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Abstract

A series of novel composite membranes based on sulfonated poly(ether ether ketone) (SPEEK) with
various graphene oxide (GO) loadings were firstly employed and investigated in vanadium redox flow
battery (VRFB). The scanning electron microscopy images of the composite membranes revealed the
uniform dispersion of GO nanosheets in the polymer matrix due to the interaction between GO and SPEEK,
as confirmed by fourier transform infrared spectra. The mechanical and thermal parameters of the
composite membranes increased while the VO** permeability decreased with GO content increasing.
Randomly embedded GO nanosheets in membrane can serve as effective barriers to block the transport of
vanadium ion, resulting in significant decrease of vanadium ion permeability. The VRFB assembled with
the composite membrane exhibited highly improved cell parameters and strikingly long cycling stability,
compared with commercial Nafion 117 membrane. With the protection of porous PTFE substrate, pore
filling SPEEK/GO composite membrane based VRFB has run for 1200 cycles with relatively low capacity

decline.
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1. Introduction

Due to the ever-increasing energy consumption and great concern on environmental effects of fossil
fuels, renewable and sustainable energy resources, such as solar and wind energy, have attracted
extensive attention in recent years.l’2 Because of the intermittent and volatile characteristics of solar and
wind energy, a low-quality output electricity and mismatch between power generation and demand are
inevitable.® To address this issue, many efforts have been directed in developing various energy storage
technologies, such as redox flow batteries, capacitors and lithium ion batteries.”® In particular, vanadium
redox flow battery (VRFB), invented by M. Skyllas-Kazacos,10 has been considered as a promising
technology for large-scale energy storage due to the advantages of long lifespan, fast response time and
flexible design.g"17

As a key component of VRFB, ion exchange membrane (IEM) is responsible for isolating positive and
negative electrolytes to prevent them from cross-mixing while transporting protons and sulfate ions to
complete the circuit during charge and discharge processes.®?° The performance of VRFB is closely
related to the structural properties of the IEM. An ideal IEM should possess high proton conductivity, low
vanadium ion permeability, excellent stability and mechanical strength, and low cost.**® Currently, the
state-of-the-art Nafion membranes are widely used in VRFB system owing to the excellent proton
conductivity and superior chemical stability. However, Nafion membranes also suffer from several
drawbacks such as the extremely high cost and low proton/vanadium ion selectivity, which hinder the
wide commercialization of VRFB."*>

Up to date, many non-perfluorinated membranes, such as sulfonated poly(ether ether ketone)
(SPEEK), sulfonated poly(fluorenyl ether ketone), sulfonated poly(aryl ether sulfone ketone), sulfonated
poly(aryl ether sulfone) and sulfonated poly(imide) have been explored to reduce the cost of IEMs in the

VRFB systems.19’26'34

Among these alternatives, SPEEK is considered to be the most attractive candidate to
replace Nafion membranes due to its lower cost as well as better ion selectivity as compared with Nafion
membranes.’>”® The properties of SPEEK membranes are highly dependent on the degree of sulfonation
(DS). SPEEK membranes with high DS exhibit high proton conductivity and ion exchange capacity (IEC).
Meanwhile, the large number of sulfonic acid groups also result in poor mechanical property and high
vanadium ion permeability,35 which is unfavorable for VRFB applications. One remedy for this problem is
26,32,35-37

to incorporate nano-sized inorganic filler materials into SPEEK matrix, such as SiO,, WO3 and TiO,.

It was demonstrated that the presence of inorganic fillers could significantly affect the structural
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properties of the composite membranes, while the selection of filler and the control of the interaction
between the filler and the polymer chains played a decisive role on the performance of the resulting
composite IEMs. %38

Recently, graphene oxide (GO) has been of great interest due to its unique two-dimensional layered

39-45

structure, abundant functional groups, high surface area and intrinsic mechanical stability. Various

gaphene oxide-based composite IEMs have been successfully employed in proton exchange membrane

46-52
fuel cells.

It is expected that the incorporation of GO into SPEEK membranes for VRFB could enhance
the performance of the IEMs. The reasons are listed as follows: 1) The two-dimensional layered GO
nanosheets can serve as effective barriers to the transport of vanadium ions due to the significant increase
in tortuosity; 2) The hydrophilic surface oxygen-containing functional groups of GO are prone to form
hydrogen bonds with polymer chains, which is favorable for the formation of the hydrophobic/hydrophilic
separation structure in the resulting composite membranes and consequently the enhancement of ion

314751 3) The strong interfacial interaction between GO and the SPEEK membrane host is

selectivity.
beneficial for improving the mechanical stability of the pristine SPEEK membranes; 4) The hydrophilic GO
possesses good dispersion and could help to retain more water molecules to obtain high IEC in the

. . 53
resulting composite membrane;

5) GO itself can provide proton transport pathway via surface
diffusion.>

Up to now, few studies have been reported on the application of GO-based composite membranes in
VRFB. Herein, we firstly report the preparation and application of a series of SPEEK/GO nanocomposite
membranes in VRFB. The resulting SPEEK/GO composite membranes exhibited superior cell performance
and cycling stability in VRFB compared with the commercial Nafion 117 membrane. The emphasis was
placed on the exploration on the effects of GO on the structural properties of the composite membranes

including water uptake, swelling ratio, IEC, proton conductivity, VO** permeability, ion selectivity, thermal

stability, mechanical property and single cell performance.

2. Experimental Section
2.1 Materials

Poly(ether ether ketone) (PEEK) (Victrex, PEEK 450G) was pretreated by washing and then drying at
80 °C for 24 h in vacuum. Graphene oxide (XF002) was supplied by Nanjing XFNANO Materials Tech Co. Ltd.

Nafion 117 membranes were purchased from DuPont Company. Porous PTFE films (thickness of 30 um and
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pore percentage of 80%) were obtained from Shanghai Minglie Chemical Science And Technology Ltd. All
the other analytical reagents, including N,N-Dimethylformamide (DMF), H,SO,4, NaCl, NaOH, MgS0,-7H,0
and VOS0,-4H,0, were purchased from local chemical suppliers and used as received.

2.2 Membrane preparation.

25 g of PEEK was gradually dissolved into 250 mL of H,SO, (98 wt. %) under vigorous mechanical
stirring at 50 °C for 2.5 h. Afterwards, the polymer solution was slowly poured into excess ice-cold water
under continuous agitation to terminate sulfonation reaction. The polymer precipitate was filtered,
washed several times with deionized water until the pH reached neutral, and then dried in a vacuum oven

at 100 °C for 24 h. The DS of synthesized SPEEK was 63% determined by titration method.

The SPEEK/GO composite membranes were prepared using the conventional solution casting method.

The details of the procedure are shown as follow. 1.5 g SPEEK was dissolved in 6 mL DMF and a certain
amount of GO was dispersed in 4 mL DMF under sonication for 1 h to form a stable suspension. The GO
suspension was transferred to the polymer solution under vigorous mechanical stirring for 24 h. The
resulting mixture was cast onto flat clean glass. The membranes were dried at 60 °C overnight and then at
100 °C under vacuum for 12 h. After cooling to room temperature, the SPEEK/GO membranes were peeled
off from the glass and soaked in 1 mol/L H,SO, for 24 h. Subsequently, the membranes were immersed
into deionized water for 24 h to remove the excess acid and stored in deionized water for further use. To
study the effects of the GO content on the properties of the composite membranes, a series of SPEEK/GO
composite membranes with 1, 2, 3 and 5 wt. % of GO were prepared. For comparison, pure SPEEK
membrane was prepared and treated under the same procedure. Nafion 117 membrane was pretreated
according to the literature®® and used as a reference. The composite membrane is denoted as S/GO X,
where X is the weight ratio of GO. For example, S/GO 1 is the composite membrane with 1 wt. % of GO.

Pore filling S/GO 2 composite membrane was fabricated by impregnating the S/GO 2 membrane
casting solution into a porous PTFE thin film (denoted as S/GO 2@PTFE). The pure SPEEK membrane was
under the same treatment as a comparison (denoted as SPEEK@PTFE).
2.3 Membrane characterization
2.3.1 Membrane Morphology

The morphology of GO nanosheets and membrane cross-sections were observed by a Hitachi S-4800
(Japan) scanning electron microscope (SEM). For viewing the membrane cross-sections, the samples were

prepared by fracturing the membranes in liquid nitrogen and subsequently coated with Au.
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2.3.2 Fourier transform infrared spectra

Fourier transform infrared spectra (FT-IR) of membranes were recorded on a FT-IR spectrometer
(Buker Vertex 70, Germany). The IR spectra were collected after 32 scans between 4000 and 500 cm™ in
ATR mode at a resolution of 4 cm™.
2.3.3 Water uptake and swelling ratio

To evaluate the water uptake and swelling ratio of membranes, membrane samples were firstly
soaked in deionized water at room temperature for 24 h, and then wiped with absorbent paper to remove
the surface water before measurement. Afterwards, the membranes were dried in vacuum oven at 100 °C
for 24 h. The water uptake and swelling ratio of the membrane were calculated according to the following

equations:

Water uptake (%)=Wx100% 1)

Swelling ratio (%) = LWL_—de100% (2)

d

where W,, and W4 are the weights of membranes after and before water absorption, respectively; L,
and Lq are the lengths of wet and dry membranes, respectively. Three parallel tests were conducted and
the average values were given.
2.3.4 lon exchange capacity (IEC) and proton conductivity

The ion exchange capability (IEC) of the membrane was measured by traditional titration. Typically,
the membranes were first dried and the weights were recorded. Subsequently, the membranes were
soaked in 50 mL saturated NaCl solution for 24 h. Afterwards, the solution was back titrated with 0.1 mol/L

NaOH. IEC was calculated according to the following equation:

IEC (mmol /g) = %

NaOH (3)
d

where Vy.on is the consumed volume of NaOH solution and Cy,on is the concentration of NaOH solution.
The proton conductivity of sample membranes was measured by electrochemical impedance
spectroscopy (EIS) using a PARSTAT 2273 electrochemical station (USA, AMETEK, Inc.). The proton

conductivity (o) was calculated according to the following equation:

d

=— 4
° RS “
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where S and d are the area and thickness of the membrane, and R is the impedance. Three repeated
measurements were conducted for each parameter and the averages of three testing values were
recorded.
2.3.5 Permeability of VO** and selectivity

The vO* permeability through the membrane was measured with the method described in the
reference.”® The membrane was sandwiched between two diffusion half cells. The left reservoir was filled
with 1.5 mol/L VOSO, in 3 mol/L H,S0, solution and the right one was filled with 1.5 mol/L MgSQ;, in 3
mol/LH,S0, solution. The two solutions were continuously magnetically stirred to avoid the concentration
polarization. The effective area of the membrane was 7 cm” and the added volume of solutions in the
half-cells was 40 mL. The concentration of VO** in the left reservoir was monitored as a function of time
using a Spectrum lab 752S UV-Vis spectrophotometer (China, Leng Guang Tech.). The ion selectivity of
membrane is defined as the ratio of the proton conductivity and the vo** permeability.
2.3.6 Mechanical properties and thermal analysis

Tensile measurements on the samples were carried out using a universal test machine (SANS,
CMT-4204, China) with a programmed elongation rate of 2 mm/min under 20+ 2 °C and 50% relative
humidity. The samples were cut into dumbbell shape with a width of 3.5 mm in the narrow region. For
each membrane, three measurements were conducted and the average value was recorded. The thermal
properties of the membranes were characterized by a thermal gravimetric analyzer (Perkin Elmer Pyris 1
TGA), heated from 100 °C to 750 °C at a rate of 10 °C/min under nitrogen atmosphere.
2.4 VRFB single cell performance

The VRFB single cell was assembled by sandwiching a membrane (70 mm x 70 mm) with two graphite
felt electrode (50 mm x 50 mm x 5 mm), and two graphite polar plates (60 mm x 60 mm x 3 mm) served
as current collectors.”® Two 50 mL of 2 mol/L VO**/V** (mol/mol = 1:1) in 2 mol/L H,SO, solution, serving
as the starting negative and positive electrolytes, were cycled using peristaltic pumps (BT00-300T) with a
flow rate of 60 mL/min. The cell was charged and discharged using a battery testing system
(CT-3008W-5V6A, Neware). The upper limit of charge voltage and the lower limit of discharge voltage
were 1.65 V and 0.8 V, respectively. The digital photo of some VRFB single cells was shown in Scheme 1.

For the single cell efficiency, 5 cycles at each current density were run and the average values were given.
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3. Results and discussion
3.1 Membrane preparation and morphology

The preparation procedure of SPEEK membrane from commercial PEEK granules is shown in Scheme
1. This procedure is simple and controllable, allowing large-scale production of the cost-effective SPEEK
membranes. The SEM images of GO nanosheets and the composite membranes are investigated as shown
in Fig. 1. GO nanosheets show some wrinkles at high magnification (Fig. 1a), consistent with the typical
morphology of GO nanosheets.*®*” From Fig. 1(b) to (d), the cross-sectional SEM images of SPEEK, S/GO 2
and S/GO 3 composite membranes are compared to examine the microstructure of the SPEEK membrane
after incorporating GO nanosheets. It is observed that the pure SPEEK membrane has a relatively
smoother cross section, while the S/GO composite membranes display rougher cross sections. It is also
seen that GO nanosheets are uniformly dispersed into the SPEEK matrix and tightly bound at the interface
due to the favorable interaction between GO and the SPEEK matrix. Increasing GO loading, the S/GO
composite membranes maintain uniform and translucent, with color changing from yellow to brown as

shown in the digital photos (insets in Fig. 1(b), (c) and (d)).

m Casting e DMF
2 R ] <=
SR 60 °C & Dissolving

SO;H

o e e (-2, I

SPEEK membrane ~ SPEEK solution

Scheme 1 Preparation procedure of SPEEK membrane and digital photo of VRFB single cells during
charge-discharge test.
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Fig. 1 SEM images of (a) GO nanosheets, and cross-sections of (b) SPEEK, (c) S/GO 2 and (d) S/GO 3

membranes. The insets in (b), (c) and (d) are the corresponding digital photos of the membranes. The bar
in (a) is 500 nm while those in (b), (c) and (d) are 20 um.

3.2 Fourier transform infrared spectra

There are abundant oxygen-containing groups such as carbonyl (C=0), hydroxyl (-OH), carboxyl
(-COOH) as well as oxygen epoxide groups (bridging oxygen atoms) at both sides of GO,*® and therefore
the interfacial interaction between GO and SPEEK matrix should be verified. Fig. 2 shows the FT-IR spectra
of SPEEK and S/GO 2 membranes over the range of 4000-500 cm™. The SPEEK membrane shows a peak at
3440 cm™ arising from the presence of —OH (from —SO3H), while S/GO 2 membrane shows a characteristic
intermolecular hydrogen bond broad peak at 3445 cm™ arising from —OH on the GO surface and also from
—SO;H. For SPEEK membrane, the bands at 1286 cm™ and 1083 cm™ are associated with asymmetric and
symmetric stretching vibrations of the 0=5=0 group, while for S/GO 2 membrane, the corresponding
bands are shifted to 1280 cm™ and 1070 cm™ due to the interaction between GO with SPEEK. The peak

assignments are according to literature reported values.*®*’

The results clearly indicate the formation of
hydrogen bonds between the sulfonated acid groups in SPEEK and polar groups (-OH, -COOH) on GO,

which may be beneficial for the improvement of mechanical stability.

1415 cm’

m MM 'wmm»«“,m n*KZIBFﬁmW ‘1
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g

_ 3440 cm” w

2 1083 cm "
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2 [s/GO2mp Aevin A ety 1280 cm

- \ o Wl |

s \ A WAy W
,\Jf.r | | M \JI
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Fig. 2 FT-IR spectra of SPEEK and S/GO 2 membranes.
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3.3 Physicochemical properties

The physicochemical properties, vo* permeability and selectivity of all membranes are listed in Table
1. The SPEEK and S/GO membranes are all controlled to be 50-60 pm thick, which are much thinner than
Nafion 117 membrane (220 um). As shown in Table 1, the water uptake, swelling ratio and IEC of the
composite membranes increase with the GO content, owing to the hydrophilic nature of GO. This implies
that even with very small amount of fillers, GO can effectively enhance the hydrophilicity of SPEEK and
facilitate the absorption and retention of water molecules. On the other hand, the proton conductivity of
the S/GO composite membranes decreases with the GO loading. This is related to the blocking effect of
the GO filler, explained as follows: although high water uptake can facilitate proton migration>> and GO
itself can provide proton transport pathway via surface diffusion®, the blocking effect of
proton-nonconductive GO nanosheets with large surface plays a dominant role in the proton conductivity
of the composite membranes. Nevertheless, the S/GO composite membranes illustrate excellent VRFB cell
performance in spite of the lower proton conductivity compared to Nafion 117 membrane, as verified by

the following results.

Table 1 Physicochemical properties, vanadium ion permeability and selectivity of the membranes.

Samples Thickness Water Swelling IEC Proton Vanadium Selectivity
(um) uptake ratio (mmol/g) conductivity permeability (10* S min/fcm?)
(%) (%) (mS/cm) (1077 cm¥min)
Nafion 117 220 33.0 18.6 0.80 31.9 34.9 0.91
SPEEK 52 37.1 8.0 1.85 16.9 115 147
S/IGO 1 55 40.1 10.6 1.98 15.3 9.2 1.66
SIGO 2 52 42.6 11.7 2.04 149 7.9 1.88
S/IGO 3 50 449 12.5 2.07 10.2 5.9 1.74
SIGO 5 58 47.1 14.4 2.13 7.5 5.2 1.44
SPEEK@PTFE 63 36.5 7.2 1.77 16.4 111 1.48
SIGO 2@PTFE 67 41.6 111 2.00 14.6 7.6 1.92

3.4 Permeability of VO** and selectivity

The VO** permeability of SPEEK membrane is much lower than that of Nafion 117 membrane (11.5 x
10”7 cm?/min vs 34.9 x 10”7 cmz/min), as shown in Table 1. This is due to their different microstructures.
The microstructure of SPEEK membrane has smaller hydrophobic/hydrophilic separation (the backbone is

less hydrophobic and the sulfonic acid group is less acidic) compared to Nafion polymer.26’48 Thus, the
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separation of the hydrophobic and hydrophilic domain is less pronounced, which leads to lower vanadium
ion permeability than that of Nafion 117. A linear relationship between the concentration change of vo*
and time is clearly illustrated in Fig. 3. The slope of each line can reflect the vo* permeability value of the
corresponding membrane. It is found that the vo* permeability across the composite membranes
decreases with the GO content, which can be also seen from Table 1. On one hand, the impermeable
two-dimensional layered GO nanosheets can serve as effective barriers to prevent vanadium ions from
migrating through the membrane due to the significant increase in tortuosity as shown in Scheme 2 (the
left part). This blocking effect of GO nanosheets in the membrane leads to a decreasing trend in vanadium
ions permeability. On the other hand, the interfacial interaction between GO and SPEEK matrix can restrict
the formation of hydrophilic channels* used for the transport of vanadium ions, which can also contribute

to the decrease of vanadium ions permeability as shown in the right part of Scheme 2.

0.24

n
= SPEEK
Sk ® SIGO1 .
) v S/GO 2 R
2 164 + SIGO3 .
= *SIGO 5 = .
g v
w 0.12 4 *
c . 8
k=] L L N
€ 008 * .
= Y. -1 *
5 v
§ o - pe *
T *
!
0.00 . . . . . .
0 10 20 30 40 50 60
Time (h)

Fig. 3 Concentration change of Vo> in MgSO, solution across SPEEK and S/GO membranes.

Vanadiu‘m ions diffusion path

Scheme 2 The mechanism of blocking vanadium ion migration in S/GO composite membrane.

The selectivity is a comprehensive factor for evaluating membrane performance, which is defined as

the ratio of proton conductivity and vanadium ion permeability. Generally a higher selectivity value implies

10
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better performance in VRFB.* From Table 1, the S/GO 2 membrane shows a much higher selectivity of
1.88 x10* S min/cm?, about two times that of Nafion 117 membrane (0.91 x10*S min/cm3).

Fig. 4 shows the vo*' permeability and selectivity of Nafion 117, SPEEK and S/GO membranes. The
S/GO 2 and S/GO 3 composite membranes exhibit comparatively higher selectivity among all the
composite membranes. It is expected that the VRFB assembled with the two membranes will show better
cell performance. Therefore, the following investigations are directed at these two kinds of composite

membranes in comparison with Nafion 117 and the pristine SPEEK membranes.

35 ] Il Permeability L35
I Selectivity

)

Permeability (107 ecm’min™)
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Fig. 4 VO** permeability and selectivity of Nafion 117, SPEEK and S/GO membranes.

3.5 Mechanical properties and thermal analysis

The mechanical properties of composite membranes could be improved by the incorporation of
inorganic fillers.”® The mechanical properties of Nafion 117, SPEEK, S/GO 2 and S/GO 3 membranes are
presented in Table 2. The breaking strength of the S/GO composite membranes increases with the GO
content. The pure SPEEK membrane has the lowest breaking strength due to the high DS. The percentage
elongation of the pure SPEEK and S/GO composite membranes is between 82%-86%, which is much
smaller than that of Nafion 117 (218%). The result indicates that the incorporation of GO nanosheets into
SPEEK matrix can enhance the mechanical strength of the composite membrane owing to the strong
hydrogen bonds interaction between GO and SPEEK (scheme 2), as confirmed by the aforementioned FTIR
results. On the whole, S/GO 2 and S/GO 3 membranes exhibit better mechanical properties than pure

SPEEK and Nafion 117 membranes, which are tough enough to be used as IEMs for VRFB.

11
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Table 2 Mechanical properties of the membranes.

Samples Breaking strength Percentage elongation
(MPa) (%)
Nafion117 214 218
SPEEK 16.7 86
SIGO 2 28.2 83
SIGO 3 314 82

The thermal properties of SPEEK and the S/GO composite membranes are compared to evaluate the
effect of GO incorporation. As shown in Fig. 5, the thermal decomposition of all the samples occurs in two
stages. The first stage (290 °C — 330°C) is attributed to the degradation of sulfonic acid group of SPEEK;
The second stage (400 °C — 550 °C) is assigned to the decomposition of the SPEEK backbone.”® As the
content of GO increases, the TGA curves shift slightly toward higher temperatures, suggesting a higher
thermal stability of the S/GO composite membranes compared to pure SPEEK membrane due to the

interaction between GO and SPEEK.”” The thermal analysis results are consistent with FT-IR and

mechanical test.

80
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Fig. 5 TGA curves of SPEEK, S/GO 2 and S/GO 3 membranes.

3.6 VRFB single cell performance

Since S/GO 2 and S/GO 3 composite membranes have superior properties based on all the above
results, we choose them to assemble VRFB for further investigation in comparison with Nafion 117 and
SPEEK membranes. Fig. 6 represents the charge—discharge curves of VRFBs based on Nafion 117, SPEEK,
S/GO 2 and S/GO 3 membranes, obtained at the current densities of 80, 120, 160 and 200 mA/cm?,

respectively. The charge and discharge capacity for membranes demonstrates a trend of S/GO 3 > S/GO

12
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2 > SPEEK > Nafion 117 at all current densities and the gap between them is widening with the increase of
current density. S/GO 2 and S/GO 3 membranes show similarly outstanding curves at all current densities,
indicating that S/GO composite membranes possess excellent properties to restrict the cross-mixing of
vanadium ions and thus the capacity loss by self-discharge can be suppressed. The VRFBs with S/GO
composite membranes show lower charge voltage platform and higher discharge voltage platform than
those with Nafion 117 and SPEEK membranes. This is assigned to the good balance of proton conductivity

and vanadium ion permeability in composite membranes.

1.6 1.6 i
14 e
o 1.2 o 1.2 T,
o o = T,
£ ol b
o 1.0 S 1.0 \
> i > \
0.8 | 33 0.8 |
@ 80 mA/cm? @ 120 mA/cm?
0.6 " : : : 0.6 ‘ ‘ ‘ ‘
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Capacity (mAh) Capacity (mAh)
1.6 7_,_,_7—-—-7-.’"’-'—[{{' ) 1.6 . 7_7_,7_-:—_1—_’7:":7:j::_r-' =
| ] s —— Nafion 117
= 14 — 14 SPEEK
< Lmmntens 2 S/GO 2
o 124 e o 12— SIGO 3
& T O Y
E —1 1 0 Ly, _— 107 e N
S Ny |3 N
0.84 \ bl 0.8 \
@ 160 mA/cm? @ 200 mA/cm?
0.6 v : ; : 0.6 : : : :
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Capacity (mAh) Capacity (mAh)

Fig. 6 Charge-discharge curves of VRFBs with Nafion 117, SPEEK, S/GO 2 and S/GO 3 membranes at 80,
120, 160 and 200 mA/cm”.

The relationships of coulombic efficiency (CE), voltage efficiency (VE) and energy efficiency (EE) with
charge—discharge current densities from 40 to 200 mA/cm? are illustrated in Fig. 7. The CE for different
membranes has an order of S/GO 3 > S/GO 2 > SPEEK > Nafion 117 at 40-120 mA/cm?, in accordance with
the result of VO** permeability. However, the CE of S/GO 2-VRFB exceeds that of S/GO 3-VRFB at 140-200
mA/cm?, suggesting that S/GO 2 has certain advantage in the high current density charge—discharge
process. At 80 mA/cmZ, the CE of S/GO 2-VRFB is 96.9%, much higher than that (92.8%) of Nafion
117-VRFB owing to the lower VO** permeability. The VE has a rank of $/GO 3 > S/GO 2 > SPEEK > Nafion

117 at all current densities, in good agreement with the results of the charge—discharge curves in Fig. 6.

13
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The EE of VRFBs with two S/GO composite membranes is higher than that of VRFBs with Nafion 117 and
SPEEK membranes at all current densities due to the better selectivity as discussed above. At 80 mA/cmz,
the EE of S/GO 2-VRFB is 84.2%, while the EE of Nafion 117-VRFB is just 79.5%. On the whole, the
remarkable improvement of the cell efficiency can be mainly attributed to the excellent performance of

S/GO composite membranes to suppress the cross-mixing of vanadium ions.
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Fig. 7 Cell performance of VRFBs with Nafion 117, SPEEK, S/GO 2 and S/GO 3 membranes under different
current densities.

To further investigate the stability of S/GO composite membranes in VRFB under strong oxidizing and
acidic condition, the VRFBs assembled with all the aforementioned membranes were run continuously
until the discharge capacity retention became low. The discharge capacity decline is owing to the
unbalanced transports of vanadium ions and water, accompanied with some side reactions.”® The detailed
cycle performance of the VRFBs over 300 cycles at 80 mA/cm? is shown in Fig. 8. It can be seen that pure
SPEEK membrane ruptures at the 67th cycle due to its poor mechanical property and chemical stability
caused by the high DS. As presented, the CEs of the cells with Nafion 117, S/GO 2, and S/GO 3 membranes
all remain nearly constant during the whole 300 cycles, while the capacity retentions of the cells with
Nafion 117, S/GO 2, and S/GO 3 membranes are 16.2%, 50.1% and 37.9%, respectively, after 300 cycles. It
can be concluded that S/GO 2 composite membrane possesses a superior chemical stability in vanadium

solutions under strong oxidizing and acidic conditions.
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Fig. 8 Cycle performance of VRFBs with Nafion 117, SPEEK, S/GO 2 and S/GO 3 membranes.

The charge—discharge curves for VRFBs with Nafion 117 and S/GO 2 membranes over 200 cycles are

compared in Fig. 9. The change in charge—discharge voltage platform of S/GO 2-VRFB is smaller and the

capacity loss of S/GO 2-VRFB is less than those of Nafion 117-VRFB over 200 cycles, indicating a lower

vanadium ions permeation through S/GO 2 membrane. The above cycling results confirm that the

introduction of GO nanosheets into SPEEK membrane can greatly enhance the cycling stability of S/GO

composite membranes.
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Fig. 9 Charge-discharge curves for VRFBs with Nafion 117 and S/GO 2 membranes over 200 cycles.

The SEM images of membranes after long cycling test are shown in Fig. 10. The cross sections of the

S/GO composite membranes after long cycling test show no obvious changes as compared with those of

the fresh membranes(see Fig. 1), indicating the outstanding stability of the composite membranes.
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Fig. 10 Cross-section SEM images of the composite membrane after 300 cycles charge-discharge test. (a)
S/GO 2 and (b) S/GO 3. The bars are both 20 um.

Pore filling membranes technology is an effective method to improve the chemical stability of IEMs,

. . -62
which have been successfully used in fuel cells.*®®

Highly stable polymer, such as poly(tetrafluoroethylene)
(PTFE) and polyethylene (PE), are often used as the porous substrate of pore filling membranes. In this
study, to further improve the cycling stability of S/GO composite membranes for application in long—life
VRFB systems, we selected S/GO 2 membrane and fabricated a pore filling membrane (denoted as S/GO
2@PTFE). The pure SPEEK membrane was under the same treatment as a comparison (denoted as
SPEEK@PTFE). Surface SEM image of porous PTFE film and the digital photos of porous PTFE film and the
pore filling membranes are shown in Fig. 11. Porous PTFE film is white and translucent in appearance (Fig.
11a), and PTFE is a robust host with highly porous structure (Fig. 11b), which can contribute to improve
the mechanical strength and chemical stability of the resulting pore filling membranes.®**® From Fig. 11 (c)

and (d), we can see the resulting pore filling membranes are both homogeneous and have the same color

as the pristine membranes (Fig. 1).

Fig. 11 Surface SEM image of porous PTFE membrane (b); the bar is 5um. Digital photos of PTFE film (a),
SPEEK@PTFE membrane (c) and S/GO 2@PTFE membrane (d).
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As shown in Table 1, only slight changes are observed in the properties of the resulting pore filling
membranes as compared with the standard membranes. The resulting pore filling membranes become
thicker than the standard membranes of each type. The water uptake, swelling ratio and IEC of the pore
filling membrane are slightly lower than those of the corresponding standard membrane due to the poor
hydrophilicity of PTFE substrate. Compared with the standard membrane, both the proton conductivity
and the vanadium permeability of the resulting pore filling membrane decrease, resulting in a maximum
selectivity of 1.92 x10* S min/cm? in the S/GO 2@PTFE membrane. It is worth noting that the selectivity of
the S/GO 2@PTFE membrane is more than two times that of Nafion 117 membrane (0.91 x10* S min/cm3).

The cell performance and cycle life test of VRFBs with the resulting pore filling membranes are also
conducted at 80 mA/cm2 for comparison. The CE, VE, EE of S/GO 2-VRFB are 96.9%, 86.7% and 84.0%,
separately; while the CE, VE, EE of S/GO 2@PTFE-VRFB are 98.4%, 82.5% and 81.2%, respectively, which is
in accordance with the results of the vanadium permeability and the proton conductivity. The CE of VRFB
assembled with the pore filling membrane increases due to the lower vanadium permeability, while the
lower proton conductivity of the pore filling membrane is responsible for the decreased VE and EE of
VRFB.

The detailed results of cycle life test are shown in Fig. 12. The CE and EE of the VRFBs with
SPEEK@PTFE and S/GO 2@PTFE membranes all show no obvious decline. From Fig. 8, we can see that the
capacity retention of S/GO 2-VRFB is 50.1% at 300 cycles, and the pure SPEEK membrane ruptures at 67
cycles. In contrast, at 300 cycles, the capacity retention of S/GO 2@PTFE-VRFB is 78.7%, which is more
than twice that (36.3%) of SPEEK@PTFE-VRFB. In addition, the capacity of the VRFB with S/GO 2@PTFE
membrane still remain 30.4% of the origin capacity after 1200 cycles, much higher than that (13.2%) with
SPEEK@PTFE membrane after 500 cycles. To the best of our knowledge, this is the first report that
SPEEK-based membrane can be successfully used in VRFB for more than 1000 charge—discharge cycles at a
current density of 80 mA/cm? in 2 mol/L vanadium electrolyte.

Fig. 13 is a comparison chart of the capacity retention rate of VRFBs with Nafion 117, S/GO 2, S/GO 3
and S/GO 2@PTFE membranes as a function of cycle number at 80 mA/cmz. As shown in Fig. 13, when the
capacity retention decays to 90%, the cycle number of the VRFB with Nafion 117 membrane is only 8; and
the cycle number of the VRFBs with S/GO 2 and S/GO 3 membranes are 128 and 90, respectively; whereas
the cycle number of S/GO 2@PTFE membrane is actually 214. When the capacity retention decays to 70%,

the VRFBs with Nafion 117, S/GO 2, S/GO 3 and S/GO 2@PTFE membranes are run for 28, 221, 186 and

17
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450 cycles, respectively; And when the capacity retention reaches 50%, the VRFBs with Nafion 117, S/GO 2,

S/GO 3 and S/GO 2@PTFE membranes are run for 77, 295, 267 and 1087 cycles, respectively. By
comparing the change of the cycle number with the capacity retention of the VRFBs with each membrane,
we can conclude that the incorporation of GO greatly enhances the cycling stability of S/GO composite

membranes and PTFE can effectively reinforce S/GO composite membranes and further prolong the life

time of S/GO composite membranes for long-life VRFB application.

c

Capacity retentio

Fig. 12 Cycle performance of VRFBs with SPEEK@PTFE membrane and S/GO 2@PTFE membrane.

Fig. 13 The comparison chart of the capacity retention rate of VRFBs with Nafion 117, S/GO 2, S/GO 3 and
S/GO 2@PTFE membranes as a function of cycle number. (Current density: 80 mA/cm?)
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4. Conclusions

A series of SPEEK/GO composite membranes were fabricated and successfully used in VRFB. The
uniform dispersed GO nanosheets in SPEEK matrix act as a physical barrier to prevent the vanadium ions
from cross-mixing, resulting in lower vanadium ion permeability and higher ion selectivity. The hydrogen
bonding interaction between GO filler and SPEEK matrix is beneficial for the improvement of mechanical
stability. Therefore, higher cell efficiency and superior cycling stability are obtained for VRFB with the
S/GO composite membrane as compared with the commerical Nafion 117 membrane. To further prolong
the cycle stability of the SPEEK/GO composite membrane for long-life VRFB application, a PTFE-based pore
filling membrane was fabricated. Strikingly, the VRFB with the resulting pore filling membrane
SPEEK/GO®@PTFE has run for up to 1200 cycles with a very stable CE (~99%) and relatively low capacity
decline, indicating that the low-cost PTFE reinforced SPEEK/GO composite membrane has great potential

for usage in high-efficiency and long-life VRFB system.
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