively charged. With the KCl concentration gradually increasing
from 0.11 mol/L to 3mol/L, the anion/cation selectivity of the all
PPhEK membranes decreases, to- and tg+ tend to equal, indicating
that Donnan effect is weakened at high concentration. In virtue
of above ion transport behavior, the conclusion has been drawn
that, ion transport is no longer only controlled by Donnan effect
but driven by the ion channel dimension and ion concentration of
the solution. While the proton transport number was much higher
than anion transport number in H,SO,4 solution at all concentra-
tion, indicating that Q-PPhEK and A-PPhEK are prone to conduct
protons in priority as protons’ fast mobility (Fig. S10 in Supporting
information) [12].

Oxidation stability of ICMs is a critical issue for VFBs practical
application which highly determine the batteries lifetime. To ver-
ify the PPhEK stability, oxidation test of VO, was executed at the
concentration of 0.15mol/L and 1.5 mol/L, respectively (Figs. 3a and
b). Q-PPhEK and A-PPhEK membranes withstood a long-term im-
mersion in the highly acidic and oxidizing solution with no distinct
changes in membrane morphology and chemical structures both in
0.15mol/L and 1.5 mol/L VO,* (Figs. S11 and S12 in Supporting in-
formation). The similar decomposition rate of PPhEK membranes
comparing to the benchmark Nafion 115 have been validated,
meaning that Q-PPhEK and A-PPhEK membranes are eligible for
VFBs at both low and high oxidation concentrations (Figs. 3a and
b). In a highly acidic environment, the oxygen atoms on polymer
main chains could be protonated and served as strong electron-
withdrawing groups (EWGs), together with strong EWGs (e.g., sul-
fonic acid groups) directly anchored on the main chains, make the
adjacent carbon atoms are easily attacked by vanadium(V) oxy-
gen species thus leading a polymer degradation [20,45,46]. While
the alkyl spacers effectively alleviated inductive withdrawing effect
from ion exchange groups thus enabling the stable main chains.

VFB cells were assembled to estimate the battery performance
of PPhEK membranes, as shown in Fig. 4. In terms of Q-PPhEK,
the EEs at different current densities were over higher than A-
PPhEK in which the EE of 90% and 82% was achieved at 80 and
160mA/cm? respectively (Fig. 4a). The highest rate performance
among PPhEK membranes should be attributed to the large ion
channels. A-PPhEK shows a general R, thus leading an EE of ca.
80% at 120mA/cm?. A lower EE at the same current density of A-
PPhEK than Q-PPhEK should be attributed to the compact ion clus-
ters (Fig. 4b). The smaller ion channels are not conducive to ion
transport during charge and discharge process thus leading rela-
tively lower VEs. Q-PPhEK and A-PPhEK are appointed for long-
term cycling test at selected current density (160 and 120 mA/cm?)
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Fig. 4. Battery performance. (a) Rate performance of Q-PPhEK from 40 mA/cm? to
200mA/cm?. (b) Rate performance of A-PPhEK from 40mA/cm? to 200 mA/cm?.
(c) Cycling performance of Q-PPhEK at 160 mA/cm?. (d) Cycling performance of A-
PPhEK at 120 mA/cm?.

to maintain their EE above 80%. As shown in Figs. 4c and d, the
cells with Q-PPhEK and A-PPhEK show EEs are above 80% while
the corresponding CEs are nearly 100% over 750 and 150 cycles re-
spectively. Apparently, a stable cell performance for a long period
has been achieved especially by side-chain-type nonfluorinated Q-
PPhEK membrane which is capable for VFBs as its improved ion
selectivity, ion transport and stability.

In summary, two functionalized phenolphthalein-based cardo
membranes bearing pendent alkyl chain terminated with ion ex-
change groups demonstrating elite stability under rigorous condi-
tion have been proved capable for VFBs. Alkyl spacers that effec-
tively retarded electron withdrawing effect from EWGs, enable a
stable backbone by the side chain strategy. The VFB cell assembled
with Q-PPhEK membrane deliver an EE above 80% at 160 mA/cm?2
over 750 cycles. Different ion cluster dimension and membrane
morphology are the pivotal factors leading to the different bat-
tery performance, hence more microstructures should be taken
into consideration to adjust ion channels in membranes from the
perspective of structure-activity relationship thus leading an im-
prove battery performance. Based on this design, the aliphatic side
chains act as buffer zone separating the ionic group from poly-
mer backbone to keep the main chain inert that escape from se-
vere decomposition and more kinds of backbone could be con-
sidered. More phenolphthalein-based membranes and other side-
chain-types polymers with and remarkable stability, selectivity,
conductivity, and cost-effectiveness are expected to be designed
and applied to VFBs.
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