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Ion conductive membranes (ICMs) with highly conductive proton selectivity are of significant importance
and greatly desired for energy storage devices. However, it is extremely challenging to construct fast
proton-selective transport channels in ICMs. Herein, a membrane with highly conductive proton selectiv-
ity was fabricated by incorporating porous carbon sieving nanospheres with a hollow structure (HCSNs)
in a polymer matrix. Due to the precise ion sieving ability of the microporous carbon shells and the fast
proton transport through their accessible internal cavities, this advanced membrane presented a proton
conductivity (0.084 S�cm�1) superior to those of a commercial Nafion 212 (N212) membrane (0.033
S�cm�1) and a pure polymer membrane (0.049 S�cm�1). The corresponding proton selectivity of the mem-
brane (6.68�105 S�min�cm�3) was found to be enhanced by about 5.9-fold and 4.3-fold, respectively,
compared with those of the N212 membrane (1.13�105 S�min�cm�3) and the pure membrane (1.56�
105 S�min�cm�3). Low-field nuclear magnetic resonance (LF-NMR) clearly revealed the fast proton-
selective transport channels enabled by the HCSNs in the polymeric membrane. The proposed membrane
exhibited an outstanding energy efficiency (EE) of 84% and long-term stability over 1400 cycles with a
0.065% capacity decay per cycle at 120 mA�cm�2 in a typical vanadium flow battery (VFB) system.

� 2023 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Developing large-scale energy conversion and storage technolo-
gies is becoming increasingly critical for the utilization of clean and
renewable energies [1–6]. As a core component in energy conver-
sion and storage devices such as fuel cells and flow batteries [7],
ion conductive membranes (ICMs) ensure fast proton transport
while providing precise sieving of reactive species [8–12]. At pre-
sent, the perfluorosulfonic polymer membranes represented by
Nafion membranes are widely used in this field due to their good
chemical stability and proton conductivity. However, their low
ion selectivity and high cost have severely restricted their further
application in electrochemical energy technologies [13,14]. There-
fore, the development of cost-efficient non-perfluorosulfonic mem-
branes with high performance has attracted widespread attention.
Recently, aromatic polymers such as sulfonated poly(ether
ether ketone) (SPEEK) have been extensively researched as ICMs
due to their easy process preparation, low cost, good mechanical
stability, controllable proton conductivity, and strong resistance
to reactive species permeation. These potential materials are
expected to replace Nafion membranes, because they can be easily
fabricated on a large scale [15,16]. To further improve the various
capabilities of these membranes, modification strategies based on
the incorporation of inorganic nanomaterials into a polymeric
matrix are a potential method [17,18]. Studies have reported on
the introduction of guest inorganic fillers, which can achieve
improved proton selectivity [19,20], and on the interfacial interac-
tions between the rigid inorganic materials and the polymer
matrix, which can enhance the dimensional stability and mechan-
ical properties of the hybrid membranes [21,22].

However, traditional inorganic materials such as TiO2 [23], SiO2

[24], and ZrO2 [25] act as physical barriers against ion transport,
including the transport of reactive ions and protons. Moreover,
these fillers cannot offset the sacrifice of proton conductivity, even
when they are functionalized. Over the years, researchers have

http://crossmark.crossref.org/dialog/?doi=10.1016/j.eng.2022.11.008&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.eng.2022.11.008
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:zhixu@ecust.edu.cn
https://doi.org/10.1016/j.eng.2022.11.008
http://www.sciencedirect.com/science/journal/20958099
http://www.elsevier.com/locate/eng


K. Huang, S. Lin, Y. Xia et al. Engineering 28 (2023) 69–78
attempted to apply porous materials to both enhance ion sieving
and ensure proton transfer by utilizing pore size exclusion. For
example, metal–organic frameworks (MOFs) and covalent-organic
frameworks (COFs) are commonly considered to be excellent
proton-conductive materials due to their intrinsic merits such as
internal interconnected channels and tunable pore size [26–29].
Nevertheless, numerous realistic results have shown that hybrid
membranes with MOFs and COFs still exhibit undesirable proton
conductivity due to their tortuous internal space. Based on this
analysis, a reliable idea could be to prepare a porous material with
a precise ion sieving shell and hollow internal structure; the micro-
porous shell could improve the ion sieving ability, while the inter-
nal cavity would act as an ultrafast proton transport channel
without any resistance [30–34].

In this work, hollow carbon sieving nanospheres (HCSNs) were
successfully applied as a dispersion phase in a SPEEK matrix to
Fig. 1. Characterizations of HCSNs and hybrid membranes. (a) Schematic illustration
(b–f) Characterizations of HCSNs: (b) scanning electron microscope (SEM) image of HC
(d) transmission electron microscope (TEM) image of intact and broken HCSNs; (e) X-ray
schematic illustration of pore structure. (g–i) Characterizations of the SPEEK/HCSN memb
shows an image of the corresponding white light interferometer); (i) close-up SEM ima
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construct fast proton-selective transport channels, thanks to their
unique architecture, which includes a carbon shell layer with a
porous structure and an internal void (Fig. 1(a)). The porous carbon
shell layer effectively impedes the diffusion of large active materi-
als [35,36], such as vanadium ions, while the hollow nanostruc-
tures provide extra-fast proton transport channels in the
membrane, resulting in an enhancement of the proton transfer
rate. In addition, a large amount of water molecules can be stored
in the inner space of the HCSNs, which further improves the proton
transport ability by means of the vehicular mechanism [37,38].
Low-field nuclear magnetic resonance (LF-NMR) showed plentiful
water molecule transfer channels through the internal cavity of
the HCSNs. The obtained membranes exhibit increased proton con-
ductivity and proton selectivity compared with a SPEEK mem-
brane. Moreover, both the chemical stability and tensile strength
of these hybrid membranes are reinforced by the special structure
of the proton transport mechanism in a polymer matrix embedded with HCSNs.
SNs (inset shows a close-up SEM image of HCSNs); (c) particle size distribution;
photoelectron spectroscopy (XPS) C 1s spectra; (f) micropore size distribution and
rane (mass loading: 3% (w/w)): (g) digital photo; (h) cross-section SEM image (inset
ge of the HCSN/polymer interface.
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of the HCSNs. Hence, our research provides a feasible strategy for
the preparation of a highly conductive proton selectivity mem-
brane for future application in energy conversion and storage.
2. Materials and methods

2.1. Materials

Poly(ether ether ketone) (PEEK; VictrexTM PEEK 450G) was pur-
chased from Nanjing Shousu Special Engineering Plastic Products
Co., Ltd., China; N,N-dimethylformamide (DMF) was purchased
from Shanghai Aladdin Bio-Chem Technology Co., Ltd., China; sul-
furic acid (H2SO4, 98% (w/w)) was purchased from Yonghua Chem-
ical Co., Ltd., China; VOSO4�3H2O was purchased from Nanjing
Jingruijiuan Biotechnology Co., Ltd., China; and carbon spheres
were supplied by Nanjing XFNANO Materials Tech Co., Ltd., China.

2.2. Preparation of SPEEK/HCSN hybrid membranes

First, 25 g of PEEK was added to 250 mL of H2SO4 (98%) and the
mixture was reacted under magnetic stirring at 50 �C for 5 h. Sub-
sequently, the mixture was poured into ice-cold water with contin-
uous mechanical stirring to form precipitated SPEEK. The product
was then washed with deionized water until the pH was almost
7; it was then dried, first at 60 �C and then in a vacuum oven at
100 �C for 24 h.

The SPEEK/HCSN hybrid membrane was prepared using the
solution casting method. Firstly, 1.5 g of SPEEK and X mg of HCSN
powder (where X=15, 30, 45, 60, or 75) were dissolved in 10 mL of
DMF. The mixture was then ball-milled for 24 h and sonicated for
30 min to form a homogeneous mixture. To remove the agglomer-
ated large particles in the mixture, centrifuging was carried out at a
speed of 12000 r�min�1 for 10 min. The resultant solution was
poured onto a flat glass, dried in an oven at 60 �C, and further dried
under vacuum at 100 �C for 12 h to form a hybrid membrane. After
being peeled off from the glass, the hybrid membrane was
immersed in a 1 mol�L�1 H2SO4 solution for 24 h to achieve the
activation process. Excess deionized water was then employed to
wash off the residual acid on the surface of the membrane, and
the membrane was stored in fresh deionized water for later use.

2.3. Characterization

2.3.1. Instrumentation
The micromorphologies of the hollow carbon sphere powder

and the membranes were characterized by means of a field emis-
sion scanning electron microscope (FE-SEM; Hitachi S4800, Hita-
chi, Ltd., Japan). The operating parameters were a voltage of 3 kV
and a current of 5 lA. Energy-dispersive X-ray (EDX) analysis map-
ping results were obtained to analyze the elemental composition of
the HCSNs and of a cross-section of the hybrid membrane. Trans-
mission electron microscope (TEM) images were obtained to
observe the hollow structure of the HCSN powder. Samples were
measured by means of a JEM 2100 (JEOL Ltd., Japan) electron
microscope. The Fourier-transform infrared (FT-IR) spectrum of
the HCSNs was recorded using a FT-IR spectrometer (Nicolet
8700, Thermo Fisher Scientific, USA) between 4000 and 500
cm�1. The particle size distribution of the HCSNs was analyzed
by means of a zeta potentiometer (ZS90, Malvern, UK). A white
light interferometer (laser microscope VK-1050, Keyence, Japan)
was employed and the contact angles were measured (using a
Dropmeter A-100) to characterize the roughness and hydrophilic-
ity, respectively, of the membrane surface. A thermogravimetric
(TG) analysis of the samples was performed using a simultaneous
thermal analyzer (STA 449F3, NETZSCH, Germany) at a heating rate
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of 10 �C�min�1 under an air atmosphere. The micropore size distri-
bution of the HCSN powder was measured via nitrogen (N2)
adsorption–desorption isotherms using a Micromeritics ASAP
2460 (Micromeritics Instrument Corp., USA) in a liquid nitrogen
environment. The arrangement of the polymer chains within the
hybrid membrane was qualitatively analyzed by X-ray diffraction
(XRD; Rigaku Miniflex 600 diffractometer, Japan) with Cu Ka
radiation at a scan rate of 10 �C�min�1 in the range of 5�–50�
(2h). LF-NMR (MesoMR23/12-060H-I, Suzhou Toptest Instrument
Co., Ltd., China) was employed to characterize the sub-nanometer
and nanometer confined water within the hybrid membranes.

2.3.2. Water uptake and swelling ratio
Membranes were cut into samples of the same size (25

mm�10 mm) to measure the water uptake (WU) and swelling
ratio (SR). First, the samples were immersed in deionized water
for 24 h. Subsequently, filter paper was used to absorb the mois-
ture from the membrane surface and rapidly cause the wet mem-
branes to become relatively dry. Then, the wet weights and lengths
of the membrane samples were recorded. Second, the measured
wet membranes were dried in a vacuum oven at 100 �C for 12 h.
After the drying process, the weights and lengths of the dry mem-
brane samples were recorded. For each type of membrane, three
repetitions were carried out, and the average values were obtained.
The WU and SR were calculated by Eqs. (1) and (2), respectively:

WU ¼ Wwet �Wdry

Wdry
� 100% ð1Þ

SR ¼ Lwet � Ldry
Ldry

� 100% ð2Þ

whereWwet (g) andWdry (g) represent the weight of the membranes
in the wet and dry state, respectively; and Lwet (mm) and Ldry (mm)
are the lengths of the wet and dry membranes, respectively.

2.3.3. Ion exchange capacity
The ion exchange capacity (IEC) of the membranes was tested

by means of potentiometric titration. Before the test, the wet mem-
brane samples were fully dried, and the weights of the dry mem-
brane samples were recorded. Then, 1 mol�L�1 H2SO4 solution
was poured into the beaker containing the samples and was left
for 24 h. After the residual acid on the surface of the membrane
samples was removed, the samples were immersed in 50 mL of
saturated NaCl solution for 24 h. The resulting solution was then
titrated with 0.3 mol�L�1 NaOH solution. The IEC value was calcu-
lated according to Eq. (3):

IEC ¼ cNaOH � VNaOH

Wdry
ð3Þ

where cNaOH (mol�L�1) is the concentration of the NaOH solution and
VNaOH (mL) is the consumed volume of the NaOH solution.

2.3.4. Mechanical properties
The mechanical properties of the samples were measured with

a universal machine at a tensile speed of 5 mm�min�1. The water
on the surface of the samples was wiped with filter paper; then,
the samples were cut into long strips of 50 mm�10 mm. To
reduce the testing error, three sample measurements were carried
out for each membrane, and the average tensile strength of each
sample was obtained from the resulting data. The tensile strength
(T) was calculated using Eq. (4):

T ¼ Fmax

WL
ð4Þ

where Fmax (N) is the maximum tension, and W (mm) and L (lm)
are the width and thickness of the membranes, respectively.
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2.3.5. Chemical stability
The chemical stability of the membrane was evaluated by

determining the weight loss of the membrane and the reduction
of VO2

+ to VO2+ after the membrane was immersed in the strong
oxidation VO2

+ catholyte (0.1 mol�L�1 VO2
+ in 3.0 mol�L�1 H2SO4

solution) for 30 days. The concentration of VO2+ ions was deter-
mined by measuring the absorbance at 760 nm with an ultraviolet
visible (UV–Vis) spectrophotometer (Lambda 950, PerkinElmer,
USA). The reduction of VO2

+ to VO2+ were calculated using Eq. (5):

Reduction of VO þ
2 to VO2þ ¼ cVO2þ

cVO2
þ
� 100% ð5Þ

where cVO2þ (mol�L�1) and cVO2
þ (mol�L�1) are the VO2+ concentra-

tion of the immersed solution after 30 days and the concentration
of the initial VO2

+ solution, respectively.

2.3.6. Area resistance and proton conductivity
The area resistance (AR) of the membrane was measured using

an electrochemical impedance spectroscopy workstation with the
alternating current (AC) impedance method. The sample was sand-
wiched between two round titanium tablets and fixed in place
with a button battery clamp. The proton conductivity of the mem-
brane was measured using a simple method reported by Li’s group
[39], shown as Eq. (6):

r ¼ L
R� A

ð6Þ

where r (S�cm�1) is the proton conductivity of the membrane, R (X)
is the resistance of the sample, and A (cm2) is the effective area of
the sample, which is consistent with the area of one round titanium
tablet.

The AR of the membrane (RA) was calculated using Eq. (7):

RA ¼ R� A ð7Þ
All of the samples were pretreated in 3 mol�L�1 H2SO4 solution

overnight.

2.3.7. Permeability of VO2+ and proton selectivity
The permeability of the membrane to vanadium ions was tested

in a diffusion cell separated by the membrane sample (with an
effective area of about 1.77 cm2), with two 50 mL half cells. The
feed side was filled with 50 mL of 1.5 mol�L�1 VOSO4 dissolved
in 3.0 mol�L�1 H2SO4, while the permeation side was filled with
the same volume of 1.5 mol�L�1 MgSO4 dissolved in 3.0 mol�L�1

H2SO4 to balance the ion strength and reduce the osmotic pressure.
Magnetic stirring was carried out continuously on both sides to
reduce the concentration polarization. A specific volume was col-
lected from the permeation side containing MgSO4 solution every
12 h, and the same volume of 1.5 mol�L�1 MgSO4/3.0 mol�L�1

H2SO4 was added back. The concentration of VO2+ was obtained
by measuring the absorbance at 762 nm with a UV–Vis spec-
trophotometer. The permeability and proton selectivity were cal-
culated according to Eqs. (8) and (9):

VB
d cBðtÞ½ �

dt
¼ A

P
L
cA � cB tð Þ½ � ð8Þ

S ¼ r
P

ð9Þ

where VB (mL) is the volume of one half cell; cB tð Þ (mol�L�1) repre-
sents the concentration of VO2+ in the MgSO4 compartment as a
function of time t; cA (mol�L�1) is the initial vanadium concentra-
tion in the VOSO4 compartment; P (cm2�min�1) is the vanadium
ion permeability; and S (S�min�cm�3) represents the proton
selectivity.
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2.3.8. VO2+ permeability properties
The Maxwell model was used to estimate the effective perme-

ability of the spherical or near-spherical fillers within the hybrid
membrane. The Maxwell model is given by Eq. (10):

Deff ¼ Dm
Df þ 2Dm � 2ðDm � DfÞUf

Df þ 2Dm þ ðDm � DfÞUf

� �
ð10Þ

where Deff is the effective VO2+ permeability of the hybrid mem-
brane; Dm and Df are the intrinsic VO2+ permeability of the polymer
matrix and the fillers, respectively; and Uf is the volume fraction of
the fillers in the polymer matrix.

2.3.9. Vanadium flow battery single cell test
A home-made single cell was made, consisting of a membrane

sandwiched between two pieces of carbon felt (with an effective
area of 3.0 cm�3.5 cm and a thickness of 5.0 mm), two graphite
plate current collectors, and two acrylic endplates. All the carbon
felt used in this work was activated by means of solution soaking
and the high-temperature calcination method. The volume of elec-
trolyte on both sides was 10 mL. The initial positive and negative
electrolytes were composed of 1.5 mol�L�1 VO2+ and 1.5 mol�L�1

V3+ in 3 mol�L�1 H2SO4, respectively. The nitrogen atmosphere
was continuously refreshed to prevent the vanadium ions from
being oxidized by oxygen in the air during the test. The cut-off
voltages were set at 1.7 and 0.8 V, and the current density ranged
from 40 to 120 mA�cm�2 for the charge and discharge test. The
coulomb efficiency (CE), energy efficiency (EE), and voltage effi-
ciency (VE) of the vanadium flow battery (VFB) single cell were cal-
culated using Eqs. (11)–(13).

CE ¼ Discharge capacity
Charge capacity

� 100% ð11Þ

EE ¼ Discharge energy
Charge energy

� 100% ð12Þ

VE ¼ EE
CE

� 100% ð13Þ
3. Results and discussion

3.1. Characterization of HCSNs

SEM and TEM images of the HCSNs are displayed in Fig. 1. In
Fig. 1(b), carbon nanospheres with apparent notches clearly indi-
cate the cavity in the HCSNs. Only the elements C and O were
detected via EDX spectroscopy (Fig. S1 in Appendix A). The uniform
particle size of the HCSNs can be observed in Fig. 1(b). However,
the analyzed particle sizes of the HCSNs via a zeta potentiometer
ranged from 220 to 530 nm (Fig. 1(c)), which can be ascribed to
the inevitable agglomeration of the HCSNs, leading to larger parti-
cle size test values. The TEM micrograph (Fig. 1(d)) clearly shows
the sharp contrast between the dark edge and light-colored center
of the HCSNs, confirming the hollow nature of the carbon spheres.
The thickness of the carbon shell was about 80 nm (one-fifth of the
entire diameter) and the size of the HCSNs as measured from the
TEM micrograph was in good agreement with the SEM characteri-
zation results. The FT-IR spectra of the HCSNs are displayed in
Fig. S2 in Appendix A, where the characteristic band at 3415
cm�1 belongs to the stretching vibration of the hydroxyl group
(OH) [40]; the wagging vibration peak of the hydroxyl group also
appears at 665 cm�1, indicating abundant hydrophilic groups on
the surface of the HCSNs. The absorption peak of the carbon
spheres appears at 1630 cm�1 (the C=O stretching of the –COOH
groups) and the –COOH peak appears at 1271 cm�1. The X-ray
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photoelectron spectroscopy (XPS) C 1s spectra of the HCSNs further
proves the existence of hydrophilic groups (Fig. 1(e)). The pore size
distribution of the HCSNs was analyzed using the Horvath–
Kawazoe method and tested via nitrogen adsorption–desorption.
The nitrogen adsorption–desorption isotherm of HCSNs is shown
in Fig. S3 in Appendix A, and the Brunauer–Emmett–Teller (BET)
specific surface area of the HCSNs was found to be 1023 m2�g�1.
Nanosized micropores were detected on the walls of the carbon
spheres (Fig. 1(f)), exhibiting a micropore size distribution of
approximately 0.62 nm. In addition, the HCSN powder well main-
tained its initial architecture and morphology after being
immersed in 3 mol�L�1 sulfuric acid solution for 30 days at room
temperature, indicating excellent structural stability in a strong
acid environment (Fig. S4 in Appendix A).

3.2. Membrane morphologies and characterizations

SPEEK membranes embedded with different HCSN contents
were then fabricated via the solution casting method. The mem-
branes were denoted as S/HCSN-Y, where ‘‘S” stands for SPEEK with
a sulfonation degree of about 67% (Fig. S5 in Appendix A), and Y rep-
resents the weight ratio of the HCSNs in the SPEEK matrix. As
shown in the digital photos, the color of the membranes became
darker as the loading content of the HCSNs increased (Fig. 1(g)
and Fig. S6 in Appendix A). Table S1 in Appendix A presented the
initial higher transmittance of characteristic bands at 1635 and
1278 cm�1 belonging to hydrophilic oxygen-containing groups of
HCSNs for hybrid membranes with loadings of 1–3 (S/HCSN-1, -2,
and -3), compared with SPEEK membrane. The later lower transmit-
tance can be ascribed to the deeper black of hybrid membranes.
Thus, this trend demonstrated the successful incorporation of
HCSNs into the polymer matrix. The HCSNs had little influence on
the chemical structure of the SPEEK polymer (Fig. S7 in Appendix
A). The SEM results showed that the surfaces of both the pristine
membrane and the hybrid membranes were flat (Fig. S8 in Appen-
dix A). Compared with the pristine membrane, the network struc-
ture of the hybrid membranes was uniformly filled with HCSNs;
as the HCSN content increased, the distribution of HCSNs became
increasingly denser in each grid (Fig. S9 in Appendix A). The EDX
mapping results of the cross-section SEM image of the S/HCSN-3
membrane demonstrated the existence of the elements C, O, and
S in the hybrid membrane; the hybrid membrane did not contain
any other impurities (Fig. S10 in Appendix A). Figs. 1(h) and (i) show
the good interfacial compatibility between the fillers and the poly-
mer. However, aggregation of the HCSNs occurred easily at high
loadings of 4% and 5% (w/w), as shown in Fig. S11 in Appendix A.
A white light interferometer (Fig. S12 in Appendix A) demonstrated
that the surface of the hybrid membranes with higher loadings of
4% and 5% (w/w) had become rough and contained some humps
(originating from the HCSNs). In particular, round spots were
observed on the relatively smooth polymer surface of the S/HCSN
hybrid membranes, increasing the surface roughness of the original
SPEEK membrane. XRD patterns demonstrated enhanced crys-
tallinity of the hybrid membranes, due to interactions between
the HCSNs and the polymer (Fig. S13 in Appendix A). The thermal
stabilities of the hybrid membranes were measured via TG analysis
(Fig. S14 in Appendix A); it was found that the introduction of
HCSNs into the polymer resulted in a significant improvement of
the thermal stability of the hybrid membrane.

3.3. WU, SR, and IEC

The WU and SR have a crucial influence on the performance of a
membrane, as the WU affects the proton transmission capacity,
and the higher SR of the membrane lowers the dimensional stabil-
ity, increasing the membrane’s permeability to vanadium ions [41].
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Compared with the pristine SPEEK membrane, all the hybrid mem-
branes had a higher water absorption ability (Fig. 2(a)). As the con-
centration of the HCSN nanofillers increased, the WU of the S/HCSN
hybrid membranes increased from 31.9% to 36.9%, due to the
hydrophilic micropores on the surface of the HCSNs (Fig. 1(f) and
Fig. S2) and the accessible internal cavities (Fig. 1(d)). However,
when the loading amount exceeded 3% (w/w), the inevitable
agglomeration between the HCSNs in the polymer matrix sacri-
ficed part of the water absorption ability, resulting in a lower
WU for the hybrid membranes with loadings of 4% and 5% (w/w)
(S/HCSN-4 and -5), compared with that of the S/HCSN-3 mem-
brane. Fig. S15 in Appendix A presents the results for the water
contact angle measurement on the surface of the pristine and
hybrid membranes as-prepared membranes. The surfaces of the
hybrid membranes were clearly more hydrophilic with a smaller
water contact angle, in comparison with the pristine membrane;
these findings were consistent with the surface roughness results
for the various membranes, as reported above.

Although the WU of the SPEEK membranes embedded with
nanofillers was improved, the SR of the hybrid membranes was
lower than that of the pristine membrane (Fig. 2(a)). On the one
hand, the uniformly distributed HCSNs effectively inhibited the
movement of the polymer chains, thereby reducing the degree of
extension of the membrane size after water absorption. On the
other hand, hydrogen-bonding interactions between the hydrophi-
lic groups of the HCSNs and the sulfonic acid group of SPEEK
resulted in a decline in the SR of the membrane. Among the hybrid
membranes, the S/HCSN-3 hybrid membrane had the highest WU
and a relatively low SR—values far superior to those of the com-
mercial Nafion 212 (N212) membrane (Fig. S16 in Appendix A).
In addition, the IECs of the hybrid membranes were higher than
that of the SPEEK membrane (Fig. S17 in Appendix A), which was
basically consistent with the test results for WU.

3.4. Oxidative stability and mechanical properties

It is well known that chemical stability is critical for hydrocar-
bon membranes such as SPEEK because of the strong oxidation of
the VO2

+ catholyte in VFBs [42]. The hybrid membranes with differ-
ent HCSN loading contents, a pristine membrane, and an N212
membrane were immersed in 0.1 mol�L�1 VO2

+ electrolyte. During
the first week, all the membranes showed good stability (Fig.
S18(a) in Appendix A). Over time, the hybrid membranes exhibited
superior chemical stability in comparison with the pristine mem-
brane. The reduction of VO2

+ to VO2+ was much lower for the
hybrid membranes than for the pure SPEEK membrane, demon-
strating that the introduction of HCSNs effectively mitigates the
degradation process of the hydrocarbon membrane and provides
better durability for practical applications (Fig. S18(b) in Appendix
A). Although the reduction of VO2

+ to VO2+ was higher for our
membranes than for N212, the appropriate HCSN content plays a
significant role in the protection of the SPEEK matrix, and the
degradation rate of our membranes is close to that of N212. This
protection may be attributed to the weakened protonation of the
oxygen atom in the ether bond of the SPEEK main chains due to
the H+ absorption by the HCSNs, hydrogen-bonding interactions,
and the additional physical barrier of the HCSNs.

The high mechanical strength of the membrane is a key perfor-
mance parameter for VFBs, especially for the long charge–
discharge cycles. As shown in Fig. 2(b), the HCSNs had a significant
enhancement effect on the base membrane. In particular, with a
nanofiller loading of 3% (w/w), S/HCSN-3 exhibited the highest ten-
sile strength (35.8 MPa), which was nearly two times greater than
that of the pure membrane (19.5 MPa). Compared with the N212
membrane (21.8 MPa), the optimized membrane still had an
advantage in this respect (Fig. S19 in Appendix A). Good durability



Fig. 2. Physicochemical properties of different membranes. (a) WU and SR; (b) tensile strength; (c) concentration change of VO2+ species versus time in the MgSO4

compartment; (d) conductivity and AR; (e) VO2+ permeability and selectivity; (f) plot of the proton selectivity versus conductivity of various membranes for VFBs reported in
recent years; detailed legends are as follows. SP/inorganic: SPEEK hybrid membranes embedded with inorganic fillers; SP/organic: SPEEK membranes blended with polymers;
SP–multiply layer: SPEEK composite membranes protected by inert films or coatings; Nafion-based: Nafion membranes modified by various methods; porous: porous
membranes created using phase separations.
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enhances the membrane’s resistance to undesirable effects caused
by electrolyte cyclic flushing. This is beneficial to the long-term
operation of the membrane, as it extends the running time of the
membrane and the use lifespan of the VFB.
3.5. Proton selectivity and conductivity

A membrane with a strong ability to hamper active vanadium
species brings considerable benefit to a VFB, in that it can mitigate
the capacity fading of the battery and provide high CE values. As
shown in Fig. 2(c), the growth rate of the vanadium ion concentra-
tion of the S/HCSN hybrid membranes was significantly lower than
that of the pure membrane, indicating that the HCSNs served as an
effective physical barrier to the diffusion of vanadium ions in the
polymer matrix, thereby increasing the membranes’ penetration
resistance to vanadium ions. However, it was not the case that
the greater the HCSN content, the better the effect. When the load-
ing amount exceeded 3% (w/w), the vanadium ion permeability of
the membrane began to increase, because a too-large amount of
HCSNs resulted in aggregation and uneven dispersion in the SPEEK
matrix.
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The AR and conductivity of various membranes are presented in
Fig. 2(d). With the introduction of HCSNs, the AR of the membranes
was significantly reduced. Moreover, the AR values for the hybrid
membranes with increasing HCSN loading first declined and then
rose in comparison with that of the pure membrane. In contrast,
the proton conductivity exhibited an opposite trend as the loading
content increased. The initial higher proton conductivity can be
attributed to the shorter internal proton-transfer pathway, as the
nanofillers possess three-dimensional (3D) hollow structures,
while the later lower proton conductivity can be attributed to
the partial increase in resistance resulting from the inevitable
agglomeration of HCSNs at higher loadings. As a result, the S/
HCSN-3 membrane exhibited the highest proton conductivity
(0.084 S�cm�1 at 25 �C) in comparison with the pure membrane
(0.049 S�cm�1) and the N212 membrane (0.033 S�cm�1).

Proton selectivity, which in this context is defined as the ratio of
proton conductivity to vanadium ion permeability (H/V), is a key
factor in estimating the overall performance of a VFB. Fig. 2(e)
shows that the S/HCSN-3 membrane displayed superior H/V selec-
tivity (6.68�105 S�min�cm�3) among various membranes, with a
selectivity approximately 4.3 times higher than that of the SPEEK
membrane (1.56�105 S�min�cm�3). In addition, the proton
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selectivity of the optimized membrane was about 5.9-fold greater
than that of the N212 membrane (1.13�105 S�min�cm�3) under
the same measurement conditions (Fig. S20 in Appendix A). More
importantly, Fig. 2(f) and Table S2 in Appendix A show the ultra-
high proton selectivity and proton conductivity of the S/HCSN-3
membrane in comparison with those of other reported membranes
for VFBs, which are due to the contribution of the HCSNs. There-
fore, VFBs assembled with the S/HCSN-3 membrane are expected
to show excellent cell performance.

3.6. VFB single cell performance

A series of prepared membranes were assembled for a VFB single
cell to measure their charge–discharge performance at current den-
sities ranging from 40 to 120 mA�cm�2. As shown in Fig. S21 in
Fig. 3. Battery performance. (a–c) Comparison of VFB efficiencies with the N212, SPEEK, a
term cycling stability test of VFBs with the N212, SPEEK, and S/HCSN-3 membranes utiliz
(g) Comparison of the EEs of VFBs assembled with various types of modified SPEEK-based m
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Appendix A, with all the tested membranes, the cell possessed
increased CE but decreased VE with increased current density. The
former can be ascribed to the shorter time to a charge and discharge
cycle, which gives rise to more moderate vanadium ion crossover.
The latter is due to the higher overpotential and ohmic polarization
when the applied current density increases [43]. On the whole, the
cell performance of the SPEEK membrane was enhanced by the
incorporation of the HCSN nanofillers; in particular, the S/HCSN-3
membrane exhibited the best battery performance.

In order to further present the performance advantages of the S/
HCSN-3 membrane, a commercial N212 membrane was used as a
benchmark for comparison, as this commercial membrane has uni-
versal practicability in VFBs and has better battery performance
than other commercial membranes such as Nafion 115 (Fig. S22
in Appendix A). Fig. 3(a) displays the battery performance of a
nd S/HCSN-3 membranes: (a) CE, (b) VE, and (c) EE at 40–120 mA�cm�2. (d–f) Long-
ing disposable electrolyte at 120 mA�cm�2: (d) CE; (e) capacity retention (CR); (f) EE.
embranes in recent years (corresponding data were listed in Table S3 in Appendix A).
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VFB single cell with the N212, SPEEK, and S/HCSN-3 membranes,
respectively, at different current densities. Compared with the
other membranes, the CEs of the VFB with the S/HCSN-3 mem-
brane continuously maintained the highest level. The S/HCSN-3
membrane had a longer self-discharge voltage holding time (73
h) than the N212 membrane (40 h) and the SPEEK membrane
(53 h), indicating that it more effectively hinders the crossover of
vanadium ions (Fig. S23 in Appendix A), which is consistent with
the results of the permeability test discussed earlier (Fig. S20). In
addition, benefiting from its considerately higher proton conduc-
tivity, the S/HCSN-3 membrane retained a higher VE value (94.6%
at 40 mA�cm�2 and 84.7% at 120 mA�cm�2) than the SPEEK or
N212 membranes (Fig. 3(b)). The peak power density of the cell
with the S/HCSN-3 membrane reached 400.8 mW�cm�2, in com-
parison with 352.7 and 383.2 mW�cm�2 for the cells with the
N212 and SPEEK membranes, respectively (Fig. S24 in Appendix
A). This result suggests that the HCSNs do indeed boost the speed
of proton transport within the hybrid membranes [44]. Since the
CEs and VEs jointly determine the value of the EE performance,
the best EEs were realized with the S/HCSN-3 membrane
(Fig. 3(c)). Fig. S25 in Appendix A compares the charge–discharge
curves of the VFBs assembled with the N212, SPEEK, and
S/HCSN-3 membranes at 40–120 mA�cm�2. The specific volume
discharge capacity of the cell with the S/HCSN-3 membrane
(20.9 A�h�L�1) is higher than those with the N212 membrane
(16.2 A�h�L�1) and the SPEEK membrane (18.6 A�h�L�1) at a current
density of 120 mA�cm�2.

The lifespan of the ICM is an extremely significant technical
indicator during the working process of a VFB, especially for prac-
tical applications. As shown in Fig. 3(d), the cell assembled with
the S/HCSN-3 membrane exhibited an initial CE of 98.8% at a high
current density of 120 mA�cm�2 and maintained a high and stable
level (about 99.6% after 1450 cycles), while that assembled with
the SPEEK membrane showed a sharp decline after 510 cycles
(only 96.4% at that point). Fig. S26 in Appendix A also shows
the intact membrane structure of the S/HCSN-3 membrane after
more than 1400 cycles. Thus, this test well proved that both
the chemical stability and the mechanical strength of the mem-
branes were significantly reinforced by combining a pristine
membrane with HCSNs.

It should be noted that the positive and negative electrolytes
were not refreshed during the tests. Among these three kinds of
membranes, the water migration of the cells equipped with the
N212 membrane become exceptionally rapid, resulting in rela-
tively low cycle numbers (630 cycles). In comparison, our
S/HCSN-3 membrane did a good job in retarding active vanadium
species crossover and inhibiting water migration, with an average
discharge capacity decay of only 0.065% per cycle, showing a
strong advantage over the original membrane (0.12% per cycle),
as displayed in Fig. 3(e). In addition to a longer running time,
the EE values of the S/HCSN-3 membrane maintained a relatively
high level (over 80%), which was higher than that of the pure
SPEEK (initial EE of 78.1%) (Fig. 3(f)). After 100 cycles, these dif-
ference in the cycling performance of VFB at 120 mA�cm�2

became clearer, as the S/HCSN-3 membrane showed a higher EE
performance and lower discharge capacity decay in comparison
with the other membranes (Fig. S27 in Appendix A). As shown
in Fig. S28 in Appendix A, the S/HCSN-3 membrane demonstrated
a superior battery performance and more reliable cycle stability
than the SPEEK membrane under 160 mA�cm�2. It is also worth
noting that the EEs of the VFBs equipped with the S/HCSN-3
membrane in this work are superior to those in most of the
reported works about SPEEK-based membranes (Fig. 3(g) and
Table S3 in Appendix A).
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3.7. Contributions of the HCSNs

The above results demonstrate that the introduction of HCSNs
into the polymer matrix is a feasible strategy to fabricate high-
performance ICMs. To further illustrate the contributions of the
HCSNs to the hybrid membranes, additional experiments were car-
ried out. Fig. 4(a) represents the vanadium ion permeability of
membranes containing 1%–3% (w/w) of solid carbon nanospheres
(SCNs). The corresponding membranes are denoted as S/SCN-1, S/
SCN-2, and S/SCN-3. All three have a vanadium resistance similar
to those of their S/HCSN counterparts, confirming that the HCSNs
have equally good ion-sieving ability as the SCNs. The intrinsic
transport behaviors of VO2+ in the nanofillers (both SCNs and
HCSNs) were analyzed qualitatively using the Maxwell model
based on experimental permeability data (Fig. 4(b)) [45]. The fit-
ting results indicated the similar permeability of the two types of
carbon nanospheres to the active vanadium species, exhibiting
the precise ion sieving at the surface of the HCSNs. In contrast, a
sharp decrease in proton conductivity was observed for the S/
SCN membranes, which can be ascribed to the internal ultrafast
proton transport pathways of the HCSNs.

LF-NMR was employed to detect and characterize the proton
transport channels within the S/HCSN membranes, using water
as a probe molecule (Fig. 4(c)). The transverse relaxation time rep-
resents the degree of water molecule confinement inside the space
[46,47]. Three peaks (I, II, and III) appeared for both the SPEEK and
S/HCSN-3 membranes. Peak I (which appears at a low relaxation
time) for the SPEEK membrane is indicative of water molecules
penetrating the sub-nanometer space derived from the tangling
of random polymer chains. Fig. S29 in Appendix A demonstrates
this point; moreover, more serious swelling behavior is observed
within N212. For the S/HCSN-3 membrane, the shift of peak I to
an upward relaxation time and the increase of population in the
sub-nanometer confined relaxation time indicate the hydrophilic
micropore structure on the surface of HCSNs [48], which is consis-
tent with the measurement results shown in Fig. 1(f) and Fig. S2.
The peak II (which exists in the moderate relaxation time) area
ratio for the S/HCSN-3 membrane sharply rises to 40.22% com-
pared with that of the pristine membrane (10.03%), demonstrating
that the internal cavities of the HCSNs result in the formation of
more abundant nanoconfined transport channels, favoring an
improvement in the WU and IEC of the hybrid membranes (Fig. 2(a)
and Fig. S17). These nanoconfined transport channels without
resistance greatly facilitate the proton transfer (Fig. 4(c)).
4. Conclusions

This work successfully demonstrated the utilization of a poly-
meric membrane embedded with HCSNs for VFBs. The physio-
chemical properties of the hybrid membrane, such as its
mechanical strength, chemical stability, and WU, were greatly
enhanced by the incorporation of HCSNs. Furthermore, the hybrid
membrane exhibited superior conductive proton selectivity due to
the size exclusion effect of the microporous shell and the reduced
resistance to proton transport in the internal cavity of the HCSNs.
The VFB with the optimized membrane presented a more desirable
electrochemical performance in comparison with those of com-
mercial N212 and pure SPEEKmembranes. A cell based on the opti-
mized S/HCSN-3 membrane exhibited a higher CE and comparable
EE during a charge–discharge process of more than 1400 cycles
(over 475 h)—much longer than those of the N212 (260 h) and
SPEEK (207 h) membranes—at 120 mA�cm�2. This work demon-
strates that the proposed hybrid membrane is a promising



Fig. 4. Roles of HCSNs in the hybrid membranes. (a) Comparison of the VO2+ permeability and proton conductivity of the S/HCSN and S/SCN membranes. (b) Comparison of
the Deff/Dm of the S/HCSN and S/SCN membranes between the experimental VO2+ permeability data and the Maxwell model prediction at different filler volume fractions.
(c) LF-NMR spectra of the SPEEK and S/HCSN-3 membranes and schematic illustration of the confinement space forming proton transport channels within the S/HCSN
membranes. nm: nanometer.
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candidate for commercial application in next-generation VFBs for
large-scale energy storage.
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