O 00 3 N W B~ W N =

[ VO TN O T O T O T O T e e e e e e e
WD = O O 09N R W N~ O

[\
N

Title: Comprehensive studies on sulfonated octaphenyl polyhedral silsesquioxane (SPOSS) using

sulfuric acid: Structural analysis and composite crosslinked SPPSU/SPOSS membranes

Authors:
Fatin Bazilah Fauzi®

Email: fatinbazilah89@gmail.com

Je-Deok Kim®P
Email: kim.jedeok@nims.go.jp

Affiliations:
*Functional Clay Materials Group, Functional Materials Research Center, National Institute for
Materials Science, 1—1 Namiki, Tsukuba 305—0044, Japan

"Environmental Circulation Composite Materials Group, Functional Materials Field, Research Center
for Electronics and Optical Materials, National Institute for Materials Science, 1—1 Namiki, Tsukuba
305-0044, Japan

Corresponding author:

Je-Deok Kim — Environmental Circulation Composite Materials Group, Functional Materials Field,
Research Center for Electronics and Optical Materials, National Institute for Materials Science, 1—1
Namiki, Tsukuba 305—0044, Japan; orcid.org/ 0000-0003-4301-1044; Email:
kim.jedeok@nims.go.jp



—

\S}

N

O 0 3 O W

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

Comprehensive studies on sulfonated octaphenyl
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Abstract

We prepared sulfonated octaphenyl polyhedral silsesquioxane (SPOSS) with its structure intact by
using sulfuric acid (H2SOs) at 40 °C. We discussed the effects of sulfonation using either
chlorosulfonic acid (CISO3H) and H2SO4 on SPOSS structure and its incorporation into crosslinked
sulfonated polyphenylsulfone (CSPPSU) composite polymer electrolyte membranes (PEM). An in-
depth structural characterization using 2°Si NMR and FTIR spectroscopies, MALDI-TOF mass
spectrometry, and TGA show that phenyl loss occurred in SPOSS prepared using CISO3H, resulting in
a low ion exchange capacity (IEC) of 1.7 meq/g and a sulfonation degree (DS) of 1.9. In contrast, the
phenyl remained intact in the SPOSS prepared using H2SO4. Well-dispersed 348-nm-SPOSS-H2SO4
was found to have an IEC of 2.4 meq/g and DS of 3.1 The resultant hybrid PEM of CSPPSU/SPOSS
using SPOSS-H2S04 had improved swelling, mechanical and chemical strength, and conductivity. 1
wt% of SPOSS-H2S04 loading had the highest conductivity (13.7 mS/cm) at 120 °C with 40% RH.
This shows the importance of the SPOSS nanocomposite structure in dispersions in the SPPSU
polymer matrix and its performance as PEM. We report on an improved direct sulfonation process at

a milder condition but sulfonation yield was improved.

Keywords: Polymer electrolyte membrane; sulfonated octaphenyl polyhedral oligomeric

silesquioxane; nanocomposite; crosslinked SPPSU/SPOSS membrane.
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1. Introduction

Greenhouse gas emission is a significant environmental problem, and 16% of worldwide CO2 was
produced from the transport sector in 2016 [1]. Green vehicles like plug-in hybrid and electric cars are
already marketed as highly efficient and zero-emission alternatives. However, due to low battery
performance, most are still limited to light-duty vehicles. A battery must be repeatedly recharged,
resulting in decreased battery life and frequent replacement [2]. Compared to batteries, polymer
electrolyte membrane fuel cells (PEMFC) have a higher energy density and faster charging rate. Recent
PEMFCs have shown improvements and have started to exceed the batteries currently used [3].
PEMFCs are simple, light, and small, making them suitable for heavy-duty, long-range, high-
utilization transportation means, such as buses, trucks, and trains [4,5].

Currently, commercially available polymer -electrolyte membranes (PEMs) comprise
poly(perfluorosulfonic acid) (PFSA), like Nafion, which has a well-connected ion path resulting in
high conductivity in humid conditions [6,7]. In addition, it has high chemical resistance and
mechanical strength due to the strong C—F bonds. However, the biggest challenges for PFSA are its
poor performance at high temperatures (>80 °C) and low relative humidity (20% RH) [8-11]. Nafion
conductivity was 6.6 mS/cm under those conditions [12]. Moreover, PFSA has a high production cost,
and the waste is potentially hazardous [11,13,14]. To overcome the drawbacks of PFSA, the use of a
sulfonated aromatic hydrocarbon-based polymer as a greener and more economical PEM material has
attracted tremendous interest.

Results using sulfonated aromatic hydrocarbons such as polyimide [15-17], polyetheretherketone
[18-21], poly(arylene ether sulfone) [21,22], polyethersulfone [23,24] and polysulfone [25,26], have
shown that these materials have good potential as alternatives to Nafion. The molecular chain
containing an aromatic structure offers thermal and mechanical stability up to 200 °C, which is
promising for high-temperature applications [27,28]. The polyphenylsulfone (PPSU) backbone
includes electron-rich sites favorable for sulfonation, resulting in more sulfo groups per polymer [29].
Thus, sulfonated PPSU (SPPSU) based membranes have high ion exchange capacities (IECs). For
instance, SPPSU prepared from the monomers bis(4-fluorophenyl)sulfone and 4,4’-biphenol have high
conductivities in the range of 100—200 mS/cm, which are higher than that for Nafion. However, the
sulfonation process is complicated, and the membrane’s durability remains an issue due to extreme
swelling and poor strength [30].

Kim et al. have comprehensively reported on developments in the large-scale fabrication of
crosslinked SPPSU (CSPPSU) membranes for many applications [30-34]. The effects of the co-solvent
and annealing and activation processes on the SPPSU membranes are discussed, and they have been
shown to affect the conductivity. A large-area (280 cm?) CSPPSU membrane activated to remove the
by-products has been reported to have a swelling of 43% and a high tensile modulus of 48 MPa. The
fuel cell using this CSPPSU has been shown to be stable up to 4000 h. However, the IEC was less than
2 meq/g, and the conductivity was 16 mS/cm (80 °C, 85% RH) [12].

Hybrid composite membranes can overcome low proton conductivities while enhancing the
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membrane strength. Commonly used materials are inorganic composites with a high surface area and
thermal and mechanical strengths [35-37]. These composite additives also improve membrane water
retention and maintain ionic channels at high temperatures [38]. Hygroscopic oxides such as SiO2,
CeOz, TiO2, and ZrO2 were reported to enhance the proton conductivity at low relative humidity
conditions and the water retention of membranes [39]. However, the weak interaction between the
polymer matrix and such composites makes homogeneous mixing difficult. In an effort to improve the
weak interaction, recent reports on sulfonated carbon nanostructures as additives were shown to
improve the strength and performance of aromatic hydrocarbon-based PEM [40-42]. Currently,
controlling the size and aggregation of nanomaterials adequate to the ionic channel remains
challenging [43].

Hydrophilic hybrid inorganic-organic particles, such as sulfonated octaphenyl polyhedral
oligomeric silsesquioxane (SPOSS), show promising IECs due to the eight phenyl rings available for
sulfonation. SPOSS has been commonly prepared using the superacid CISO3H. This method produces
smaller particle sizes with a high degree of sulfonation, reaching 8 [44-46]. However, controlling the
sulfonation process at room temperature or higher is challenging, resulting in low yields [38]. Proper
control of the sulfonation conditions at a lower temperature is necessary. Membranes prepared via
sulfonation with a mixture of chloroform and diluted CISO3H have been reported to have IECs less
than 0.5 meq/g [38, 47-49]. There has not been a thorough discussion on the sulfonation effects on the
OPOSS structure. Although several studies have highlighted the agglomeration issue involving SPOSS,
further studies are needed.

Previously, we have reported the preparation of SPOSS with an IEC of 7.84 meq/g. CSPPSU
composite membranes fabricated with 2 wt% of SPOSS have fuel cell performances comparable to
Nafion 117 at 80 °C (complete hydration). The SPOSS was sulfonated using CISO3H at 50 °C for 1
day, followed by vacuum distillation at 110 °C before washing and drying. Although highly sulfonated
SPOSS was prepared, the SPOSS nanoparticles in the SPPSU polymer matrix were agglomerated and
unevenly distributed [50].

In this report, we directly sulfonated commercially available OPOSS and thoroughly discuss the
structures of SPOSS prepared using H2SO4 (pKa = —2.8) and CISOsH (pKa = —6.5). By using H2SO4,
the sulfonation was more controllable, and the SPOSS suffered less damage, as confirmed by using
NMR and FTIR spectroscopies, TGA, and MALDI-TOF mass spectrometry. Nearly double the number
of sulfonic moieties retained in SPOSS prepared using H2SO4 compared to CISOsH. In comparison
with the CSPPSU membrane reported by Kim et al. [12], the conductivity of the CSPPSU/SPOSS-
H2S0O4 composite membrane increased by 2.7 times to 43 mS/cm at 80 °C and 85% RH and by 5.5
times at 120 °C and 40% RH to 13.7 mS/cm, which is comparable to Nafion212. When CISO3H was
used to prepare the SPOSS, the tensile modulus of the CSPPSU/SPOSS decreased below 700 MPa up
to 10 wt%. However, when H2SO4 was used, it exceeded 1000 MPa. In-depth comparisons of both
sulfonation methods for preparing SPOSS and its loading in the CSPPSU/SPOSS composite

membranes show the importance of the SPOSS structural integrity in composite CSPPSU membranes.
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2. Experimental
2.1 Materials

Polyphenylsulfone (PPSU; Radel R-5000 NT; Solvay Specialty Polymers Japan K.K.; Mw = 50,000),
octaphenyl polyhedral oligomeric silsesquioxane (OPOSS; CasH40012Sis; Hybrid Plastic Inc.),
Nafion® PFSA membrane of NR-212 (~50 um) and NR-211 (~25 um) from DuPont, USA,
concentrated sulfuric acid (H2SO4; 98.8%; Nacalai Tesque, Inc; CAS: 7664-93-9), chlorosulfonic acid
(CISOsH; 97.0%; Nacalai Tesque, Inc; CAS: 7790-94-5), dimethyl sulfoxide (DMSO; Sigma-Aldrich
Co., Ltd.; CAS: 67-68-5), sodium hydroxide (NaOH; 97.0%; Nacalai Tesque, Inc, Japan; CAS: 1310-
73-2), and sodium chloride (NaCl; 99.5%; Nacalai Tesque, Inc, Japan; CAS: 7647-14-5) were used

without any further purification.

2.2 Synthesis of SPPSU and SPOSS

Commercial PPSU was sulfonated through an electrophilic aromatic substitution reaction using a
concentrated H2SO4 at 40-60 °C for 2448 h, as shown in Fig. 1. The details of the sulfonation are
described in a previous study [32]. The molecular weights of the SPPSUs were determined to be
395,692 (40 °C; 24 h) and 215,604 (60 °C; 48 h) by using gel permeation chromatography (TOSOH
HLC-8220 GPC; Shimadzu GPC 850D column) at 60 °C with N, N-dimethyl formamide (DMF) as the
eluent.

The sulfonation of OPOSS was performed using either concentrated H2SO4 or CISOsH. First, 8 g
of OPOSS was dried at 80 °C for 48 h and then mixed with 400 ml of H2SO4 or CISO3H while stirring
in a digital oil bath (SOR-243D; SANSYO Co, Ltd.) under the conditions listed in Table 1. The solution
was cooled in an ice bath, producing a white precipitate, which later was collected using vacuum
suction filtration. The crude white product was transferred to a dialysis tubing cellulose membrane
(Spectra/Por 6; molecular weight cut-off, MWCO = 1 kD) and repeatedly washed with deionized water
(PURELAB Option-R7, 15 MQ cm at 25 °C) until the pH was 7. The solution was again filtered using
filter paper (Advantec 5A) to remove the large impurities. The filtrate was heated on a hot plate to
obtain a concentrated SPOSS/H20 solution.

2.3 lon exchange capacity (IEC) and degree of sulfonation (DS) of SPPSU and SPOSS

The IECs of the SPPSU and SPOSS polymers were determined using a titration method. Solid
SPOSS was prepared by drying the SPOSS/H20 solution on a hot plate. SPOSS and SPPSU (5 mg)
were immersed in 20 ml of 2 M NaCl for 24 h. The resulting acidic solution was titrated with 0.01 M
NaOH. This method maximized the dissociation of the sulfonic acid group and gave the most accurate
measurement of the IEC value [51]. IEC (milliequivalent per gram, meq/g) was calculated using eq. 1
(C 1s the concentration; V' is the volume; W is the weight):

IEC (meq/g) = (Cyaon (M) X Vygou (ml))/Wgyry, (8) (D
The degree of sulfonation (DS) was calculated using eq. 2, where M, is the molecular weight of the
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repeating unit of the polymer (R.U. of SPPSU = 400.45, SPOSS = 1033.53) and the sulfonic acid unit
(SO3=280.06). The IEC and DS of the SPPSU are the average of two SPPSU samples prepared at 40 °C
for 24 h, and at 60 °C for 48 h.

DS = IEC x My,(R.U.)x0.001
" 1 —(IEC XM,,(S03)x0.001)

2)

"H nuclear magnetic resonance (NMR) of SPPSU was performed using a similar approach to our
previous report [31]. In eq.3, DS was calculated based on the peak area analysis of "H NMR spectrum
plotted in Fig. S1, where 4arc and Aqe are the sums of the area of the proton peaks of a,b,c,d and e
found at the chemical shift range of 7.0 to 8.5 ppm [52,53]. The DS obtained from 'H NMR and
titration methods were 2.1 and 1.9, respectively. The sulfonation details, IECs, and DSs of the SPPSU
and SPOSS are listed in Table 1.

12 — [4 X (Agbc/Ade)]
D =
S 2 + (Aabc/Ade) (3)

Table 1 Conditions for the sulfonation process of the SPPSU and SPOSS by using
H2S0O4 and CISO3H along with their IEC and DS values.

Polymer Acid Temp. (°C) Time (h) IEC (meq/g) DS
SPPSU H,SO4 40 - 60 24 — 48 33 1.9
SPOSS CISO;H -10 24 1.7 1.9
SPOSS H,SO4 40 48 24 3.1

2.4 Structural characterizations of SPOSS

Solid sampling matrix-assisted laser desorption/ionization mass spectroscopy (MALDI-MS; IMS-
S3000 SpiralTOF™; JEOL, Ltd.), Si NMR spectroscopy (Avance 400 MHz; Bruker), and Fourier-
transform infrared spectroscopy (FTIR, Nicolet 6700 FT-IR Spectrometer; Thermo Fisher Scientific)
were performed to identify the type of molecular species, the bonds, and the structures of SPOSS
nanoparticles. The thermal stability was determined using thermogravimetric analysis (TGA) (DTG
60AH; Shimadzu) in flowing nitrogen and oxygen gas with a flow rate of 600 sccm. The temperature
increased at a rate of 4 °C/min. The thicknesses of the dried and swollen membranes were measured
using a Digimatic thickness gauge (547-401 ABSOLUTE; Mitutoyo, Japan). SPOSS prepared using
H2SO4 was dispersed in water, and the particle size was measured using dynamic light scattering (DLS,

Particle size Analyzer ELSZneo; Laser wavelength: 660 nm).

2.5 CSPPSU/SPOSS composite membrane preparation

First, solvent exchange was performed to prepare various concentrations of SPOSS/DMSO from
SPOSS/H20. DMSO (5 g) was added into SPOSS/H20 while stirring at 80—100 °C until the water was
removed entirely. Separately, 0.3 g of SPPSU was dissolved in 3 g of DMSO. To this solution (10 wt%
SPPSU/DMSO), SPOSS/DMSO was slowly added while rapidly stirring, and the mixture was stirred
for a few days until a clear, well-dispersed cast solution (5 g) was obtained. The SPPSU/SPOSS/DMSO

solution was cast in a 70 mm petri dish. The 4-step drying and crosslinking process was performed at
6
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60, 120, 160, and 180 °C for 24 h each in an oven (DKN 302; Yamato Scientific Co., Ltd.). ~50 um-
thickness of CSPPSU/SPOSS composite membranes with SPOSS loading in the range of 1-50 wt%
were prepared and then activated by immersion into 0.5 M NaOH, followed by 1 M H2SO4 for 24 h
each, alternating with thoroughly washing in DI water. Activation is a crucial procedure to remove the
by-products obstructing the ion-conducting path [12]. Lastly, the activated CSPPSU/SPOSS

membranes were dried at RT for 24 h.
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Fig. 1 Schematic representation of the structure of
SPPSU, SPOSS and crosslinked SPPSU/SPOSS

composite membrane.

2.6 CSPPSU/SPOSS composite membrane characterizations

TGA, X-ray fluorescence spectroscopy (XRF; ZSX PRIMUS II; Rigaku), and a Tension Test
Machine (EZ-S, Shimadzu) were used to evaluate the thermal/mass properties, elemental analysis, and
the stress-strain of the CSPPSU/SPOSS composite membranes. Microstructure studies were done
using small angle X-ray scattering (SAXS) in the beamline of BL-6A (Wavelength: 0.15 nm; Camera
length: 1000 mm; KEK Tsukuba, Japan). The average spacing calculated from Bragg’s equation is
ascribed to the average dimension of the ionic cluster using eq. 4. L is the average spacing (nm), and
q is the scattering vector, which is expressed as eq. 5, with 26 as the scattering angle and 1 as the X-
ray wavelength [12,54,55].
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2.7 lon exchange capacity (IEC), degree of crosslinking (DCL), water uptake (WU), hydration number
(), and oxidation stability of CSPPSU/SPOSS composite membrane
The IEC of the composite membrane before the crosslinking was estimated using eq. 6 (m is the
mass fraction) [45]. The IEC after the crosslinking was determined using a titration method (eq. 1).
IECper (meq/g) = (IECsppsy X msppsy) + (IECsposs X Msposs) (6)
Eq. 7 was used to calculate the composite membrane’s DCL from the changes in the membrane’s
IEC before and after crosslinking.
DCL (%) = ((IECper — IECqa£)/IECper) X 100 (7)
Water uptake (WU) was calculated from the weight difference between the dry and swollen state
using eq. 8. The membrane was dried at 80 °C for 24 h to measure dry weight, and Wa-y and Wyer were
measured with the membranes in a swollen state after being immersed in water for 1 h at RT and 100
°C. Hydration number (1) was then calculated using eq. 9:
WU (%) = (Wwet — Wary)/Wary)) X 100 (8)
A([H20]/[SO3H]) = 1000(W\yer — Wary)/(18 X Wyyy, X IEC) )
A simple Fenton’s test was done to evaluate the oxidative stability of the CSPPSU/SPOSS
composite membranes following the previous report [12]. The interaction of aqueous H202 with the
Fe?" ion formed peroxyl/hydroxyl radicals, which react with the polymer and initiate its chemical

decomposition [13].

2.8 Proton conductivity of CSPPSU/SPOSS composite membrane
Proton conductivities were measured using 4-probe impedance spectroscopy (1 Hz—1 MHz; peak-
to-peak voltage, Ver= 10 mV; MTS, Scribner Associates, Inc.) in the temperature range of 40-120 °C
with a series of relative humidities from 0% to 85%. The chamber was pressurized to 130 kPa for 7>
100 °C measurements. The proton conductivities were calculated on the basis of the resistances
obtained from the Nyquist plot (d is the thickness of the membrane (cm); A4 is the cross-sectional area
of the membrane (cm?); R is the resistance (Q2)).
o (S/cm) =d/(AXR) (10)
The activation energy, (Ea, kJ/mol) was calculated from Arrhenius plots (eq. 11) for the proton
conductivities at 40, 60 and 80 °C in the relative humidity range of 20%—-80%. Here, o is the proton
conductivity, R is the gas constant (8.314 J/mol K), T is the temperature (K), and oo is the pre-

exponential factor (S/cm).

Ing = —(i) (%)+lnao (11)

R

2.9 Single cell performance of CSPPSU/SPOSS composite membrane
8
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Large area membranes of 120 cm? was prepared by using a 10-cm-length knife applicator (Tester
Sangyo CO., Ltd., Japan) using an automatic film-coating apparatus (KIPAE, KP-3000VH). Unlike
small area membranes, casting solutions with higher concentration of 31 wt% in DMSO was used to
fabricate membranes of CSPPSU and 1 wt% CSPPSU/SPOSS-H2S04, casting at 60 °C (0.2-mm-gap;
20 mm/min speed). The membrane proceeded to a 5-step annealing treatment of 60 °C, 120 °C, 160
°C, and 180 °C for 90 minutes each step and at 200 °C for 12 hours. These crosslinked membranes
were activated for 1 h at 80 °C in both 0.3 M of NaOH followed by 0.5 M of H2SO4. Membranes were
washed until it became neutral in water after each step. After activation process, it was dried at RT for
24 h. Good, uniform, and transparent membranes with thicknesses of 30—40 um were successfully
prepared at a shorter annealing time and resisted high-temperature activation.

A single cell performance was performed on fuel cell system from AutoPEM of Toyo Corporation,
Japan. The catalyst electrodes were 0.3 mg/cm? Pt/C/ionomer (ionomer/carbon=1) on GDL electrode.
The membrane electrode assemblies (MEA) have an effective electrode area of 4 cm?. The cell
operated at atmospheric pressure, 80 °C temperature, and 100% RH. Feed gas supplied were 50 sccm
pure H2 and 100 sccm pure Oz to the anode and cathode, respectively. Detailed information on the

procedure can be found in our previous report [12].

3. Results and discussion
3.1 Structural characterization of SPOSS

Thermal decomposition of OPOSS and SPOSS in N2 was observed using TGA, as shown in Fig. 2a.
The first derivative weight loss curves indicate the temperatures of the maximum rate of change
corresponding to the weight loss curves. In addition, TGA was performed under oxidative conditions
using air, as shown in Fig. S2. The details of the weight loss percentage, the maximum degradation
(Tmax), and the onset (7onset) temperatures are listed in Table 2. The OPOSS had good thermal stability
up to 350 °C, and its Tonset was 428 °C. Then, a two-step decomposition occurred with a total weight
reduction of 29.3%. Decomposition of OPOSS under N2 only allows sublimation and condensation to
occur [49,50]. The Tmax was determined from the first derivative weight loss plot. The first Tmax was
428 °C, and the second was 595 °C. These steps represent the condensation of the phenyl groups and
sublimation of the T8-caged POSS structure. Large char residues of about 70% yield at 600 °C are
typical for POSS and depend strongly on decomposing the substituted grafted organic groups [56-58].
Longer aliphatic and aromatic substituents cause the polymerization of POSS, resulting in carbon

entrapment and a larger amount of residue [59].
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Fig. 2 a) TGA curves of SPOSS-H2SO4 and SPOSS-CISO3H with comparison to OPOSS in N at 4
°C/min heating rate, MALDI-TOF mass spectrum of b) positive ions using DCTB (trans-2-[3-(4-
tert-butylphenyl)-2-methyl-2-propenylidene Jmalononitrile) matrix and, c¢) negative ions using [AA
(3-indoleacrylic acid) matrix of SPOSS-H2SO4 (Only peaks with intensity values above 300).

When SPOSS was prepared using H2SO4, a three-step decomposition was observed. The first
weight loss of 5.6% was observed at 84 °C, and this was due to the evaporation of the bulk water
associated with the sulfonic acid groups. Then, a weight loss of 3.2% occurred in the region of 150-
350 °C due to the decomposition of sulfonic acid groups [13]. Weight losses of 19% were observed
from the decomposition of the OPOSS backbone at Tmax values of 428 and 564 °C. The final residue
was 72.2% of the original mass. The TGA curve for SPOSS-H2SO4 has a profile similar to that of the
unsulfonated OPOSS. This indicates that the original OPOSS structure is maintained even after
sulfonation. As shown later using MALDI-TOF, the OPOSS structure remained intact even after
sulfonation using H2SO4 (Fig. 2b—2c).

In contrast, the TGA for SPOSS sulfonated by CISOsH only has a two-step weight loss. It starts
with a weight loss of 5% at 84 °C from water attached to the sulfonic acid groups. The sulfonic acid
gradually decomposed from 150-350 °C, resulting in a weight loss of 1.7%, almost half that of SPOSS-
H2S0a. This reduced weight loss confirmed the lower degree of sulfonation and IEC values (Table 1).
Only a one-step decomposition of the OPOSS backbone was observed at a Tmax of 503 °C with a weight
loss of 16.2%, leaving a residue of 77%. The Tonset for SPOSS-H2SO4 was 125 °C, whereas it was
145 °C for the SPOSS-CISOsH. Attachment of the -SO3H accelerates the decomposition of the polymer,
leading to a lower Tonset [60]. This one-step decomposition differed significantly from those for OPOSS
and SPOSS-H2S04, strongly suggesting damage to the original silsesquioxane structure. A detailed
analysis of its structure will be provided later.

Table 2 TGA data of the OPOSS and SPOSS prepared by H2SO4 and CISO3H.

Sample Weight loss (%) Timax Tonset Residue
P RT-150°C  150-350°C 350-700 °C °C) (°O) (%)
OPOSS - - 293 428,595 428 70.7
SPOSS-H,S04 5.6 3.2 19.0 84, 428, 564 125 72.2
SPOSS-CISOsH 5.0 1.7 16.2 84,503 145 77.1
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The MALDI-TOF mass spectra of the SPOSS sulfonated using H2SO4 are shown in Fig. 2b and 2c.
Please see the supporting information for the full range of the mass spectra (Fig. S3 and S4). In the
positive ion mode in Fig. 2b, strong peaks appeared corresponding to the intact structure of OPOSS
(m/z = 1055 for OPOSS-Na") [61] and OPOSS-SOsH (m/z = 1157 for OPOSS-SO3Na-Na").
Sulfonation of the phenyl group increased the mass by 80. Simultaneously, side reactions resulting in
broken cage structures of OPOSS are believed to have occurred in the presence of strong acids. Cage
opening begins with bond cleavage of the Si-O bond through hydrolysis, as shown in eq. 12 [62]. This
cleavage causes the molecular weight to increase by 17. In addition, further hydrolysis could result in
the complete elimination of a Si-Ph vertex (eq. 13). In this case, the weight will be reduced by 108.

H+
Si0Si + H,0 — SiOH + HOSi (12)

PhgSig0,, + 3H,0 H—>+ Ph,Si;04(OH); + PhSi(OH); (13)

Thus, the phenyl loss and fragmentation of the Si-O-Si cage structure are expected to yield
fragments with m/z values of 1174 (PhsSisO11OH2-Na®), 996 (PhsSisO120H-Na"), and 954
(Ph7Si709OH3-Na") [63]. However, there are no such peaks apart from a weak peak at 955 m/z
corresponding to the fragment shown in eq. 12 (Fig. S3). The broken structure was detected at m/z =
955, as shown in Fig. S5a.

The negative ion MALDI-TOF mass spectrum using an IAA (3-indoleacrylic acid) matrix was also
acquired. The noise was much higher, and the intensity was lower in the negative ion mode due to
measurement parameters and settings favoring higher signal intensities of the cations, disregarding the
different mechanisms [64]. We re-plot the MALDI-TOF mass spectra to increase the intensity higher
than 300 (Fig. 2c). Peaks for complete cages of OPOSS-SOs™ (m/z = 1111) and OPOSS-(SO3H)2-H™
(m/z = 1191.95) were observed. Fragments believed to originate from the open cage structures were
also detected. The fragments associated with the degree of sulfonation from one to three were observed
at m/z values of 1146.31, 1213.93, and 1294.89, respectively (Fig. S5b—d)). The MALDI-TOF in the
negative ion mode was used to confirm that sulfonation degrees of up to 3 (m/z = 1294.89 for
PhsSis01:10H2-SO3H3-H™) were obtained. Both positive and negative mode MALDI-TOF mass spectra
show that most of the phenyl groups remain intact in the structure of SPOSS-H2SO4.

Fig. 3a shows 2°Si NMR spectra of the SPOSS prepared using H2SO4 and CISO3H. The quaternary
(Qn) and trifunctional (Tn) structures were confirmed to be present in the SPOSS. Qn is the notation
for Si(Si-O)n(OR)4-n (n = 1-4), and Tn is the notation for PhSi(Si-O)n(OR)3-n (n = 1-3) [65]. For the
original OPOSS, only a single T3 peak for the PhSi(Si-O)3; structure appeared at —78 ppm,
corresponding to an eight vertex Ph-Si moiety. After sulfonation, hydrolysis of the Si-O-Si bond
produced Q2, Q3, and Q4 peaks at —91, —101, and —111 ppm, respectively. Concurrently, T1 and T2
peaks due to the dissociation of the phenyl groups, affording incomplete Ph-Si-O-Si bonds, were
observed at —67 ppm and —77 ppm. The significant difference in the T3 peak intensity indicates phenyl
loss during sulfonation using CISOsH [38, 48]. A sharp T3 peak for SPOSS-H2SO4 remained,

11



O 00 I N W B~ W N =

W W W W W W W W W N NN NN N N N N N e e e e e e e e e
O I O U A W N = © OV 0 N9 N DN b W N = O OV 0O NSO NN A W N —= O

suggesting a higher proportion of phenyl-Si bonds.

The control of the sulfonation process is essential as the Si-C bonds of the aromatic structure are
very sensitive to the strong electrophile substitution process [48]. Aromatic ring cleavage or Si
replacement with electrophiles has been reported to occur when a mixture of CISO3H and chloroform
is used [38,48]. As a result, the acid capacities of these sulfonation agents’ resulting acids are lower
than that for complete sulfonation with no phenyl loss. In this case, complete sulfonation was one
SOsH per phenyl. However, only 30%—-40% of the phenyl groups remain attached to the POSS siloxane
skeleton [48]. A schematic of the aromatic electrophilic substitution of the OPOSS is illustrated in Fig.
3a, along with the ?Si NMR spectra. Meta-substitution generally occurs when the sulfonic acid
electrophile replaces the hydrogen atom [38,49]. However, high acid concentration and sulfonation
temperatures cause the phenyl to dissociate through ipso-substitution of the Si atoms, producing an
unfunctionalized phenyl group [48]. Thus, the loss of the phenyl group led to drops in the IEC and
degree of sulfonation. Sulfonation of OPOSS using H2SO4 mainly occurred on the meta-position of
the phenyl ring with the electrophile of sulfonic acid. The phenyl remained bonded with the Si—O-Si
moiety of POSS, as confirmed by the intensity of the T3 peak in the spectrum.

FTIR spectra for OPOSS and SPOSS prepared using H2SO4 and CISOsH are compared in Fig. 3b.
In the IR spectrum of OPOSS, a strong Si—O—Si peak at 1091 cm™! (stretching vibrations) and an Si-
phenyl peak in the range of 760—690 cm™' (bending vibrations) were observed. Weak peaks for the Si-
phenyl moiety appeared in the range of 1425—-1590 cm™ (bending vibrations), and aromatic C=C/C—H
bonds appeared in the range of 3000-3100 cm™! (stretching vibrations) [49,66]. After the sulfonation
process, the peaks for the Si—phenyl and Si—O—Si moieties were broader due to the introduction of the
—SO:H group. The appearance of out-of-plane bending at 936 cm ™! indicates meta-substitution of the
aromatic ring [38,67]. The sharp peak at 3750 cm™ for SPOSS was assigned to an isolated Si-OH
group on silica [66]. Some of the cage structures of the POSS have been damaged during the
sulfonation, producing incomplete Si—O—Si bonds, which is supported by the Si NMR spectra. A
broad OH peak appeared around 3400 cm™!, showing hydrogen bonding with the sulfonic group [38].
These agree with the higher IEC of the SPOSS-H2SOa.

Fig. 3¢ shows normalized FTIR spectra in the range of 9001300 cm™!, which were assigned to the
Si—O—Si moiety. A peak for an unsulfonated OPOSS was observed at 1091 cm™. The peak for the
SPOSS-CISOsH shifted from 1091 cm™ to 1100 cm™, and that for SPOSS-H2S0s4 shifted to 1033 cm™
I. These were assigned to the symmetric and asymmetric vibrations of the —SO3H groups [46,49].

From the low T3 peak intensity for SPOSS-CISO3H in the 2Si NMR spectra, phenyl rings were lost,
causing a low degree of sulfonation (1.9). The TGA plot showed slight weight loss from 150-350 °C
(i.e., SO3H decomposition). A structure for SPOSS-CISO:H is shown in Fig. 3d, where several phenyl
groups are dissociated and replaced by the hydroxyl functional groups and only one or two sulfonated
phenyl groups. This structure is consistent with SPOSS-CISO3H being hydrophilic. In contrast,
SPOSS-H2S04 retains most of its phenyl; about three phenyls have been sulfonated. The SPOSS-
H2SO04 is relatively hydrophobic. We will show later that the swelling of the CSPPSU composited
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membrane using SPOSS-CISOs3H is much larger than that of SPOSS-H2S0Oa.

We used MALDI-TOF mass spectrometry and NMR spectroscopy to show that the SPOSS
structures upon sulfonation by either H2SO4 or CISO3H were different. Sulfonation using H2SOs is a
more controllable process at higher temperatures with minimal damage to the OPOSS structure than
that using CISO3H. Although some of the cage structure became damaged, we minimized the phenyl
loss from the siloxane bond and increased the sulfonation yield of SPOSS-H2SO4 (Fig. 3d).
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Fig. 3 a) *Si NMR spectra with structure assignment
on the distinguishing peaks and the schematic
diagram of the electrophilic substitution process
using H2SOs4 and CISOsH, (b) FTIR spectra of
OPOSS (black), SPOSS-H2S04 (blue) and -CISO3H
(red), ¢) Zoom in of normalized FTIR spectra at Si-
O-Si peaks region, d) Proposed structure of SPOSS-
H2SO4 and SPOSS-CISOsH after the sulfonation.

3.2 IEC, DS, water uptake and stress-strain of crosslinked SPPSU/SPOSS membrane
SPOSS prepared from either H2SO4 or CISOsH were used to fabricate crosslinked SPPSU

membranes and their IEC, DS, WU, and stress-strain characteristics were evaluated. Fig. 4a and 4b
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compared their IECs before crosslinking (black dashed line) as estimated using eq. 6 to their IECs after
crosslinking (black solid line) as measured by titration. The degree of crosslinking was then calculated
from these values using eq. 7. After crosslinking, a maximum IEC of CSPPSU composite membrane
was obtained at 10 wt% and 5 wt% for SPOSS-H2SO4 and SPOSS-CISO3H, respectively. Degree of
crosslinking decreased to less than 5% as SPOSS concentration increased up to 50 wt%. The smaller
degree of crosslinking as SPOSS content increased suggests the formation of aggregates within the
composite polymers causes sulfonic acid groups unavailable as crosslinking sites [45]. Composite
CSPPSU membranes from SPOSS-CISO3H have a higher tendency to agglomerate more than from
SPOSS-H2S0s4.

Fig. 4c shows the water uptake evaluation performed at room temperature and 100 °C for these
membranes. Composite membranes prepared using SPOSS-H2SO4 have low water uptake that does
not exceed 100% at room temperature and 300% at 100 °C for all concentration ranges. In contrast,
the addition of SPOSS-CISOsH into the membrane resulted in a large water uptake. At 50 wt% SPOSS-
CISOsH, water uptake was 2500% even at room temperature. Composite membranes prepared with 10
wt% or higher loading of SPOSS-CISOsH were found to disintegrate at 100 °C. The structure of
SPOSS prepared by CISO3H is much more hydrophilic and weaker than those prepared by H2SOa.

Fig. 4d and 4e show the tensile stress and strain of the CSPPSU/SPOSS composite membranes. The
average stress and strain strength of the CSPPSU membranes were determined to be 29 MPa and 118%,
respectively. The stress strength of CSPPSU/SPOSS-H2S04 increased with an increase in the loading
and decreased when it was larger than 5 wt%. At 5 wt%, the stress strength increased by 21% to 35
MPa with a strain strength of 107%. In contrast, the mechanical strength of CSPPSU/SPOSS-CISOsH
decreased with an increase in the SPOSS-CISOsH loading. Adding 1 wt% SPOSS-CISOsH already
caused decreases in the tensile stress and strain by 31% and 15%, respectively. CSPPSU/SPOSS-
CISOsH is 10 MPa weaker than CSPPSU/SPOSS-H2SO4. The tensile modulus was calculated from
the stress-strain curve shown in Fig. 4f. The tensile modulus was improved by 40% when 1 wt% of
SPOSS-H2S04 was incorporated into the CSPPSU polymer. In other words, the mechanical strength
of the CSPPSU composite membrane increases when SPOSS-H2SOs is used, and it is stronger than
SPOSS-CISOsH.

CSPPSU/SPOSS-H2S04 composite membrane has improved water swelling and high strength. The
improvements in mechanical strength also strongly suggest crosslinking between the SPPSU polymer
matrix and SPOSS additive. At 0% SPOSS, uncrosslinked SPPSU has a stress strength of 3 MPa,
which increases to 24 MPa after crosslinking. With the addition of 1% SPOSS, the crosslinked
membrane has a higher stress strength of 32 MPa. Identifying SO2 crosslinks between SPPSU and
SPOSS remains challenging since the concentration of these crosslinks is too low to be directly
observed from FTIR or NMR [68]. The structure of SPOSS-H2SO4 was shown to be structurally intact
with the phenyl groups still available, and a much higher degree of sulfonation was achieved. We
believe that these factors are responsible for the significant improvements in the mechanical strength

of the composite membranes prepared with SPOSS-H2SO4 because the higher DS increased SPOSS
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dispersibility within SPPSU polymer matrix, and more sulfonic acid group sites are available to
crosslink to SPPSU. The membrane characteristics of the CSPPSU/SPOSS-CISO3H composite
membranes are opposite, i.€., they are weaker due to extreme swelling and low strength. These results
show the importance of the SPOSS structure as the nanocomposite in CSPPSU composite membranes.
Phenyl loss and attachment of hydroxyl functional groups in the SPOSS-CISOsH disrupt the
sulfonation process and weaken the CSPPSU/SPOSS composite membrane.
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Fig. 4 IEC of the CSPPSU composite membrane using (a) SPOSS-H2SOs, (b) SPOSS-CISOsH
(dashed line represents IEC before crosslinking (eq. 5)), (¢) comparison of the WU of
CSPPSU/SPOSS-H2S04 and CSPPSU/SPOSS-CISOs3H at RT and 100 °C (inset: enlargement of the
WU plot for CSPPSU/SPOSS-H2S04), and comparisons of (d) the average stress, (e) average strain
and (f) tensile modulus of CSPPSU/SPOSS-H2SO4 and CSPPSU/SPOSS-CISO3H composite

3.3 Proton conductivity of crosslinked SPPSU/SPOSS membrane

Fig. 5a shows the proton conductivity of CSPPSU/SPOSS-H2SO4 at 80 °C against the SPOSS
loading from 0 wt% to 50 wt%. CSPPSU membrane had a proton conductivity of 52.8 mS/cm at 85%
RH. The conductivity of 1 wt% SPOSS-H2SO4 was found to be 46.7 mS/cm, and it gradually increased
with the SPOSS loading. Only small changes of conductivity for all membranes were observed in the
high humidity since the hydration numbers were all in the range of 50 — 60. Similar conductivities
have been reported for measurements under full humidity conditions [46]. On the other hand, at higher
temperature of 120 °C (Fig. 5b), the SPOSS loading significantly affected the conductivity. The

CSPPSU membrane had a conductivity of 7.8 mS/cm at 40% RH. The 1 wt% of SPOSS-H2SO4
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composite membrane had the highest proton conductivity of 13.7 mS/cm, a 75% improvement over
that of CSPPSU. Incorporating 1 wt% SPOSS-H2SO4 improves the conductivity, making it comparable
to Nafion212 (13.2 mS/cm). When the SPOSS loading was higher than 1 wt%, the conductivities
decreased.

Fig. 5d and 5e show the conductivities of CSPPSU/SPOSS-CISOsH at 80 and 120 °C against the
SPOSS loading from 0 wt% to 50 wt%. The conductivities increased with an increase in the SPOSS
loading. At 50 wt% SPOSS-CISOsH loading, the highest conductivities of 58.49 mS/cm (85% RH)
and 10.8 mS/cm (40% RH) at 80 and 120 °C, respectively, were obtained.

The activation energy (Eq), which is the minimum energy needed for the proton transfer from one
free site to another. For the CSPPSU/SPOSS composite and Nafion 212 membranes were determined
from temperature-dependent Arrhenius plots at 80% RH in the temperature range of 40-80 °C. The
lower Ea, the better. The linear fitting (R? > 0.91) of the Arrhenius plot in Fig. 5¢ and 5f is equal to
—E4/R (eq. 11). The CSPPSU membrane has a larger Eq (28.8 kJ/mol) than Nafion212 (19.3 kJ/mol),
which is caused by the smaller ionic clusters. Incorporating 1 wt% SPOSS-H2SO4 into SPPSU reduced
the Eq to 26.6 kJ/mol. Since similar E. values were obtained at higher loading, a loading of 1 wt% is
sufficient to improve proton transfer. The composite membrane with 1 wt% SPOSS-CISOsH had an
Eq 0of 22.4 kJ/mol, and it increased with an increase in the SPOSS loading to 28.8 kJ/mol at 50 wt%.
Although the CSPPSU/SPOSS-CISOsH composite membranes have lower E, values, they are too

weak to be used practically due to excessive water swelling and low mechanical strength.
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Fig. 5 (a—) Proton conductivities at 80 and 120 °C and activation energy of CSPPSU/SPOSS-
H2S04, (d—f) Proton conductivities at 80 and 120 °C and activation energy of the CSPPSU/SPOSS-
CISOsH in the T range of 40—80 °C at 80% RH.
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At 120 °C, 1 wt% CSPPSU/SPOSS-H2S04 was found to have the highest conductivity at 40% RH.
A high SPOSS loading causes the aggregation of the SPOSS nanoparticles. A large aggregation of
SPOSS initiates winding of and dead ends in the nano channels [69]. This causes the blocking of the
hydrophilic domains and increases the tortuosity of the ionic path, resulting in a decrease in the
conductivity [38,45-47]. Kugarajah et al. [47] have discussed that the aggregation pattern of the cluster
network of POSS is similar to sulfonated POSS. Strong hydrogen bonds between Si-O-Si and SOzH
groups cause the aggregation of sulfonic moieties in SPOSS. However, in this study, there was no
visible agglomeration observed on the membrane’s surface, even at 50 wt% of SPOSS loading, as
shown in Fig. S6a. SPOSS prepared using H2SO4 promotes the dispersion of the nanoparticles in the
polymer matrix as the 30 wt% SPOSS in SPPSU/SPOSS cast solution was clear and transparent (Fig.
S6b). Well-dispersed inorganic composites in the membrane are essential to enhance the synergistic
effects of microscopic composite-type membranes on the thermal, mechanical, and chemical stabilities,
which are not easy to achieve [35].

The visible agglomeration on the surface of the composite membranes at specific loadings of
SPOSS has been reported when CISO3H was used to prepare the SPOSS [38,45,47,70]. The SPOSSs
were not well dispersed and agglomerated with each other after the heat treatment process. In our
previous study on the CSPPSU/SPOSS composite membrane, agglomeration occurred even at 2 wt%
loading, as shown in Fig. S6¢ [50]. SPOSS was prepared using CISOsH at 50 °C. Although a high IEC

of 7.86 was obtained, the dispersion of the SPOSS nanocomposite in the polymer matrix was poor.

3.4 Structural analysis and mechanical strength of crosslinked SPPSU/SPOSS membrane

The density of the sulfonic acids and the nanochannel for the ion mobility affect the conductivity
of polymer membranes. Although higher IEC values are obtained with increased SPOSS loadings,
poor mobility of the ion transfer inside the nanochannel can decrease the proton conductivity. The

microstructure and reorganization of CSPPSU/SPOSS-H2SO4 composite membranes were analyzed
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Fig. 6 (a) SAXS pattern of the membranes with SPOSS loadings of 1 wt% and 5 wt%, (b) FTIR spectra,
and (c¢) TGA curves of 1 wt% to 50 wt% CSPPSU/SPOSS-H2S04 composite membranes.
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by using small-angle-X-ray-scattering (SAXS) with loadings of 1 wt% and 5 wt%, as shown in Fig.
6a. Two peaks appeared in the SAXS spectra of a swollen CSPPSU/SPOSS-H2SO4 membrane. The
appearance of a shoulder peak between 0.3 nm™' and 0.8 nm™', known as the matrix knee, revealed the
inter-crystalline spacing between the crystalline domains of the polymer matrix (L = 20.9-7.9 nm).
The characteristic ionomer peak at I nm™! < ¢ <2 nm™' was attributed to a self-organized ionic cluster
network under hydrated conditions. The scattering intensity of the ionomer peak is directly
proportional to the difference in electron density of the polymer backbone and ionic clusters in SPOSS
and SPPSU [13,54,55,71,72]. The ionic cluster size was calculated using the g value obtained from the
plot made using eq. 4. Kim et al. [12] have reported that the CSPPSU membrane ionic cluster is 3.9
nm in size. Incorporating 1 wt% SPOSS-H2SO4 increased the size of the ionic cluster to 4.6 nm, and a
loading of 5 wt% increased the cluster size to 5.5 nm. The addition of the SPOSS-H2SO4 increased the
size of the ionic cluster, the IEC, and the hydration number of the CSPPSU/SPOSS-H2SO4 composite
membranes. Although higher loadings increase the ionic cluster size, the proton conductivity at 120 °C
decreased when SPOSS-H2SO4 loading > 1 wt%.

Kim et al. [45] have discussed the importance of controlling the aggregation in the nanochannel for
good proton conductivity. From SAXS analysis, an SPOSS amount higher than 1.5 wt% in SPEEK
composite membranes decreases the proton conductivity due to the aggregation of SPOSS in the
nanochannel. An SPOSS loading of 5 wt% crowds and expands the nanochannel, which lowers the
proton conductivity of the SPEEK/SPOSS composite membranes. Proton transfer in CSPPSU/SPOSS
membranes with high water uptake occurs via a vehicular mechanism [8,73]. In our case, 1 wt% of
SPOSS-H2S04 is the optimal concentration in the CSPPSU/SPOSS membrane to improve the
membrane strength and proton conductivity.

FTIR spectra of the CSPPSU and CSPPSU/SPOSS-H2SO4 membranes with different SPOSS
loadings are shown in Fig. 6b. The presence of sulfonic acid groups was evidenced by the appearance
of the peaks at 3400 (O—H vibrations), 1017, and 1238 cm™ (SOs™ vibrations). The intensities of the
O-H peaks were significantly reduced after adding the SPOSS-H2SO4 nanoparticles into the CSPPSU
membrane. The addition of SPOSS-H2SO4 improved the membrane’s water swelling and lowered
SOsH peaks due to the crosslinking among the moieties [50]. The C—H absorption peaks at 874, 8§29,
and 686 cm™! were attributed to the C—H bond from the SPPSU polymer. Absorption peaks due to the
C=C bonds in the benzene ring appeared at 1467 and 1581 cm™'. The peaks at 1147 and 1088 cm™!
were attributed to S=O bonds in the PPSU polymer backbone.

Fig. 6¢ shows the thermal decomposition of the CSPPSU/SPOSS-H2SO4 membranes by using TGA.
Three weight loss stages were observed with thermolysis of distinct groups. The first step was the
decomposition of water of H3O" associated with SO3™ to SO3H moieties at 56 °C. The second weight
loss was the partial decomposition of SO3H to SOz and -OH at a maximum temperature of 267 °C, and
the third weight loss was due to the decomposition of Ar-SOz in the PPSU backbone to Ar- and SO»-
at 516 °C [13,32,50,74]. The addition of SPOSS-H2SOs increases the thermal stability of the CSPPSU
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membranes from silicon in the POSS structures [47]. An SPOSS-H2SO4 loading of 1 wt% in CSPPSU
increased the To0% from 75 to 82 °C.

The Si content, which comes from the siloxane structure in the SPOSS, in the CSPPSU/SPOSS-
H2SO4 composite membranes before and after activation was evaluated using X-ray fluorescence
(XRF), as shown in Table 3. Before the activation, the Si content in the membranes was 10,000 ppm
at an SPOSS-H2SO04 loading of 5 wt%. However, only 50 ppm of the Si remained in the membrane
after activation. The same Si content was observed when the SPOSS loading was 10 wt%. When the
SPOSS loading was 50 wt%, the Si content was only 100 ppm. This shows that the SiO2 leaches during
the NaOH activation process with SOz as a by-product. A large amount of the SPOSS nanocomposite
is unnecessary since the amount of Si remains stagnant when SPOSS loading is higher than 5 wt%. In
other words, material waste can be prevented since the SPOSS nanocomposite content does not affect
the composite polymer much. This shows that only a small amount of the nanocomposite is

incorporated into the polymer structure of the composite membranes. The amount of the

Table 3 XRF measurement of the amount of Si
in the CSPPSU/SPOSS composite membranes

before and after activation process.

SPOSS (wt%) Si content (ppm)
5 (No activation) 10,000
5 50
10 50
50 100

nanocomposite should be in the order of parts per million (ppm). However, more studies on the range
that might substantially improve the polymer membrane are needed.

Numerous studies have been reported on sulfonated POSS, which is used as a nanocomposite in
hydrocarbon polymers. Table 4 compares the conductivity, swelling, and mechanical strength of the
SPOSS composite polymer membranes in this study with previously reported membranes. In our
research, we found that 1 wt% of the SPOSS composite was sufficient for the composite CSPPSU
membranes. In comparison with our previous study, using sulfuric acid in the sulfonation process of
the OPOSS is more controllable and causes less damage to the OPOSS structure. This significantly
affects the distribution of the nanoparticles in the polymer matrix, and no visible agglomeration was
observed on the membrane, even at a loading of 50 wt%. Agglomeration of SPOSS is a big problem
since the nanoparticle distribution in the polymer plays a vital role in the membrane performance and
strength. While conductivity results at 80 °C and >80% RH were shown to be much lower than other
membranes in literature, not many studies measured conductivities at high-temperature and low-
humidity conditions. At 120 °C and 40% RH, our CSPPSU/1 wt% SPOSS-H2SO4 has a very
comparable conductivity of 13.7 mS/cm to Nafion212 (13.2 mS/cm) and other SPOSS composites
aromatic hydrocarbon membranes. The oxidative stability of the CSPPSU membrane against Fenton’s
reagent improved from 2 to 4 h with the addition of SPOSS, suggesting future research on the CSPPSU

composite membrane.
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Table 4 IEC, conductivity, water uptake, stress-strain and oxidative stability data from the

previous studies on the SPOSS composite membranes.

1IEC o] 0?2 WU (%) SS Roxidation
Sample (meg/g) (mS/cm) (mS/cm) RT,100°C (MPa, %) (%) Ref.
CSPPSU 2.9 52.8 7.8 135, 293 29,118 92 (2h) a
CSPPSU/
| wi%SPOSS 3.0 46.7 13.7 120, 275 32,98 100 (4h) a
CSPPSU/
5 Wi%SPOSS 3.0 38.9 73 98, 245 35,107 94 (4h) a
Nafion212 0.9 33.0° 13.2¢ 50, - 16,>150  95(48h)"® 12
SPFEK/
2023 0.03 mg/cm? - 110 - 353, - 47 95 (0.7h) 77
SPOSS
Nafion/
2021 |5 0 GPOSS | 123 | 14, - 25,100 96 (36h) 78
CSPPSU/
2020 | o SPOSS 1.9 37.9 6.6 128, - 45, 66 - 50
CSPPSU/
2020 5 o SPOSS 1.3 9.4 0.6 33, - 52,36 - 50
SPAES/
2020 5 orSpOSS 2.1 163 g 48, 82 28, 8 <100 (2h) 75
SPEEK/ b
2020 5 o SPOSS 1.8 13.1 s 36, - . - 47
SPEEK/
2018 | 5010 SPOSS 1.5 97 - 31, - 37,70 - 45
PAES/
2017 |4 w9SPOSS 1.4 142 s 21,59 14, 45 95 (1h) 79
Nafion/
2014 5 00 SPOSS 1.45 24 - 55, - - - 67
SPEEK/ ¢
2013 5 C0rSpOSS - - 0.036 20.5, 80.3 - - 70
CSPPSU/ b
2010 20 wt%SPOSS 1.8 71 - - - - 46
CSPPSU/
2008 5 w12 SPOSS - 66 - 76 25,4 - 44
CSPPSU/
2008 10 w1%SPOSS - 68 - 59 39,9 - 44

ol at 70-80 °C (85-100% RH); o2 at 120 °C (40% RH); WU is water uptake; SS is stress-strain; Roxidation is 0xidation stability;
*Qur data; at room temperature; °at 100 °C

3.5 Single cell performance of crosslinked SPPSU/SPOSS membrane

The evaluation results for single cell performance of CSPPSU membranes with and without 1 wt%
SPOSS were compared to the Nafion211 membrane. Each membranes have a thickness of 36, 31, and
25 um. The electrochemical performances of the Pt/C/ionomer catalyst electrode were assessed by
plotting the polarization curve and measuring the electrochemically active surface area (ECSA). Fig.
7a shows the I-V characteristic of a single cell at 80 °C and 100% RH, where Vir-free and iR-loss were
plotted as the y-axes. Open circuit voltage (OCV) for all MEAs was in the range of 0.9 to 1.0 V,
representing good assembly of PEM and the electrodes [75]. The current densities at 0.8 Vir-free Were
66.6 mA/cm?, 118.3 mA/cm?, and 247.7 mA/cm? for CSPPSU/1wt%SPOSS-H2S04, CSPPSU, and
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Nafion211, respectively. The voltage losses at 0.5 A/cm? were 143.6 mQ, 102.2 mQ, and 67.6 mQ for
CSPPSU/1wt% SPOSS-H2SO4, CSPPSU, and Nafion211, respectively. ECSA determined from CV
measurement (Fig. 7b) were 65 m?/g, 68 m*/gPt, and 92 m?*/gPt for CSPPSU/1wt%SPOSS-H2S04,
CSPPSU, and Nafion211, respectively. Although the conductivity of the CSPPSU and
CSPPSU/1wt%SPOSS-H2SO4 membranes were higher than that of Nafion211 (Table 4), the fuel cell
performance of the MEAs using CSPPSU and CSPPSU/1wt% SPOSS membranes was lower than that
of Nafion211 due to the high iR loss (Fig. 7a). Furthermore, CV results show that the catalyst reaction
at the anode and cathode electrodes of the MEA using CSPPSU/1wt% SPOSS membrane is lower than
those of CSPPSU and Nafion211 membranes (Fig. 7b). The hydrogen crossover observed from the
linear sweep voltammetry (LSV) are shown in Fig. 7c. Membranes of CSPPSU and
CSPPSU/1wt%SPOSS-H2S04 have a low current density of 0.3 mA/cm? at 0.4 V. However, Nafion211
has a higher current density at 1.8 mA/cm? at 0.4 V. CSPPSU, and CSPPSU/1wt%SPOSS-H2SO4 have
a higher resistance to the hydrogen crossover in the fuel cell system. The results show a need for a
high-performance fuel cell system using CSPPSU/1wt% SPOSS membrane to improve the interface
resistance and catalyst reaction in the MEA.

a) b) )
1.0 . 0.10 —
—e— CSPPSU 1500 R
—A— 1 wt% SPOSS . Q2¢ Nafion211
oy —m— Nafion211 = 0.05} 2
=08 400 'S 2 é
o Ex 2
H:: 1300 Tn/ ] 0.00 g 1k
[hd Qs (] o,
S 06 200 2 5 o 1wt% SPOSS
X ~-005} —— CSPPSU c £
[ - —1wt% sposs]| £ Y
Nafion211 50¢ CSPPSU |
04 1 1 _010 1 1 1 1 O 1 1
0 500 1000 1500 00 02 04 06 08 10 0.2 0.4
Current density (mA/cmZ) Volt (V)/RHE Potential, V vs. RE/CE

Fig. 7 (a) Polarization (b) cyclic voltammetry (CV), and (c) linear sweep voltammetry (LSV) of
hydrogen crossover current curves of CSPPSU, CSPPSU/1 wt% SPOSS and Nafion211 at 80 °C, 100%
RH.

4. Conclusions

In summary, direct sulfonation of OPOSS using H2SO4 was more controllable and could be
performed under milder conditions to prevent damage to the SPOSS composite structure. Well-
dispersed 348 nm-hydrophobic-SPOSS-H2SO4 with an IEC of 2.4 meq/g and DS of 3.1 was prepared.
Structural analysis using °Si NMR and FTIR spectroscopies, MALDI-TOF mass spectrometry, and
TGA confirmed that the phenyl remained intact in the T8-cage structure of OPOSS. In addition,
incorporating 1 wt% SPOSS-H2SO4 into SPPSU improved the stability and strength of the crosslinked
SPPSU/SPOSS composite membranes. The water uptake was reduced by 11%, and the tensile modulus
was enhanced by 40% over the CSPPSU membrane. The proton conductivity at 120 °C and 40% RH

was 13.7 mS/cm, which is similar to Nafion211 (13.2 mS/cm). From SAXS analysis, the ionic cluster
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expanded proportionally with the SPOSS loading. However, SPOSS loadings higher than 1 wt% crowd
the expanded ionic cluster, resulting in decreased conductivities. The improvements in the
CSPPSU/SPOSS-H2S04 composite membrane show the importance of the SPOSS structure as the
nanocomposite. The sulfonation process using different acids is promising for producing good

dispersions and intact SPOSS structure, which is a priority for PEM nanofillers.
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