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Effects of Surface Modification Modes on
Proton-over-Vanadium Ion Selectivity of Nafion® Membrane for
Application in Vanadium Redox Flow Battery

TAN Qing-long, WANG Hai-ning, LU Shan-fu", LIANG Da-wei,
WU Chun-xiao, XIANG Yan"
(Beijing Key Laboratory of Bio-inspired Energy Materials and Devices, School of Space and
Environment, Bethang University, Beijing, 100191, P. R. China)

Abstract : The effect of surface modification modes on proton-over-vanadium ion selectivity was studied by spin-coating
chitosan-Phosphotungstic Acid (PWA) as a single or double layer on Nafion membrane surface. To suppress the vanadium ions per-
meation through the Nafion® membrane in a vanadium redox flow battery (VRFB), the single surface-modified Nafion membrane
(Nafion/chitosan-PWA)s and double surface-modified Nafion membrane (Nafion/chitosan-PWA), demonstrated a 89.9% and 92.7%
reduction of vanadium ion permeability in comparison with pristine Nafion, respectively. The (Nafion/chitosan-PWA), exhibited
better selectivity between proton and vanadium ions than the (Nafion/chitosan-PWA); at the same layer thickness. Furthermore, the
columbic efficiency for the VRFB single cell based on the (Nafion/chitosan-PWA);, at an optimized thickness was 93.5% and the en-
ergy efficiency was 80.7% at a charge-discharge current density of 30 mA -cm?, which were higher than the (Nafion/chitosan-PWA)s

and pristine Nafion membrane. The modified membranes also possessed adequate chemical stability in the VRFB during

charge-discharge cycling measurements.
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The vanadium redox flow battery (VRFB) has
attracted significant attention as an energy storage
system because of its superior cycle stability, facile
design and low cost!'?. The ion exchange membrane is
used to provide separation between the anode and
cathode electrolytes as well as the proton conduction
in the battery™. The commercial Nafion® membrane
has been widely studied due to its advantageous pro-
ton conductivity and chemical stability in VRFB re-
search; however, its high vanadium permeability re-
sults in a low proton-over-vanadium ion selectivity
(o/p)P), limiting its practical applications'®. Thus, there
has been much effort to explore ion exchange mem-
branes with high selectivity in order to improve the

cell performance of VRFB system™. A typical method
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is to modify Nafion membranes by introducing inor-
ganic materials or polymers to the bulk phase or sur-
face of Nafion"",

The surface modification approach is a simple
and powerful method by which a thin layer is de-
posited on a substrate via intermolecular forces. The
surface modification of Nafion has been widely em-
ployed in the field of Direct Methanol Fuel Cells
(DMFCs) to suppress methanol crossover, which in-
clude the formation of multilayered Nafion/sulfonated
poly (ether ether ketone) (SPEEK)!"", layer-by-layer
self-assembly of Nafion-PWA/PDDA (Poly dimethyl
diallyl ammonium chloride)"™ self-assembly of Nafion/
charged Au or Pd nanoparticles!**. The surface-mo-

dified Nafion has also been successfully applied in

*Corresponding author, Tel: (86-10)82339539, E-mail:lusf@buaa.edu.cn,
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VREFB to improve the cell performance. For example,
Qiu et al. used the polyelectrolyte layer-by-layer
self-assembly technique to fabricate a barrier layer
onto the surface of Nafion membrane®". Zeng et al.
successfully prepared polypyrrole-modified Nafion
membranes by electrodeposition method™. Luo et al.
coated polyethyleneimine (PEI) on Nafion membranes
via interfacial polymerization®. Zhang et al. prepared
Nafion/SPEEK layered composite membrane via
chemical crosslinking™. All of these modified mem-
branes significantly suppressed the vanadium ion
crossover. However, the ionic conductivity of the
modified membranes drastically decreased in general,
which affected the performance of the VRFB. Our re-
cent study demonstrated that there was a significant
difference between single and double surface modifi-
cations of Nafion for the methanol cro-

ossover reduction™. However, there are few published
studies investigating the difference between single
and double surface modifications of Nafion for the
vanadium crossover in VRFB. Considering the
porous structure and the hydrophilic sulfonic acid
groups in Nafion, it is possible to block the hy-
drophilic channels responsible for the vanadium ion
transport via intermolecular cross-linking between
the sulfonic acid groups and basic groups of other
polymers.

In this work, the influences of single and double
surface modifications on the conductivity and vanadi-
um crossover of Nafion membrane were investigated
using representative chitosan-PWA as the modified
layer. The chitosan of the modified layer is primarily
utilized due to its low cost and abundant amine
groups™. The PWA with the Keggin structure™ is
expected to crosslink chitosan while implemented as
the proton conductor. The special surface modifica-
tion modes are expected to block the vanadium ion
transport channel, meanwhile to drive the proton
transfer due to the introduction of PWA. Therefore, it
is possible to achieve high performance of modified
membranes with decreased vanadium ion permeabili-
ty, comparable ionic conductivity, as well as excel-

lent chemical stability. In addition, considering the

different contact areas between Nafion surface and
modified layer, it may differ in resistance effect of
vanadium and proton conduction for the single and
double modified membranes, and therefore, the ionic
selectivity. The modified membranes together with
physicochemical properties were characterized in de-
tail. The performance and stability of the optimized
single and double modified membranes were verified
in VRFBs, which is considered to be a promising al-
ternative to the commercialized Nafion.
1 Experimental
1.1 Materials

Chitosan (Aldrich-Sigma, M,,= 60,000 g-mol™)
and phosphotungstic acid (Aldrich-Sigma) were used
without further treatment. Ultrapure water (Millipore;
18.2 M) at 25 °C), acetic acid (Aladdin Industrial
Corporation, 99.5%), vanadyl sulfate (VOSO,, Shen-
yang Haitian Fine Chemical Plant), Nafion 212 mem-
branes were obtained from DuPont and other chemi-
cals were purchased from commercial suppliers.
1.2 Preparation of Nafion/Chitosan -PWA

Composite Membranes

There were two different modification methods
on Nafion: single and double surface modifications.

Single surface modification

e
R cegids.
Rty

¢ S

on Nt
Chitosan

Double surface modification

(N/C-P), membrane

Fig. 1 The scheme of double surface modified Nafion mem-
brane ((N/C-P)p) and single surface modified Nafion
membrane ((N/C-P)g)
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The preparation of Nafion/chitosan-PWA composite
membranes, noted as (N/C-P)x (X =S or D, for single
and double surface modifications, respectively), is
schematically presented in Fig. 1. The Nafion 212
membrane was pretreated according to the literature™.
The single surface modified composite membranes
(N/C-P)s were prepared using a spin coater equipped
with vacuum-pumping and heating system. The
Nafion membrane was tightly absorbed on the suc-
tion filter area of the graphite plate placed on the hot
plates at 75 °C. Then a certain volume of 2% (by
mass) chitosan solution (2 g of chitosan was dissolved
in a mixture of 97 g ultrapure water and 1 g acetic
acid) was spin-coated on the single side of Nafion
212 and the thickness of the thin chitosan layer was
controlled by varying the volume of the chitosan so-
lution. After this step, the Nafion/chitosan composite
membrane was spin-coated by a certain amount of
5% (by mass) PWA aqueous solution at 50 °C and
then dried at 75 °C to obtain the single surface
Nafion/chitosan-PWA composite membrane. To pre-
pare the double surface modified composite mem-
branes with the same thickness as single surface mod-
ified ones, the same amount of chitosan-PWA was
evenly divided and applied onto both sides of Nafion.
The prepared membrane was denoted as (N/C-P)x-N,
where N is the thickness of the modified layer.
1.3 Membrane Characterization

The cross-sectional structures of the Nafion/chi-
tosan-PWA composite membranes were examined by
scanning electronic microscope (SEM) equipped with
EDS (JEOL, JSM-5800). The infrared spectra of mod-
ified membranes were measured by FT-IR spectrom-
eter (Thermo Fisher, USA) under the mode of attenu-
ated total reflection. Proton conductivity was mea-
sured via electrochemical impedance spectroscopy
(EIS) using Parstat 2273 advanced electrochemical
workstation®™, The water uptake of membrane were
measured as reported in literature®". Membrane sam-
ples were immersed in the solution (1.0 mol-L* VOSO,
in 3.0 mol-L" H,SO,) for 24 h before measuring con-
ductivity.

The permeability measurement of VO** was car-
ried out in a membrane-separated cell by filling 1.0

mol L' VOSO, in one reservoir and 1.0 mol -L"!
MgSO, in the other reservoir to equivalent ionic
strength according to the standard procedure report-
ed™ *. The osmotic concentration of VO* was de-
tected by UV-vis spectrophotometer. The permeability

of the vanadium ions was calculated via reference™:

dCy(t) _ P
2O 4P (¢, (1)

where P is the permeability of VO*, C, is the initial

Vi

VO?* concentration, Cy(t) refers to the VO*' concen-
tration over time, Vy is the volume of the reservoir, L
and A are the thickness and cross-sectional area of
the membrane, respectively.
1.4 Single Cell Test

Thd VRFB setup was assembled with two car-
bon felt electrodes (2 x 3 cm? area) fixed inside the
electrode frame (thickness: 3 mm) pasted in the cen-
ter of two graphite polar plates, and sandwiched be-
tween two stainless steel plates™. The negative and
positive electrolytes (50 mL in each half-cell) consists
of 1.0 mol -L!" V*/V* and 1.0 mol -L' VO,/VO¥,
both in 3.0 mol- L' H,SO,, respectively. The charge-
discharge test was conducted with constant current
mode in the voltage range of 0.8 to 1.7 V on a battery
test system CT-3008-5V/1A (Neware Co., Ltd, China).
Self-discharge tests were carried out by evaluating
the open circuit voltage (OCV) over time after the cell
was charged to an 80% state of charge (SOC) and un-
til the OCV dropped to 0.8 V in VRFB at 20 °C*,
The chemical stability test was carried out by im-
mersing several pieces of (N/C-P)p-17 membranes in
1 mol -L' VO," + 3 mol -L!' H,SO, solution for 30
days at 20 °C. The columbic efficiency (CE), voltage
efficiency (VE), and energy efficiency (EE) of VRFB

were calculated via reference:

C
CE = £+ x 100% ©)
VE = % x 100% 3)
EE = % x 100% @)

where C, and Cy are the charge and discharge capaci-
ty, respectively, V. and V,represent the average charge

and discharge voltage, respectively.
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2 Results and Discussion
2.1 FT-IR Spectroscopic Analysis

The FT-IR spectra of PWA, chitosan, Nafion
212, (Nafion/chitosan), and (N/C-P), membranes are
shown in Fig. 2. For the Nafion 212, the characteris-
tic peaks (980, 1057, 1149, 1207 cm™) were attribut-
ed to the vibrations of C-O-C, -SOy, C-F and C-F in
Nafion, respectively® *. Compared with the Nafion
212 membrane, the peak at 1540 cm™ appeared for the
(N/C), membrane corresponded to the bending vibra-
tion of N-H bonds of chitosan (-NH,). Furthermore, the
peak of -NH groups in (N/C), membrane experienced
a red shift compared to pure chitosan (~ 1550 cm™),
while the S-O stretching vibration of -SO;™ groups in
Nafion experienced a blue shift (~ 1060 cm™), which
indicates an interaction between Nafion and chitosan®.
Furthermore, four characteristic infrared bands of
(N/C-P)p, membrane were observed and assigned to
the stretching of P-O, bonds (1080 cm™), W-Oy stretch-
ing (972 cm™), W-O,-W stretching (891 cm™) and
W-Oc-W stretching (787 cm™) bands of PWA. These
peaks have a red shift in comparison with those of
pure PWA(1080, 980, 918, 806 cm™), respectively,
which indicates that the terminal oxygen atoms of
PWA strongly interact with the hydroxyl groups and
the amino groups of chitosan™. The strong interaction
between them has been confirmed by observing ex-
cess amount of insoluble complexes when chitosan

37-38

and PWA solution are mixed””*". The spectrum of the

(N/C-P),
T S
\ ~ N/
JWC)D 1540 I\\/ . {/j
I ~ P aValne
Nafion 212 1060
. ~

Chitosan 1550 1057

I W

2000 1750 1500 1250 1000 750
Wavenumber/cm™

Fig. 2 FT-IR spectra of PWA, chitosan, Nafion 212, (N/C),
and (N/C-P), membranes under the mode of attenu-

ated total reflection

(N/C-P)s membrane (not shown in Fig. 2) was similar
to that of (N/C-P), membrane. All of these results in-
dicate that the thin cross-linked chitosan-PWA layers
were successfully coated on the surface of Nafion 212.
2.2 SEM and EDS Measurements

In order to further confirm the structure of the
modified composite membrane, SEM images and
EDS element mapping of a double surface modified
Nafion were recorded. As shown in Fig. 3A, the mem-
brane was apparently composed of three layers:
Nafion layer in the center and two chitosan-PWA lay-
ers on the outer layers. The thicknesses of Nafion and
each chitosan-PWA layer were about 50 pm and 8.5
pm, respectively. No delamination phenomena ap-
peared at interfaces due to the strong adherence of
electrostatic interactions between -SO; groups of
Nafion and -NH;" groups on chitosan chains. The EDS
element mapping for the cross-section of the mem-
brane is shown in Fig. 3B. A three-layer structure also
exhibited: the fluorine element (the characteristic ele-
ment of Nafion) was distributed uniformly in the cen-
ter layer and the tungsten element (the characteristic
element of PWA) was distributed uniformly in each
modified layer, which reveals the successful modifica-
tion of chitosan-PWA on the Nafion surface. Further-
more, the thickness of the modified layer was obtained
from the corresponding SEM results.
2.3 Permeability of Vanadium Ions, Pro-

ton Conductivity and Selectivity

Fig. 4A compares the VO* permeabilities of
(N/C-P)s and (N/C-P)p membranes with different

A ) B

Fig. 3 A. SEM cross-section image of (N/C-P), membrane;
B. EDS cross-section image of (N/C-P), membrane
(W: wolfram; F: fluorine)
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thicknesses of the modified layer. As the thickness in-
creased from 7 to 31 pm, the permeability for both me-
mbranes (single and double surface modified Nafion)
quickly decreased. In particular, the permeability low-
ered apparently with the thickness of chitosan-PWA
layer increased from 7 to 17 wm and then remained
constant as the thickness of the modified layer further
increased from 17 to 31 wm, indicating that the mod-
ified layer reached their limit to block the vanadium
ions crossover with the thickness of 17 wm. And the
permeability of VO*' ion decreased to 1.19 x 107
cm?-min™ for (N/C-P)s-17 membrane and 1.10 x 107
(N/C-P)p-17 membrane, exhibiting
89.9% and 90.6% reductions, respectively, compared

cm? -min? for

with that of 11.74 x 107 cm*-min™ for pristine Nafion
membrane. The high permeability of vanadium ions
through Nafion membrane could be attributed to the
hydrophilic channels formed with polar clusters of
-SO; groups which could allow the transport of both
protons and vanadium ions. The effective reduction
of vanadium ions permeability was mainly caused by
the blocking of hydrophilic channels of Nafion mem-
branes due to the electrostatic interaction between the
negatively charged -SO; groups in Nafion and posi
tively charged -NH;" groups in chitosan® *). Mean-
while, the electrostatic repulsion between the posi
tively charged chitosan and vanadium ions may be
another important reason for the decreased vanadium
ions permeability. However, the hydrophilic channels
could only be partially blocked when the thickness of
the modified layer was less 17 pm, which resulted in
the obvious difference in vanadium ions permeability
as shown in Fig. 4A. As the thickness of the modified
layer increased to 25 or 31 pm, the blocking to hy-
drophilic channels reached a limit, therefore, the
vanadium ions permeability only changed slightly. The
porous spike-like structure of the chitosan-PWA layer
studied in our previous work™ ! might be the reason
for the almost unchanged vanadium ions permeability
of the as-prepared mem branes as the modification
layer thickness increased above 25 or 31 pm. With
the same modified layer thickness, the vanadium ions

permeability of the (N/C-P)p, membranes was lower

than that of (N/C-P)s membranes mainly due to the
contact area between Nafion membrane and modified
layers, where the entrance of hydrophilic channels for
vanadium ions crossover in Nafion was inhibited
much more seriously for the (N/C-P), membranes.

The proton conductivities (o) of Nafion membr-
anes with different thicknesses of single or double
modified layers are shown in Fig. 4B. It is clear that
the o values of both (N/C-P), and (N/C-P)s membranes
gradually decreased with an increase in thickness of
chitosan-PWA layer from 7 to 31 wm. However, the
o values of the (N/C-P), membrane showed a slight
decrease with increased thickness of chitosan-PWA
layer from 7 to 17 wm, which is much better than that
of the (N/C-P)s membrane with the same modified
layer thickness. Especially, the proton conductivity
(1.23 x 10% S-cm™) of (N/C-P),-17 was 1.7 times
larger than that of (N/C-P)s-17 (0.72 x 10? S-cm™),
and the differences increased to 2.4 times larger for
thickness of 31 wm. In the electrolyte of VRFB,
H,SO, was used as the supported electrolyte for the
proton transport. The chitosan-PWA layer would
block the transport of proton and therefore the proton
conductivity decreased after the modification. Based
on the fact that the proton conductivities of (N/C-P)s-7
and (N/C-P)p-17 were almost the same, a modifica-
tion layer with the thickness less than 7 ~ 9 pm
would allow the free transport of proton in H,SO,
electrolyte. Since the proton conductivity is related
with the water uptake, the measured water uptake
values of 28.1%, 22.4%, 21.9% and 21.6% were
recorded for Nafion 212, (N/C-P)y-7, (N/C-P)-12 and
(N/C-P)p-17 membranes, respectively. These results
well agreeed with their proton conductivities trends
in Fig. 4B.

An ideal ion exchange membrane in a VRFB
should possess both low vanadium ion permeability
and high ionic conductivity. Thus, the selectivity is
more reasonable to evaluate the comprehensive per-
formance including the practical application. The se
lectivity (proton conductivity over vanadium perme-
ability) curves of the Nafion with different modifica-

tion modes are presented in Fig. 4C. The results
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demonstrate that both single and double modified 12
o .. Nafion 212
membranes exhibited larger selectivity than Nafion, S Single modified membrane
/77] Double modified membrane

and the double modified membranes were even better
than single layered membranes at all thicknesses.
Furthermore, the maximum selectivity occurs at the
modification layer thickness of 17 pm for both single
and double modified membranes. In particular, the
selectivities of (N/C-P)s-17 and (N/C-P)p-17 mem-
branes were 6.16 x10* and 1.12 x 10° S ‘min -cm?,
which were 4.5 and 8.3 times higher, respectively,
than that of pristine Nafion membrane (1.35 x 10*
S -min-cm?). As a result, the optimized membranes,
(N/C-P)p-17 and (N/C-P)s-17, were utilized in the sub-
subsequent tests for VRFB single cell performance.
2.4 VRFB Single Cell Performance

The charge-discharge curves of VRFB, incorpo
rating Nafion, (N/C-P)s-17 or (N/C-P),-17 membranes
at a current density of 30 mA -cm? to 60 mA -cm?,
are presented in Fig. 5. It can be found that the charge
and discharge platforms of the VRFB with (N/C-P)p-17
were better relative to that of (N/C-P)s-17, while the
discharge platforms of both VRFB with (N/C-P)y-17
and (N/C-P)s-17 were slightly poor relative to the
Nafion device. This result might be attributed to the
higher area resistance of the modified membranes.
Furthermore, the discharge specific capacity of
VRFB with (N/C-P)p-17 was higher than that with
(N/C-P)s-17 or Nafion due to the highest selectivity
of the (N/C-P)p-17 membrane.

The Coulombic efficiency (CFE), voltage efficien-
cy (VE) and energy efficiency (EE) plots of the VRFB
under different charge/discharge current densities are
shown in Fig. 6. The CE of the VRFB based on the
three membranes increased with a larger current den-
sity, while the VE of the VRFB exhibited an opposite
trend. This could be attributed to the shorter time for
vanadium crossover and the enhanced ohmic polariza-
tion together with the over-potentials®’). The VRFB
with (N/C-P)-17 showed higher CE, VE and EE than
those of (N/C-P)s-17 or Nafion membrane at all cur-
rent densities, in good agreement with the VO*' per-
meability and ionic conductivity results in Fig. 4. Es-
pecially, the VRFB with (N/C-P),-17 presented a CE

—
—

\

Permeability/(107cm’™ min™) >

|
|

3
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o 7 WV
W oy AL A5 AT A A
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Fig. 4 A. The vanadium ion permeabilities of Nafion 212,
(N/C-P)s and (N/C-P), membranes; B. The proton
conductivities of Nafion 212, (N/C-P)s and (N/C-P),
membranes (tested at 20 °C under dry air); C. The se-
lectivities of the (N/C-P)s and (N/C-P), membranes
with different thicknesses of the modified layer

01 93.4% ~ 96.2% when the current density increased
from 30 to 80 mA -cm?, while the CE of VRFB with
Nafion incre ased from 80.1% to 94.3% . However,
due to the vanadium ion crossover and increased
ohmic polarization loss of the VRFB, the VE and FE
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Fig. 5 Charge/discharge curves of VRFB assembled with Nafion 212, (N/C-P)s and (N/C-P), membranes, respectively, at 30
mA -cm? (A) and 60 mA -cm? (B)

were decreased under larger current densities. In ad- 100
dition, the VRFB with (N/C-P)y-17 exhibited the maxi-
mum EE of 80.7% compared with those of 77.9%
and 73.6% for the cell with (N/C-P)s-17 and Nafion,
respectively, at a current density of 30 mA -cm™.

The self-discharge rates of VRFB with the dif-
ferent membranes could be evaluated by the OCV af-

Colulombic efficiency

ter an elapsed amount of time. As shown in Fig. 7A,
initially, the OCV value slowly decreased and then
rapidly decreased to 0.8 V. For the VRFB with 90 |
(N/C-P)p-17 or (N/C-P)s-17 membrane, the time for

Voltage efficiency

OCYV value that maintainsed above 0.8 V were about X
93 h and 86 h, respectively, which was significantly ? 80+
(o]
longer than that of VRFB with Nafion (59 h). The re- ,g
. . . . L‘U-J‘ —=&— Nafion 212

sult was in accordance with the vanadium ion perme- ol v c-p),
ability data that suggested self-discharge rate of VRFB e NIC-P),
with the (N/C-P)p-17 being lower than that of VRFB
with (N/C-P)s-17 or Nafion™. 80 ‘\‘\ Energy efficiency

To evaluate the stability of the modified mem-

brane under practical working conditions of a VRFB,
the charge-discharge cycling test of the VRFB was
performed. Fig. s 7B and 7C show that the CE and
EE curves of the VRFB cell assembled with the mod-
ified membrane displayed no obvious attenuation
over 30 cycles, which indicates that both (N/C-P) 60 L

¢-17 and (N/C-P)p-17 membranes possessed good sta- 30 40 50 60 79 80
Current density/(mA- cm™)

bility in vanadium solutions. Moreover, the CE and

EE plots of VRFB with - (N/C-P)p-17 membrane al- Fig. 6 Effects of charge/discharge current density on CE

ways remain- (top), VE (middle) and EE (bottom) of the VRFB
ed higher than that with the (N/C-P)s-17 membrane with Nafion 212, (N/C-P)sand (N/C-P),, membranes,

during the 30-cycle measurement. The discharge ca- respectively.
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pacities of the VRFB based on(N/C-P)x-17 and Nafion
are presented in Fig. 7D. During the 30 cycles, the
capacity of the VRFB with the (N/C-P)y-17 mem-
brane exhibited the smallest deterioration, while the
capacity of the cell with Nafion clearly decayed. Af-
ter 30 cycles, the capacities of the VRFB based on
(N/C-P)»-17, (N/C-P)s-17 and Nafion membranes were
maintained at 92%, 88% and 86% of their initial ca-
pacities, respectively. Obviously, the VRFB assem-
bled with the (N/C-P),-17 membrane showed much
better capacity stability than that with Nafion. This
might be mainly ascribed to the different selective
permeabilities caused by crossover of vanadium ions
through the membranes during the charge-discharge
cycling of the battery.

To further investigate the long-time chemical
stability of the modified membranes in vanadium
electrolyte, the VRFB assembled with (N/C-P)p-17

was cycled under a current density of 60 mA -cm™

I —— Nafion 212

Open circuit voltage/ V
®

— (N/IC-P), \
0.8 — (NC-P, \
0 20 40 60 80 100
Time/h
75.0
C
- 72.5 »o.""o.o°.°....°00'oo'0000.00
S  YYYYVyyVVVyvyyvyVyy
% 70.0 ll-l--.--..-.......::::::::::
g 67.5¢
(o]
>
:;,065'0 | = Nafion 212
Mool v (NC-P)
® (NIC-P),
60.0 : : ‘ ‘

0 5 10 15 20 25 30
Cycle number

As illustrated in Fig. 8A, there was no obvious effi-
ciency decline within 200 cycling test. The thickness
of each chitosan-PWA layer coated on Nafion was
measured to be about 8 wm and no delamination
phenomenon appeared at the interfaces, which could
be well reflected by the cross-section EDS mapping
of soaked (N/C-P)»-17 (Fig. 8B). In addition, no ob-
vious defect was observed!*! on the surface of the
soaked (N/C-P),-17 membrane (Fig. 8C), and the vana-
dium ions permeability (1.20 x 107 cm?-min™) of the
(N/C-P)p-17 membrane after 200 cycling test was rel-
atively unchanged compared to the initial value
(1.10 x 107 em? -min™). Based on these results, the
chemical stability of the typical (N/C-P)-17 mem-
brane was verified, which in turn supported the re-

search theme of this work.

3 Conclusions
The proton conductivity and vanadium ions per-

meability of the surface modified Nafion with single
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Fig. 7 A. OCV curves displaying VRFB single cells with Nafion 212, (N/C-P)s and (N/C-P), membranes at SOC = 80%; B-C.
cycling effects on CE and EE data for the VRFB with Nafion 212, (N/C-P)s and (N/C-P), membranes at a current density
of 60 mA -cm?; D. normalized discharge capacity of the VRFB as a function of cycle number at 60 mA - cm?
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Fig. 8 A. Cycling performance of VRFB assembled with
(N/C-P)p-17 membrane at a current density of 60
mA -cm? B-C. The SEM and EDS cross-sectional
images of the (N/C-P),-17 and SEM surface image of
the (N/C-P)p-17 membrane after soaked in vanadium

salt solutions for 30 days

or double chitosan-PWA layers to form composite
membranes were studied. The performance and sta-
bility of the VRFB cells assembled with the compos-
ite membranes were also investigated and compared
with those unmodified Nafion membrane 212. The
(N/C-P)p-17 and (N/C-P)s-17 membranes had signifi-
cantly lowered the permeability of vanadium ions
than Nafion 212, resulting in the longer self-dis-
charge duration of the VRFB (93 h with (N/C-P)y-17
and 86 h with (N/C-P)s-17), which were about 1.6 and
1.4 times, respectively, longer than that of VRFB
with Nafion 212 (59 h). The double surface modified
membranes exhibited a higher selectivity than the
single surface modified membranes with the same
modified layer thickness. As a result, the VRFB sin

gle cell assembled with (N/C-P)p-17 showed higher
Coulombic efficiency and energy efficiency at current
densities ranging from 30 to 80 mA -cm?, while the
VRFB with the (N/C-P),-17 membrane exhibited a
lower degradation rate in discharge capacity at the
current density of 60 mA -cm? compared to that with
(N/C-P)s-17 or unmodified Nafion. At 30 mA -cm?,
the energy efficiency of 80.7% was achieved with the
(N/C-P)p-17 membrane, which was larger than those
with (N/C-P)s-17 (77.9%) and Nafion 212 (73.6%).
The adequate chemical and capacity stabilities were
also oberved from the cycling test. This surface modi-
fication mode offers a direction for the advancement
of proton exchange membranes applied in VRFBs
and is valuable in solving the electrolyte penetration
dilemma.
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