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ABSTRACT: Nanoscale solid superacid SO4
2−/ZrO2/WO3 is coupled into

imidazole-hydroxyl-quaternary ammonium co-functionalized polybenzimi-
dazole (PG112) to address the trade-off effect of membrane for large-scale
flow battery application. Nanoscale SO4

2−/ZrO2/WO3 particles with high
sulfonic groups are dispersed in membrane as redox-active ion barriers and
proton carriers, which mitigate the electrolyte crossover and maintain high
ion conductivity. The VO2+ permeability of the prepared membrane (7.86 ×
10−10 cm2 s−1) is significantly lower than those of PG112 (3.93 × 10−9 cm2

s−1) and Nafion 212 (7.76 × 10−8 cm2 s−1) membranes. The vanadium flow
battery with this membrane exhibits a longer self-discharge duration time of
231 h compared with Nafion 212 (35 h) and PG112 (88 h) membranes.
High coulombic efficiencies of 97.5−99.2% at 40−120 mA cm−2 are
obtained for the prepared membrane, which are higher than those for Nafion 212 (78.0−92.8%) and PG112 membranes (96.2−
98.6%). Stable cycle performance and low retention capacity are also observed, suggesting the excellent chemical stability of the
prepared membrane in vanadium flow battery operation. This work provides a prospective and applicable membrane to enhance the
performance of flow battery.
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■ INTRODUCTION

Energy storage systems are urgently required to address energy
shortages and environmental concerns in industrial applica-
tions.1−3 In various kinds of energy storage technologies,
vanadium flow battery (VFB) has huge potential in large-scale
energy storage applications due to its long life, flexibility, and
safety.4−7 As one of the core components of VFB, membrane
plays a key role in selectively transporting nonreaction
ions.8−10 Commercialized membranes, such as Nafion 212
and Nafion 115, are widely employed in VFB owing to their
high ion conductivity and excellent stability.11−14 However,
high electrolyte crossover and expensive price hinder their
applications in VFB.11,15 Therefore, the critical issue of VFB is
to design alternative membranes with the properties of low
cost, high ion-selective conductivity, and long-term stabil-
ity.16−20

Much effort has been made to develop advanced
membranes, such as functionalized polysulfone (PSF),21−23

poly(ether ether ketone) (PEEK),24−28 poly(vinylidene
fluoride) (PVDF),29,30 polyimide,31−33 and polybenzimidazole
(PBI).34−37 Among these potential alternatives, PBI-based
membranes show outstanding chemical stability and excellent
ion selectivity.38−41 The high area resistance of dense PBI
membrane causes a large voltage efficiency (VE) loss at high

current densities due to the serious Ohmic polarization.42 The
porous structures constructed by the phase inversion method
could enhance ion conductivity.34,43−45 However, the for-
mation of a precise pore structure is still an important
challenge. The assemblies of sulfonic acid groups, amino
groups, polyether groups, or hydroxyl groups could promote
the formation of nanophase separated structure; thus,
successive ion-transport channels are formed to increase the
ion conductivity of the PBI membrane.46−49 In our previous
work,50 the imidazole-hydroxyl-quaternary ammonium co-
functionalized PBI was proposed to achieve a high perform-
ance of VFB based on the synergistic effect of three functional
groups. PBI anion-exchange membrane with highly co-
functionalized degree had wide ion-transport channels for
high VE, which was accompanied with high electrolyte
crossover, resulting in a low coulombic efficiency (CE) in
VFB operation. Although a high EE was accomplished due to

Received: July 21, 2020
Revised: September 20, 2020

Research Articlepubs.acs.org/journal/ascecg

© XXXX American Chemical Society
A

https://dx.doi.org/10.1021/acssuschemeng.0c05359
ACS Sustainable Chem. Eng. XXXX, XXX, XXX−XXX

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lei+Hu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yue+Du"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Li+Gao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mengting+Di"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ning+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yu+Pan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaoming+Yan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Baigang+An"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gaohong+He"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gaohong+He"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acssuschemeng.0c05359&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c05359?ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c05359?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c05359?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c05359?fig=abs1&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acssuschemeng.0c05359?ref=pdf
https://pubs.acs.org/journal/ascecg?ref=pdf
https://pubs.acs.org/journal/ascecg?ref=pdf


the significantly enhanced VE, the CE suffered a decline due to
the low selectivity of the wide ion-transport channels.
Incorporating nanoparticles into a polymer matrix could

improve the ion selectivity of membrane.35,51,52 Qiu and co-
workers fabricated a sulfonated PEEK/graphene oxide nano-
composite membrane with low redox-active ion permeability
and high ion selectivity, which displayed a stable CE of ∼99%
over 1200 cycles as well as low capacity fading.53 Meng and co-
workers modified a Nafion membrane with silica-containing
phosphotungstic acid, which exhibited a 6.8 times higher ion
selectivity than Nafion.54 Shi and co-workers introduced
graphitic carbon nitride nanosheets into sulfonated PSF,
which showed a higher ion selectivity than Nafion 117 and
pristine sulfonated PSF membrane.22 Nanofillers are usually
modified by amino or/and sulfonic acid groups to enhance the
dispersion of particles and avoid the reduction of ion
conductivity of membrane.28 However, further improvement
of the proton conductivity of nanocomposite membranes is
still necessary in VFB application.
Solid superacids have strong acidic ability, which can act as

charge carriers to enhance the mobility of proton.55,56 Herein,
solid superacid SO4

2−/ZrO2/WO3 coupled with imidazole-
hydroxyl-quaternary ammonium co-functional polybenzimida-
zole (PG112) membrane is proposed for the first time to
improve ion selectivity. Nanoscale fillers are uniformly
dispersed in the membrane, which act as redox-active ion
barriers to reduce the hydrophilic channels and thus minimize

vanadium-ion permeation. Meanwhile, the sulfonic groups on
the surface of the SO4

2−/ZrO2/WO3 nanoparticles could
interact with the imidazole-hydroxyl-quaternary ammonium
groups of PG112 to form an amphoteric hydrogen-bond
network, which promotes proton transport and further
improve ion selectivity. The structure−function relationships
between the microstructure of the membrane and their cell
performance are analyzed.

■ EXPERIMENTAL SECTION
Materials. The imidazole-hydroxyl-quaternary ammonium co-

functional polybenzimidazole (PBI-GTA-112%, briefly PG112) was
synthesized according to our previous work.50 Tungstic acid (H2WO4,
99%) and zirconium diperchlorate oxide octahydrate (ZrOCl2·8H2O,
98%) were purchased from Shanghai Aladdin Biochemical Technol-
ogy Co., Ltd. Poly(ethylene glycol) (PEG 400, LR) and dimethyl
sulfoxide (DMSO, AR) were commercially obtained Damao Chemical
Reagent Factory. Ethanol (AR) and acetone (AR) were commercially
obtained from TianJin FUYU Fine Chemical and used without further
purification.

Preparation of Solid Superacid SO4
2−/ZrO2/WO3. The syn-

thesis of solid superacid SO4
2−/ZrO2/WO3 has been described

previously.57 Ethanol/deionized water mixture (30 mL) with a
volume ratio of 5:1 was added into a 50 mL flask. Then, 1.9 g of
ZrOCl2·8H2O was added. After complete dissolution, 2 mL of PEG
was added to the solution and then the mixture was kept at 75 °C for
4 h. Subsequently, 1 M NaOH was added slowly until pH was in the
range of 9−10. Then, the formed gelatinous mixture was aged for 1
day. The resulted gelatinous product was rinsed with ethanol before

Figure 1. Morphology and structure of SZW0.4 nanoparticles: (a) SEM image; (b) TGA curve; (c) Zr 3d; (d) W 4f; (e) O 1s; and (f) S 2p.
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treating in an oven at 110 °C for 4 h. The resulted white solid
powders (1 g) and different masses of H2WO4 powders were
immersed in 1 M H2SO4 solution for 6 h together and then treated in
an oven at 110 °C for 4 h. The solid superacids SO4

2−/ZrO2/WO3
(SZW) were obtained after treating in a muffle at 550 °C for 6 h. The
SZW with different mass ratios of H2WO4 to ZrO2 were denoted as
SZWx, where x changed from 0.2: 1, 0.4: 1, to 0.6: 1, denoted as
SZW0.2, SZW0.4, and SZW0.6, respectively.
Membrane Preparation. The SZWx powders were ultrasonically

dispersed in 5 mL of DMSO over 6 h, and then a PG112 matrix was
added and completely dissolved in the solution under vigorous
stirring. Next, the mixture was cast on a 5 cm × 5 cm glass plate and
then dried in an oven at 60 °C for 36 h. A series of PG112-SZWx-X
membranes were obtained by controlling the mass of SZWx, where X
indicates the mass ratio of SZW to PG112, whose values were 0.5, 1,
1.5, and 2 wt %, respectively. The thickness of the PG112-SZWx-X
membranes was ∼30 μm.
Structural and Morphology Characterizations. FT-IR spectra

of the PG112-SZWx-X samples were recorded on a Thermo Scientific
Nexus 670 FT-IR spectrophotometer. The morphologies of the
membranes were tested by a scanning electron microscope (SEM,
Nova NanoSEM 450). A thermogravimetric analyzer (Mettler Toledo
TGA/SDTA851e) was adopted to obtain TGA curves of SZWx. The
thermal stability test was conducted in the temperature range of 50−
800 °C with a 10 °C min−1 heating rate in a nitrogen environment. X-
ray photoelectron spectroscopy (XPS) spectra were recorded on an
ESCALAB 250Xi spectrometer (Thermo Fisher). Gas adsorption and
desorption analyses were done with an automatic physical adsorption
instrument (Autosorb-iQ-C).
Property Measurements. The ion-exchange capacity (IEC) of

the sample was measured by the titration method. Water uptake
(WU) and swelling ratio (SR) of the membrane were measured in 3
M H2SO4 solution. Area resistance (AR) of the membrane was
determined in 3 M H2SO4. The VO

2+ permeability of the sample was
determined according to our previous work.47

Battery Test. A membrane with an effective area of 9 cm2 was
clamped between two half-cells consisted of carbon felt electrode and
graphite felt. The carbon felt electrode (Gansu Hongwei Carbon Ltd.,
China) had a nominal thickness of 5 mm, which was oxidized in an air
atmosphere at 400 °C for 6 h to improve electrochemical activity and
hydrophilicity. VO2

+/VO2+ (50 mL, 1.5 M) in 3 M H2SO4 at the
positive side and V3+/V2+ (50 mL, 1.5 M) in 3 M H2SO4 at the
negative side were pumped for redox reaction. The battery
performances were investigated at 40−120 mA cm−2 with LANHE
CT2001A, and the cutoff voltages were set in the range of 1.00−1.55
V for flow battery. The cycling test was measured at 120 mA cm−2,
and the self-discharge duration time was detected at 50% state of
charge.

■ RESULTS AND DISCUSSION

Effect of SZW Content on PG112 Membrane.
Structural and Morphology Characterization. The size of
SZW0.4 is ∼30 nm, as analyzed by SEM (Figure 1a). Figure 1b
illustrates TGA analysis, which was employed for characteriz-
ing the thermal stability of the synthesized SZW0.4 nano-
particles. It reveals that there are two steps of SZW0.4
nanoparticle weight loss. In the first step from 50 to 600 °C,
the physical water molecules and free sulfate radicals adsorbed
in the hydrated SZW0.4 nanoparticles were removed with a
percent weight loss of 1%. In the second step from 600 to
900 °C, the sulfate radical on the surface of the SZW0.4
decomposes rapidly.58 Based on these, SZW0.4 exhibits enough
thermal stability and can fulfill the needs in flow batteries. The
XPS analysis of SZW0.4 is presented in Figure 1c−f. The
binding energies of Zr 3d5/2 and 3d3/2 are 182.3 and 184.7,
respectively, which are in agreement with the values reported
in the literature (Figure 1c).59 The binding energies of W 4f7/2

and 4f5/2 are 37.3 and 35.2, respectively, which are in
agreement with the characteristic peaks of W6+ (Figure
1d).60 The binding energies of O 1s are 529.6, 530.0, and
531.1, which originated from the lattice oxygens of ZrO2 and
WO3, and the oxygen of the adsorbed sulfate radical on the
surface of SZW0.4 (Figure 1e). The binding energy of S 2p is
168.4, which is in agreement with the characteristic peak of S6+,
indicating the existence of sulfate radical on the surface of the
SZW0.4 (Figure 1f). These results indicate that the SZW0.4
nanoparticle is successfully prepared.
The FTIR spectra of SZWx, PG112, and PG112-SZWx-X

membranes are shown in Figure 2. The characteristic

absorptions of SO of SZWx are in the range of 900−1400
cm−1 as similar to SO of organic sulfonate, which indicate
that SZWx is successfully formed. The characteristic
absorptions at 1630 and 1167 cm−1 are associated with the
stretching vibration of the CN and R−O−R′ of the PG112
polymer backbone.48 The bands at 1460 and 3300 cm−1

correspond to the stretching vibration of −CH3 and −OH in
PG112.50 After adding SZWx, a new characteristic peak at 1010
cm−1 could be observed owing to the vibration of the SO
group, which confirm that the SZWx is successfully dispersed
in the PG112 membrane.
The SEM images of the PG112 and PG112-SZW0.4-X

membranes are shown in Figure 3. A defect-free morphology
for dense membrane is important because defects in membrane
might cause redox-active ion crossover and reduce the battery
performance. It could be seen that the surfaces of PG112-
SZW0.4-X membranes are dense and SZW0.4 nanofillers are
uniformly dispersed in PG112 membranes without visible
aggregation phenomenon (Figure 3a−e). The observed SZW0.4
nanofillers are also uniformly distributed in the cross sections,
demonstrating excellent compatibility between PG112 and
SZW0.4 (Figure 3a′−e′ and a″−e″). This indicates that the
SZW0.4 nanofiller particles are successfully dispersed through-
out the polymeric matrix and the prepared membranes are
homogeneous.
The porous properties of SZW0.4 and PG112-SZW0.4-1 are

obtained by N2 desorption analysis (Figure 4a,b). The
desorption isotherm reflects the typical microporous nature
with a steep desorption course at a low P/P0 followed by a flat
course. From the results of N2 desorption analysis, the pore
volume and Brunauer−Emmet−Teller (BET) surface area of
SZW0.4 and PG112-SZW0.4-1 are very small, which indicate

Figure 2. FTIR spectra of SZWx, PG112, and PG112-SZWx-X
membranes.
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that SZW0.4 has no porous structure and prepared membrane is
dense and homogeneous. Based on the performance and
structure described above, the nanoscale SZW are uniformly
dispersed in membrane, which act as a redox-active ion barrier

to reduce the hydrophilic channels and thus minimize the
vanadium-ion permeation (Figure 4c). Meanwhile, the sulfonic
groups of SZW could interact with the imidazole-hydroxyl-
quaternary ammonium groups of PG112 to form an

Figure 3. Surface images of SEM: (a) PG112, (b) PG112-SZW0.4-0.5, (c) PG112-SZW0.4-1, (d) PG112-SZW0.4-1.5, and (e) PG112-SZW0.4-2
membranes; cross-sectional images of SEM: (a′) PG112, (b′) PG112-SZW0.4-0.5, (c′) PG112-SZW0.4-1, (d′) PG112-SZW0.4-1.5, and (e′) PG112-
SZW0.4-2 membranes; enlarged cross-sectional images of SEM: (a″) PG112, (b″) PG112-SZW0.4-0.5, (c″) PG112-SZW0.4-1, (d″) PG112-SZW0.4-
1.5, and (e″) PG112-SZW0.4-2 membranes.

Figure 4. (a) N2 adsorption−desorption isotherms of SZW0.4 and PG112-SZW0.4-1 membrane; (b) Horvath−Kawazoe pore size distribution of
SZW0.4 and PG112-SZW0.4-1 membrane; and (c) schematic for the ion-selective transport mechanisms in nanoscale solid superacid-coupled
polybenzimidazole membrane.
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amphoteric hydrogen-bond network, which promote proton
transport and further improve ion selectivity of membrane.
Therefore, the prepared membrane is expected to achieve high
VFB performance.
Membrane Properties Characterization. The performances

of samples are summarized in Table 1. High WU is of benefit

to proton transport. However, excess WU normally causes
ineffective mechanical stability and high vanadium-ion
permeability. The adsorbed water is mainly located surround-
ing the hydrophilic groups of PG112 chains, whereas the SZW
fillers made a negligible contribution to the total water uptake.
Therefore, the PG112-SZWx-X membranes exhibited lower
water uptake than the PG112 membrane, and it decreased
further with the SZW content owing to the reduction of the
PG112 mass percentage per unit weight. The performances of
the prepared membranes with different SZWx at the same
concentration were investigated. The PG112-SZWx-1 mem-
brane showed similar SR. The WU of the PG112-SZW0.4-1
membrane is higher than those of PG112-SZW0.2-1 and
PG112-SZW0.6-1 membranes, which could be attributed to the
stronger acidic ability of SZW0.4. The PG112-SZW0.4-1
membranes have higher proton conductivity compared to
other membranes. The PG112-SZW0.4-X membranes were
selected to investigate the effect of SZW contents on the
performance. The WU values of the prepared membranes
decrease from 30% for the PG112 membrane to 25% for the
PG112-SZW-2 membrane with the increment of SZW content
owing to the hydrogen-bond interaction between the sulfonic
groups of SZW and the imidazole-hydroxyl-quaternary
ammonium groups of PG112. At a high SZW content, the
strong interaction would further decrease the size of hydro-
philic channels, which would restrain the WU of the prepared

membrane. The reduced WU of the membranes leads to the
decrease of SR, which is beneficial to the stability and
vanadium penetration resistance of the membranes. The SR
decreases from 19% for the PG112 membrane to 15% for the
PG112-SZW0.4-2 membrane. It could be noted that the doped
SZW has a slight effect on the proton conductivity of the
PG112-SZW-X membranes, which is attributed to the strong
acidic ability of SZW. The PG112-SZW0.4-1.5 membrane has a
higher proton conductivity compared to the PG93 membrane
at the same SR and WU.50 These results show that the
prepared membrane has both high ion selectivity and ion
conductivity.
The AR of the sample in 3 M H2SO4 is shown in Figure 5a.

The AR of the PG112-SZW0.4-1 membrane is obviously lower
than those of the PG112-SZW0.2-1 and PG112-SZW0.6-1
membranes, which mainly originated from the stronger acidic
ability of SZW0.4. On increasing the content of SZW, the AR of
the PG112-SZWx-X membranes increase slightly from 0.31 Ω
cm2 for the PG112 membrane to 0.38 Ω cm2 for the PG112-
SZW0.4-2 membrane, which could be comparable to that of
PG93 (0.38 Ω cm2).50 The low AR of a membrane means the
high discharge voltage and high-operated current density of the
cell. However, the conduction of protons always accompanies
with the conduction of redox-active ions in the electrolytes,
which would reduce the cell capacity, open-circuit voltage, and
discharge voltage. The self-discharge rate and capacity fading
of VFB performance depend on the redox-active ion crossover.
The VO2+ permeabilities were used to characterize the ion
selectivity of membranes for VFB application (Figure 5b).
Compared to the PG112 membrane, the VO2+ permeabilities
of the apll PG112-SZWx-X membranes obviously decreased.
The PG112-SZWx-1 membrane showed similar VO2+ per-
meabilities. For instance, the vanadium permeability of PG112-
SZW0.4-1 (7.86 × 10−10 cm2 s−1) is much lower than those of
Nafion 212 (7.76 × 10−8 cm2 s−1), PG112 (3.93 × 10−9 cm2

s−1), and PG93 (3.15 × 10−9 cm2 s−1). This demonstrates that
the addition of SZW nanofillers as a redox-active ion barrier
reduces the hydrophilic channels and blocks the penetration of
vanadium ions effectively. Consequently, owing to high ion
conductivity and low VO2+ permeability, the PG112-SZW0.4-1
membrane can exhibit higher ion selectivity than the PG112
membrane, which results in higher performance for VFB
application.

Single-Cell Performances. Considering the excellent
balance of ion selectivity and ion conductivity, the prepared
membranes are expected to achieve outstanding performances
in VFB operation. The battery performances of all of the
membranes at 40−120 mA cm−2 are illustrated in Figure 6.

Table 1. Conductivity, SR, and WU of PG112, PG93,
PG112-SZWx-X, and PBI Membranes

membranes conductivitya (mS cm −1) SR (%) WU (%)

PG112 9.68 19 30
PG93 7.90 15 26
PG112-SZW0.2-1 8.19 15 25
PG112-SZW0.4-1 9.38 16 28
PG112-SZW0.6-1 8.84 15 26
PG112-SZW0.4-0.5 9.54 18 29
PG112-SZW0.4-1.5 8.82 15 26
PG112-SZW0.4-2 7.69 14 25
PBI 7 18

aConductivity is calculated by AR.50

Figure 5. (a) AR and (b) VO2+ permeability of PG112, PG93, PG112-SZWx-X, and Nafion 212 membranes.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://dx.doi.org/10.1021/acssuschemeng.0c05359
ACS Sustainable Chem. Eng. XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/doi/10.1021/acssuschemeng.0c05359?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c05359?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c05359?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c05359?fig=fig5&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://dx.doi.org/10.1021/acssuschemeng.0c05359?ref=pdf


The introduction of SZW as redox-active ion barriers increases
the resistance of vanadium-ion transport. Meanwhile, the
sulfonic groups of SZW could interact with the imidazole-
hydroxyl-quaternary ammonium groups of PG112 to form the
hydrogen-bond network, which is of benefit to improve the CE
of membrane. After introducing SZW, the VFBs assembled
with the PG112-SZWx-X membrane present an improvement
in CE. Meanwhile, the PG112-SZWx-1 membrane showed
similar CE, which is in agreement with the measurement
results of VO2+ permeabilities. The PG112-SZW0.4-1 mem-
brane shows a higher CE of 97.5−99.2% than the PG112

(96.2−98.6%), PG93 (96.1−98.4%), and Nafion 212 (77.9−
92.8%) membranes at 40−120 mA cm−2, which is mainly
caused by lower VO2+ permeability (Figure 6a). A slight
decrease in VE happens due to the introduction of SZW. The
VEs of PG112-SZW0.4-1 (95.5−86.8%) are still higher than
those of PG93 (94.8−86.1%) at 40−120 mA cm−2 due to the
effect of the strong acidic ability of SZW (Figure 6b). The
sulfonic groups of SZW could promote the proton transport,
and the formed hydrogen-bond network constructs continuous
ion-transport channels for high proton conductivity. As an
effective index, energy efficiency (EE) is used to assess cell

Figure 6. (a) CE, (b) VE, and (c) EE of battery performances with PG112, PG93, PG112-SZWx-X, and Nafion 212 membranes at 40−120 mA
cm−2.

Table 2. Comparison of VFB Performance with PG112-SZW0.4-1 Membrane and Reported Membranes in Recent Years

40 mA cm−2 80 mA cm−2 120 mA cm−2

membrane CE VE EE CE VE EE CE VE EE refs

PG112-SZW0.4-1 97.5 95.5 93.1 98.8 91.1 89.9 99.1 86.8 86.0 this work
SPBI-30 98.3 92.1 90.6 99.9 85.1 85.1 99.5 79.0 78.6 49
p-TPN1 98.6 92.8 91.5 99.4 86.5 86.0 61
MD2.0‑10 96.2 91.2 87.7 99.1 82.8 82.0 62
PVDF 88.8 91.7 81.4 93.7 84.2 78.9 95.3 76.7 73.2 30
Nafion-NdZr (1%)/[P-S]2 92.9 82.8 76.9 94.0 81.2 76.4 96.1 79.8 76.7 13
BC−PFSA 89.2 88.5 78.9 12
SPES (IL-30) 98.4 93.6 92.1 98.8 87.8 86.7 99.0 82.5 81.7 63
Nafion-(SN@APTES-PWA) −4.5 wt % 86.4 95.0 82.0 90.8 81.5 74.0 54
CQSPK-6 97.3 84.1 81.8 98.7 70.8 69.8 64
45-C−CNC/PVDFHFP 94.5 95.2 90.0 97.4 91.1 88.7 98.5 86.7 85.4 65
SPSF/g−C3N4‑1 95.6 93.7 89.6 98.0 89.1 87.3 22
Im-bPPO 99.5 81.0 80.6 66
sPP-b-PSK 98.6 87.3 86.0 99.0 81.3 80.5 20
CPBI-70-NMG 98.0 90.7 88.9 98.8 86.4 85.3 47
CPBI-PEI-20 98.3 90.6 89.1 98.8 86.6 85.5 46
HPSf-Im-CD30% 95.0 93.6 89.0 97.7 87.5 85.5 98.5 81.7 80.5 23
B-PBI 96.1 88.9 85.4 97.4 84.9 82.7 35
NP-15 99.1 92.6 91.8 99.2 87.4 86.7 99.7 81.6 81.3 36
PVDF/SiO2−SO3H-42 78.3 83.8 65.6 88.5 70.8 62.6 67
NaCl-5 M 98.6 94.5 93.2 99.4 87.4 86.9 99.5 83.1 82.7 68

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://dx.doi.org/10.1021/acssuschemeng.0c05359
ACS Sustainable Chem. Eng. XXXX, XXX, XXX−XXX

F

https://pubs.acs.org/doi/10.1021/acssuschemeng.0c05359?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c05359?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c05359?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c05359?fig=fig6&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://dx.doi.org/10.1021/acssuschemeng.0c05359?ref=pdf


performance, which is affected by CE and VE, simultaneously.
The PG112-SZW0.4-1 membrane used in the cell shows an
optimistic EE of ∼90% at 80 mA cm−2, being nearly 10%
higher than that with Nafion 212 (80.4%) and approximate to
the value of PG112 (90.2%) membranes (Figure 6c). At the
same SR and WU, the EE of PG112-SZW0.4-1 (93.1−86.0%) is
higher than that of PG93 (91.1−84.7%). It is because of the
synergistic effect of redox-active ion barriers and proton
conductors of SZW. So far, PG112-SZW0.4-1 shows impressive
EEs among the membranes reported in recent years, according
to our knowledge (Table 2).
The self-discharges of samples were also tested (Figure 7).

The PG112-SZW0.4-1 membrane has a long self-discharge

duration time of 231 h, which is 6.6 times that with Nafion 212
(35 h) and 2.6 times that with PG112 (88 h). This indicates
that the PG112-SZW0.4-1 membrane has excellent resistance of
vanadium permeation, which agrees with the result of VO2+

permeation measurement. The favorable performance indicates
that the PG112-SZWx-X membrane is a good candidate for
use in the VFB system.
Cycle Performance. The charge−discharge cycle perform-

ances of the PG112-SZW0.4-1 and PG112 membranes were
investigated at 120 mA cm−2 to evaluate the long-term
performance of the membranes (Figure 8). The cell assembled
with PG112-SZW0.4-1 shows stable efficiencies during 400
cycles (Figure 8a). After 400 cycles, the CE is still nearly
99.0%, which is higher than that of PG112 (98.0%) ascribing
to the low VO2+ crossover and good stability of the membrane.
The discharge capacity retention of PG112-SZW0.4-1 (86.7%)
is almost 10% higher than that of PG112 (77.8%) and nearly
40% more than that with Nafion 212 (50.5%) after 50 cycles.
The charge capacities of PG112-SZW0.4-1, PG112, and Nafion
212 after 50 cycles decreased by 13.2, 22.1, and 49.5%,

respectively. The lower capacity loss of PG112-SZW0.4-1 can
be attributed to the low VO2+ crossover (Figure 8b). The
fluctuation of discharge capacity during cycling is possibly
caused by the temperature fluctuation in the VFB operation.
The stable cycle efficiencies and high capacity retention of the
PG112-SZW0.4-1 membranes ensure the stable long-term
operation of VFB.

■ CONCLUSIONS

The SZW nanofillers were prepared and applied to break
through the trade-off between ion selectivity and ion
conductivity of the PG112 membrane in a vanadium flow
battery. The morphology, vanadium-ion penetration, and
battery performance of prepared membranes were measured
and discussed in detail. The addition of the SZW nanofillers
lowered the vanadium-ion permeation and also promoted
proton transport. The vanadium-ion permeability (7.86 ×
10−10 cm2 s−1) is much lower than those of PG112 (3.93 ×
10−9 cm2 s−1) and Nafion 212 (7.76 × 10−8 cm2 s−1).
Meanwhile, the proton conductivity of the PG112-SZWx-X
membrane is comparable to that of PG112. Thus, the cell with
the PG112-SZW0.4-1 membrane exhibits a much higher CE of
97.5−99.1% than PG112 (96.2−98.6%) and Nafion 212 (CE:
78.0−92.8%) at 40−120 mA cm−2. Low capacity fading and no
obvious performance change during cycle test demonstrate the
high chemical stability of the membrane. Moreover, the self-
discharge duration time (231 h) is much longer than those of
PG112 (88 h) and Nafion 212 (35 h).
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