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PEM water electrolysis AEM water electrolysis
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AEM
Anode: 2H,0 — 4H*+ 0, +4e Anode: 40H — 2H,0 + O, + 4e
Cathode: 4H*+4e — 2H, Cathode: 4H,0+4e° — 2H,+ 40H"
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Cell Current Cell Ref
Water .
Anode Membrane Cathode lonomer foed Voltage density Temperatur
(V) (A cm?) e (C)
A-201
IrO; Pt black AS-4 DI water 1.8 0.399 50 [78]
Tokuyama
) 1%
A-201 NiCeG,
CuCoQ PTFE K2COsf 1.9 0.47 50 [79]
Tokuyama -La,04/C
KHCOs
Chloromethy PSFTMA* Ultrapure
PRUOs 5 Pt black 8 0.4 50 [80]
-lated PSF Cl- water
. . Ultrapure
Ni-Fe XQAPS Ni-Mo XQAPS 1.85 0.4 70 [81]
water
A-201 K2COs
CuCoQ Pt/C AS-4 1.95 1 50 [82]
Tokuyama 10%
IrO; FAA-3-50 Pt/C FAA-3-Br 1M KOH 1.9 1.5 70 [83]
. Pure
NiFeOx:Fe FAA-3 Pt black FAA-3 2.25 0.8 50 [84]
water
) A-201 )
Ni Ni - 1M KOH 1.9 0.15 50 [85]
Tokuyama
. 1%
LDPE-g Ni/CeO,
CuCoQ PTFE K2COsf 2.1 0.46 50 [86]
-VBC -La;0s/C
KHCO;3
Poly
Cu.7Co2. 0 QPDTB N Ni (DMAEMA DI wat 1.9 0.1 50 [87]
ano Ni water . .
o0 -co-TFEMA
-co-BM)
Mg-Al layered ) 1%
Ni/CeQ,
CuCoQ double La,04/C PTFE K2COsf 2.2 0.28 70 [88]
hydroxide KHCO;3
Cer MnFersO FAA-S Pton Ti DI wat 1.8 0.3 [89]
n on Ti - water . . -
.2 €1.804 PK-130
A-201 2M
Pd/TNTAweb Pt/C PTFE 2 2 80 [90]
Tokuyama NaOH
A-201 Ni/CeQ
CuCoQ (on Ni Tokuyama, -La,0s/C 1%
( v s 12 ° 1.95 0.5 60 [91]
foam) FAA-3, FAA-3- on carbon K2COs
PR75 paper
Polyehtylene 0.1M
NiC0204 based radition Pt SEBS K'OH 1.65 0.1 60 [92]
grafted
g-ammonium
CwC03xO4 PTFE based Pt/C DI water 1.6 0.1 22 [93]

polymetharylate
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Sustanion 37

NiFeQOy 50 NiFeCo Nafion 1M KOH 1.9 1 60 [94]
NiAl HTM-PMBI NiAlMo - 1M KOH 2.1 2 60 [95]
IrO; HTMA-DAPP PtRu/C TMA-53 DI water 2 1.6 85 [96]
) PSEBSCM ) 10wt%

NiC0204 NiFeQy PSEBSCM 2 0.13 40 [97]

-DABCO KOH
. 5.6wt%
IrO2 SEBSPI Pt/C CMSEBS 2 0.4 50 [88]
KOH
0.1M
IrO2 SEBSP206 Pt/C SEBSTMA KOH 2 0.680 60
Ultrapure
IrO2 SEBSP206 Pt/C SEBSTMA 2 0.275 60
water
H2GEN- 0.1M
OXYGEN-N SEBSPy206 SEBSTMA 2 0520 60 ,
M KOH
H2GEN Ultrapure
OXYGEN-N SEBSPy206 SEBSTMA 2 0.171 60 ,
M water
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Sustanion® 330. But the conductivity has been improved a lot recently and considering their good

alkaline stabiliy and flexibility, SEBS based AEMs are a promising candidate for AEM electrolysis.
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ARTICLE INFO ABSTRACT

Keywords:
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Flexible ethylene oxide spacers

Anion exchange membrane water electrolysis

Anion Exchange membranes (AEM) are core components for alkaline electrochemical energy technology, such as
the AEM water electrolysis and AEM fuel cell. They are regarded as promising alternatives for proton exchange
membrane-based systems due to the possibility of using noble metal-free electrocatalyst. However, chemical
stability and conductivity of the membrane are still the main challenge of the electrolyzer system. Here in we

s b-ethvieneb-butyl
co’;)olyrncr % * = highlight an AEM with styrene-b-ethylene-b-butylene-b-styrene copolymer (SEBS) as its backbone and piper-
Cell stability idinium functioned flexible ethylene oxide spacer structure as its side-chains (SEBS-P206). This membrane
reached 20.8 mS cm™" hydroxide ion conductivity at room temperature, which is higher compared to previously

btained piperidinium lized SEBS with 10.09 mS cm~ [1]. The SEBS-P206 was measured in a single cell

AEM electrolysis cell with platinum group metal (PGM) catalyst. Current densities 275 mA cm™ and 680 mA

em™2 at 60 °C and 2 V cell potential were achieved in ultra-pure ware (UPW) and 0.1 M KOH, respectively.

Remarkably, in UPW the degradation rate was only 140 pA h™' cm™2 which is the lowest reported up to know.

1. Introduction performance AEMWE. Due to the strong nucleophilic and basic char-

Nowadays, the need of green hydrogen for chemical industry, steel
manufacturing, transport and heat for achieving the climate goals em-
phasizes the importance for developing a cost-effective electrolysis
technology for green hydrogen production in power supply system
[2-5]. Among them, alkaline water electrolysis (AWE) has potentially
the advantage of utilizing low-cost catalysts based on non-PGM and
great convertibility at industrial level [6,7]. However, the low conduc-
tivity diaphragm and high corrosive alkaline electrolyte (30 wt% KOH)
have brought a series of problems including carbonate formation and
gas emitting impurities and often still PGM containing electrode pack-
ages are used [8,9].

To address those issues, anion exchange membranes (AEM) are
regarded promising alternatives by allowing concentration reduction of
electrolyte in the system and efficiency improvement [7,10-15]. How-
ever, there are still no reliable AEMs with the desired conductivity and
stability [16-19], which are major challenges for developing high

* Corresponding author.

acter of the hydroxide, the chemical stability in an alkaline environment
at elevated temperature is the most critical issue for AEM. Basically, for
the stability of the backbone of AEM, heteroatom groups have to be
excluded because they can be easily attacked by hydroxide [20]. When
considering the stability of functional group, there are several degra-
dation mechanisms on quaternary ammonium (QA), including the
nucleophilic substitution, p-elimination (Hofmann elimination) and
rearrangement reaction [21,22]. In a study from Marino and Kreuer
[23], the stability against nucleophilic attack of a number of functional
groups, such as 1,4-d bicyclooctane (DABCO), imidazolium, methyl
piperazine have been compared. Among them, the 6-membered cyclo-
aliphatic QA has shown a good resistance towards the nucleophilic
substitution and p-elimination due to its unfavorable bond angles and
lengths in the reaction transition states.

Another challenge for the performance of the AEMs is the moderate
conductivity. Numerous effective strategies have been investigated to
increase ionic conductivity [18,24]. Although the increase of the ion

** Corresponding author. German Aerospace Center (DLR), Institute of
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Fig. 1. Different membranes structures obtained in this study: (a)SEBS-TMA (b)SEBS-N2CX (c)SEBS-P2C6 (d)SEBS-P206.

exchange capacity (IEC) can contribute directly to the increase of the
conductivity, its excessive increase will lead to uncontrolled swelling
and membrane destabilization. So, designing a phase separation by the
introduction of comb-shaped structures [25,26] and simultaneously
increase of cations per chain [27,28] is believed to be more efficient
method for membrane stabilization without losing the performance.
Cross-linking has been reported to be an effective method for tackling
the necessary trade-off between conductivity and stability. Cross-linked
AEMs usually display a lower swelling ratio, higher chemical and me-
chanical properties than un-cross-linked counterparts [29]. A flexible
spacer group is expected to improve this mechanical properties but due
to the possibility of polymer arrangement helping in the formation of
effective conductive channels in the membrane. However, so far to the
best of our knowledge, there is no research report on comb-shaped
multi-cations in one crosslinker in a combination with the stable
6-membered cycloaliphatic functional group like piperidinium.

In this work, piperidinium-functionalized multi-cation comb-shaped
structure is reported. Moreover, more hydrophilic ethylene glycol-based
side chains are introduced to gain more flexible-spacer structure and
induce microphase separation A multi-block copolymer tyrene-b-
ethylene-b-butylene-b-styrene copolymer (SEBS) is chosen as the back-
bone because of its excellent stability and mechanical integrity. Trime-
thylamine was selected to be the additional functional group due to its

relatively high stability against nucleophilic displacement [30-33].
Therefore, membrane bearing piperidinium-functionality and with
crosslinkers is expected to have both good conductivity and stability. In
detail, different structures of the side chain were investigated including
the number of cations per chain, carbon chain length between two
piperidinium groups and the degree of freedom of the spacer. Membrane
properties including conductivity, IEC and alkaline stability were
investigated. Moreover, membrane electrode assemblies (MEA) based
on those membranes are fabricated. AEMWE performance with both
PGM and non-PGM catalyst in pure water and KOH were studied.

2. Experimental section
2.1. Materials

SEBS (30%wt styrene, Taipol 6152) was provided by TSRC cooper-
ation. Chlorotrimethylsilane, 1,3-dibromopropane, 1,4-dibromobutane,
sodium chloride and potassium hydroxide were purchased from TCI
Europe. Trioxane, tin (IV) chloride, 1,6-dibromohexane, Pt/C (40%),
iridium black, chloroform, xylene, dimethyl sulfoxide, water solution of
trimethylamine (33%), ethanol, dichloromethane and tetrahydrofuran
were all purchased from Merck. All chemicals were used as received
without further purification.
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Fig. 2. (a) "HNMR spectra of CMSEBS; (b), (¢) "HNMR and "*CNMR spectra of P2C6; (d), (e) 'HNMR and **CNMR spectra of P206.

2.2. Synthesis and membrane preparation

2.2.1. Synthesis of chloromethylated SEBS (CMSEBS)

The detailed CMSEBS synthesis procedures have been reported pre-
viously [31]. Chloroform (250 mL) was added to SEBS polymer (4 g, 25
mmol) in argon-purged three-neck round-bottom flask. The mixture was
stirred at room temperature for 4 h. After dissolution of the polymer,
trioxane (5.4 g, 60 mmol) was added and the flask was then immersed in
ice bath until the temperature of the mixture decreased to 1 °C. Chlor-
otrimethylsilane (22.8 mL, 37.5 mmol) and then tin chloride (3 mL, 3
mmol) was injected in the reaction mixture with a syringe. The mixture
was kept stirring at lower than 5 “C for 30 min, and then at room tem-
perature for 24 h. To stop the reaction at the end of the reaction time, the

mixture was poured into a beaker filled with 300 mL of ethanol/water
(50%v/v) mixture. After filtration to collect the solid, the product was
twice precipitated from chloroform solution into ethanol/water (50%

v/v) mixture. The final product was dried in vacuum oven overnight at
50 °C.

2.2.2. CMSEBS membrane preparation

CMSEBS (0.7 g) was dissolved into 10 mL xylene at 50 °C for 2 h to
form 5 wt% solution. The membrane was cast from the solution on a
PTFE square dish (15 ¢cm x 15 cm) and dried at 50 °C in vacuum for 24 h.
Finally, the CMSEBS membrane was detached from the PTFE dish.
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Scheme 1. Polymer synthesis and crosslinking process obtained in this study.

2.2.3. 1,6-Bis(piperidin-1-yl) hexane preparation

Piperidine (26 mL, 250 mmol) was dissolved in acetone (150 mL)
under argon and the mixture was stirred at room temperature for 30
min. After cooling down in an ice bath to T < 5 °C, 1,6-dibromohexane
(16 mL, 100 mmol) was added dropwise to the solution. Afterwards,
anhydrous potassium carbonate (20 g, 152 mmol) was added and the
reaction mixture is stirred at room temperature for 48 h. After filtration
to remove the unwanted precipitates, vacuum evaporation was used to
remove the solvent. Dichloromethane (60 mL) was added to the residue
to extract the product, rinsed with deionized water (5 x 100 mL) and
then dried at 60 °C for 10 h, resulting in a viscous yellowish liquid. The
TH NMR spectrum of 1,6-bis(piperidin-1-yl) hexane is shown in Fig, 2
(b).

2.2.4. 1,2-Bis(2-piperidinylethoxy) ethane preparation

Piperidine (26 mL, 250 mmol) was dissolved in acetonitrile (150 mL)
under argon and the mixture was stirred at room temperature for 30
min. 1,2-Bis(ethoxy)ethane (14 mL, 100 mmol) was then added drop-
wise to the solution. Afterwards, anhydrous potassium carbonate (20 g,
0.145 mol) was added in and kept stirring at 60 “C for 48 h. After
filtration to remove the unwanted precipitate, ethyl acetate was added
to the residue to extract the product and remove the water phase.
Finally, the rest was put into the vacuum oven at 60 °C for 24 h, resulting
in a viscous dark yellow liquid. The 14 NMR spectrum of 1,2-Bis(2-
piperidinylethoxy) ethane is shown in Fig. 2(d).

2.2.5. Membrane amination process

For SEBS-TMA preparation, CMSEBS membrane was immersed into
water solution of trimethylamine (33%wt) at room temperature for 2
days. For SEBS-N2C6 preparation, first the CMSEBS was put into the 1,6-
diaminohexane solution, 60 °C stirring for 24 h and then immersed into
a water solution of trimethylamine at room temperature for 48 h. For
SEBS-P2C6 and SEBS-P206 preparation was similar to that of SEBS-
N2C6, but using 1,6-bis(piperidin-1-yl) hexane instead of 1,6-diamino-
hexane. By controlling the amount of crosslinkers, crosslinking rate is
fixed. The chloromethyl and crosslinking process is shown in Scheme 1
in detail.

2.3. Instrumental

2.3.1. Nuclear magnetic resonance (NMR) spectroscopy and fourier-
transform infrared spectroscopy (FT-IR)

"H and "*C NMR spectroscopy were recorded at room temperature on
Bruker Avance Il HD 400 NanoBay NMR spectrometer in either
DMSO-dg or CDCI; as solvents whereas the internal reference was tet-
ramethylsilane (TMS). FT-IR spectra of the membranes were recorded
comprising 64 scans in the wave number range from 4000 to 400 cm™
using a Nicolet iS5 (Thermofisher Scientific, Karlsruhe, Germany) and a
diamond attenuated total reflectance (ATR) module.

2.3.2. Atomic force microscope (AFM)

Atomic force microscopy measurements were performed on a
Multimode 8 AFM (Bruker Karlsruhe, Germany) in PeakForce Tapping
Mode [34] measuring the nanomechanical properties of the membranes.
The AFM modus recorded force-distance curves at every measurement
point and evaluates these online. Besides height information adhesion,
stiffness and deformation were recorded simultaneously. Tap150 tips
(Budgetsensors) with a tip radius <10 nm and Bruker SNL10-C tips (k =
0.24 N/m) with a nominal tip radius of 2 nm were used (Measurements
of SEBS-P206 in SI). The membranes were glued with adhesive carbon
tape (Plano) to 12 mm AFM steel-discs and were measured at ambient
conditions at 45% RH. Tmage size was 1 pm? measured at 0.966 Hz with
512 x 512 pixels for all membranes. Other magnifications can be found
in the SI for SEBS-P206.

2.3.3. Membrane conductivity

Membrane resistances were measured by electrochemical impedance
spectroscopy using a Zahner elektrik IM6 device (Zahner-elektrik
GmbH, Kronach, Germany) in 1 M NaCl solution or 1 M KOH at room
temperature [35]. The resistance was read from intercepting the
impedance with the real x-axis in a frequency range of 200 kHz-8 MHz
Four samples per membrane were measured. The through-plan con-
ductivity was calculated using the following equation (Equation (1)).

1 d

”_R_r,,_R x A

(€3]
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where ¢ is the conductivity (S/cm), Ry, is the resistivity (Q em), d is the
thickness of membrane (cm), R is the ohmic resistance (€2), and A is the
electrode area (cm?).

2.3.4. Water uptake and swelling degree

The water uptake (WU) and the swelling degree (SD) of the mem-
branes in CI~ form are calculated from the weight and dimension dif-
ferences of membranes after soaking in deionized water for 48 h at room
temperature and after drying in a vacuum oven at 60 “C for 24 h. The
WU is calculated by equation (2) as follows:

WU = (Mo — M)/,
( X ‘),- Mgy,

x 100 )
where my,r and mgy are the weight of wet and dry membranes in CI™
forms in grams, respectively.

The SD was calculated by equation (3) as follows:

SD% = (hyer — lary)

i [€)
where 1,¢ and lgry are the geometric length of the wet and dry mem-
branes in CI~ forms, respectively.

2.3.5. Ion exchange capacity (IEC)

IEC was calculated by the back-titration method. Accordingly, the
membrane sample was put into the 1 M NaOH solution, then washed
with DI water, afterwards immersed in a saturated sodium chloride so-
lution at room temperature for 1 day. Hydrochloric acid (3 mL, 0.1 M)
standard solution was added, and the mixture was stirred at room
temperature for 1 day. The resulting solution was titrated with standard
0.1 M sodium hydroxide solution. The membrane was rinsed intensely
with DI water and dried overnight at 90 °C. The dry weight of the
membrane was then determined on a balance. The IEC was calculated
using the following equation (Equation (4)).

waon X Vol

IEC= Cuct X Vi —
Mary

()

where IEC is the ion exchange capacity (OH™ form, mmol g"l), Cuar is
the concentration of the hydrochloric acid solution (mmol mL '), Vi is
the volume of the hydrochloric acid solution used (mL), Cyaon is the
concentration of the sodium hydroxide solution (mmol mL'l), VNaOH IS
the added volume of the sodium hydroxide solution (mL), and mgyy is the
dry weight of the membrane (g).

2.3.6. Chemical stability of the membranes

Chemical stability was determined in 1 M KOH at 90 °C for 30 days.
Before being dried at 90 “C in an oven, several pieces of membranes
were washed repeatedly with water for 1 day. In test, every 5 days a
small piece of membrane was taken out and new KOH solution was
exchanged. Subsequently, the membranes should be thoroughly washed
by deionized water and afterwards, the OH™ conductivity of membrane
was tested (7). The conductivity retention rate (CR%) of the membrane
was calculated using the following equation.
x 100

crg% =" ®
[

where 6 is the conductivity of the membrane before treatment in KOH.

2.4. Fabrication of SEBS P206 MEAs for AEMWE testing

For cell testing, Chloromethylated SEBS (¢cmSEBS) was used as the
ionomer precursor and dissolved in THF to obtain the catalyst ink. After
spraying we put the whole CCS into trimethylamine solution to func-
tionalize the cmSEBS. In detail, the membrane electrode assembly
(MEA) was prepared via the catalyst coated substrate approach (CCS), to
simplify the wet spraying process and prevent swelling of the AEM that

Journal of Membrane Science 670 (2023) 121302

can occur using the catalyst coated membrane (CCM) approach. Both
CCM and CCS approach MEAs have been shown to produce adequate
AEMWE performance [36]. As electrode substrates, 0.2 mm thick
Spectracarb 1050-2050A graphite paper for the cathode side and 0.23
mm thick 316L stainless-steel felt (Bekeart, Bekipor ST 40 type 40 BL3)
for the anode were selected. Pt/C (HiSPEC4000, Alfa) and Ir-Black
(Umicore), both widely employed reference catalysts, were used as
cathode and anode catalyst, respectively. The target electrode catalyst
loading was 1 mgp, em™2 and 2 mgry em™2; the ionomer content was 30
wt % for both the electrodes. In order to manufacture the CCSs, firstly, a
catalyst ink, with appropriate rheological properties had to be formu-
lated. After combining the desired amount of catalyst with a
CMSEBS-THF solution, i.e., 25 mgp,c mL~! and 10 Mir-Black mL~%, the
ink was dispersed in an ultrasonic bath (Bandelin Sonocool SC255) at
100% power for 1 h at 5 °C. Next followed the catalysts deposition using
a generic spray gun with a 0.5 mm nozzle using compressed nitrogen at
2 bar over-pressure. The electrode substrates were placed on a hot plate
set to 60 °C to accelerate the solvent evaporation and prevent substrate
flooding. After coating, to crosslink the ionomer phase in the electrode
layers, the CSS were submerged in a large excess of 30 wt % aqueous
triethylamine solution at room temperature for 24 h, then thoroughly
rinsed and left again overnight in a DI water bath to remove all trie-
thylamine. Finally, prior to cell assembly, the crosslinked and rinsed
CCSs and AEM were activated in 100 mL each of a 1 M aqueous KOH
solution, for 72 h at room temperature.

2.5. SEBS-P206 AEMWE cell test

The AEMWE cell tests carried out in this study were performed at
atmospheric pressure and 60 °C using a small single cell with a 4 cm?
active surface, feeding supporting electrolyte or water to both the anode
and cathode compartment. During operation, the complete testing setup
was sealed against the atmosphere to prevent any carbon dioxide
intrusion only allowing hydrogen and oxygen to escape through a gas
washing apparatus, to avoid corrosion, titanium grade 1 polar plates
without flow fields and titanium grade 1 GKN Sinter Metals SIKA-HY
PTLs were employed on both anode and cathode. The SIKA-HY PTLs,
designed in cooperation with the DLR, have been shown to allow
operation without mass transport limitation free operation at up to 6 A
em~2 [37]. The cells were constructed with the CCSs and AEM in contact
to 1 M KOH solution, applying an effective MEA compression of
approximately 85 N cm™% Immediately after assembly the feed was
changed to 0.1 M KOH and an activation process was carried, applying
1.4V,1.6V, 1.8 V, each for 5 min, and finally 2 V, until current density
started to decrease again. The last step lasted approximately 15 min. In
case of the ultra-pure water (UPW) test, the cell was then carefully and
thoroughly rinsed with 2 L of carbon dioxide free (ion exchange resin
plus nitrogen bubbling) ultra-pure water (Milli-Q 18.2 MQ cm 1),
completely drained, and refilled with 2 L of fresh carbon dioxide free
ultra-pure water. This step was not present for the measurementin 0.1 M
KOH. Subsequently the cell was cycled between 1 and 2 V (10 mV s™%)
twelve times until the peak current density was largely stable, albeit
slowly decreasing due to cell degradation (initial steady state, dubbed
“initial”). Subsequently, after recording an electrochemical impedance
spectrum, a constant cell potential of 2 V was applied, recording current
density over 330 h. This potentiostatic operation was interrupted each
time recording three consecutive IV-curves (1-2 V, 10 mV s'l) and an
impedance spectrum. In each group of IV-curves, the third is considered
to be representative of the cell condition and presented in the following.
All impedance spectra were recorded at 25 mA cm™2 using an amplitude
of 2.5 mA em 2 scanning from 100 kHz to 100 mHz. EIS and IV-curves
were recorded using a Zahner Zennium X potentiostat coupled with a
Zahner PP241 booster.
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Fig. 3. FT-IR spectra of SEBS, CMSEMS and SEBS-P206 membranes.
3. Results and discussion
3.1. Synthesis and preparation

In this paper SEBS was used as polymer educt for preparation of
AEM. This block copolymer possesses both flexible blocks as ethylene
and butadiene and some aromatic ring containing blocks as styrene. The
last was used for polymer post-modification via (i) chloroalkylation and
(ii) amination of the polymer to obtain quaternary ammonium func-
tional groups. Initial chloromethylation of SEBS showed functionaliza-
tion degree of about 74.6%. In the next step, beside reactions with TMA
in the absence of cross-linkers (Fig. 1a), some crosslinking agents such as
diaminoalkanes (N2CX) (Fig. 1(b)), 1,6-bis(piperidin-1-yl) hexane
(P2C6) (Fig. 1(c)) and 1,2-Bis(2-piperidinylethoxy) ethane (P206)
(Fig. 1(d)) were used to study their impact on the stabilization of the
membrane, swelling reduction and conductivity improvement.

In order to prove the functionalization and crosslinking degree and
thus clarify the composition and the chemical structure, CMSEBS was
characterized by 1H NMR (Fig. 2(a)). The resonance peak with chemical
shift was 0.75-0.86 ppm (-CHj in butane), 0.95-1.14 ppm (methylene in
butane), 1.15-1.33 ppm (-CHy- in ethylene), 1.54-1.59 ppm (methy-
lene in styrene), 1.75-1.90 ppm (-CHa- in styrene) and 6.3-7.25 ppm
(benzene in styrene). They belong to the backbone structure of the
polymer. The peaks at 4.5 ppm which can be ascribed to —-CH,Cl on
benzene, indicate that chloromethylation reaction proceeded smoothly
[38,39]. Comparing the integral ratio of the -CH»Cl (peak 8) to Ar-H
(peaks 1 and 2) in Figs.. 2 (a), 74.6 mol% styrene units were found to be
chloromethylated (11.9 mol% for the whole polymer).

For the structure of 1,6-bis(piperidin-1-yl) hexane (P2C6), the
THNMR chemical shift and "*CNMR spectra are shown in Fig. 2(b) and
(c) and those for 1,2-Bis(2-piperidinylethoxy) ethane (P206) in Fig. 2(d)

Table 1
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and (e). In both structures the absence of peaks for Br-CHz- and the
corresponding integral ratios between the N-CHy- and the rest of the
protons in the structure, confirms the successful preparation of those
crosslinker molecules.

For those samples that were insoluble due to crosslinking, FT-IR was
carried out to reveal the crosslinking of CMSEBS by the cross-linker
P206. Comparing with the FT-IR of pristine SEBS, a new peak
appeared at 725 cm . (Fig. 3). This peak corresponds to C-Cl stretching
vibration of the chloromethyl group. For the case of CMSEBS, the
membrane was immersed into the P206 solution, which lead to
appearance of a new peak in the FT-IR at 1120 em . This wave numbers
are the typical for C-O stretching vibration, which indicates that the
CMSEBS was efficiently crosslinked by P206.

3.2. Ionic conductivity, dimensional and chemical stability of the
membranes

3.2.1. SEBS-N2CX membranes

Commonly, AEMs based on ammonium functionalized SEBS possess
lower conductivity [40,41], therefore improving the conductivity of the
SEBS based membranes is a challenge. In earlier researches, several
strategies have been followed to improve the conductivity of SEBS based
membrane, such as building a comb-shaped structure [42], putting
multi-cation in one side chain [43] and crosslinking with other back-
bones [44]. Among them, building a comb-shaped structure in the
membrane is a common way to increase the conductivity of the mem-
brane by enhancing the microphase separation. In this work, we applied
the concept of comb-shaped macromolecules to membranes based on
SEBS-TMA and simultaneously stabilize the membrane via crosslinking
with various crosslinkers. To do so, we first crosslinked CMSEBS with
crosslinkers (N2CX or P2C/06) and then converted the rest of benzyl
chlorides into ammonium functional groups by reaction with trime-
thylamine. Some of the most important properties of so prepared
CMSEBS membranes crosslinked with diaminopropane, diaminobutane
and diaminohexane in respect to their application are presented in
Table 1. Among SEBS-N2CX membranes, SEBS-N2C3 reached 16.2 mS
cm™! hydroxide conductivity at room temperature, which is higher than
that of SEBS-N2C4 (12.4 mS cm™") and SEBS-N2C6 (10.2 mS cm™). The
higher conductivity of SEBS-N2C3 might be attributed to higher
swelling and water uptake while IEC for all SEBS-N2CX samples is
similar to each other. The conductivities of SEBS-N2C4 and SEBS-N2C6
at room temperature are similar to piperidinium functioned SEB-
S-pi-73% (10.09 mS cm 1 at 1.19 mmol g 1 IEC), that has been pub-
lished before [1]. For mechanical properties of all membranes, due to
low relative styrene polymer changes we do not expect significant ten-
sile stress variation between the membranes. The Stress-strain relations
are expected to be similar to Yang et al. J [32].

In order to check the alkaline stability, the membranes were
immersed into the 1 M KOH at 90 °C for more than 200 h. At these
conditions the membrane SEBS-N2C3 became very brittle and did not
survive further conductivity measurements. At the same time, after
immersing SEBS-N2C6 in 1 M KOH at 90 °C for more than 700 h, the
conductivity of the membrane dropped down from 10.2 mS cm ' to 8.2
mS cm ' (OH ™ form). This is 81.6% conductivity retention, which can
be ascribable to the degradation of benzyl ammonium in harsh hot

1EC, conductivity, swelling ratio and water uptake of the membrane at 25 “C (IECa is the IEC after membrane crosslinking and IECD is the final IEC).

IECa(mmolg ')  IECb(mmolg ')  Conductivity (C1 ) (mSem ')  Conduetivity (OH )(mSem ') Swelling ratio (%) ~ Water Uptake (C1 ) (%)

SEBS-TMA 0.94 = 0.03 4.6 +0.31 8.8 = 0.50 3.8+1.22 125 +4.14
SEBS-N2C6 0.44 + 0.01 0.96 + 0.03 5.7 +0.44 10.2 +0.24 5.5+ 1.61 17.2 + 5.61
SEBS-N2C3 0.47 L 0.02 1.05 L 0.04 8.9 1 0.40 16.2 L 0.50 7.31220 28.6 1 8.30
SEBS-N2C4 0.46 £ 0.01 1.04 = 0.03 6.6 + 0.47 124 +£0.53 6.8 +2.41 22.4 £ 6.00
SEBS-P2C6 0.40 £ 0.01 1.10 = 0.01 6.45 £ 0.30 12,5 = 0.42 6.5 + 2.79 20.1 + 8.43
SEBS-P206 0.42 + 0.01 1.05 = 0.04 11.7 +0.54 20.8 +0.74 9.2+ 4.81 36.8 +7.35
Tokuyama A201 [45] - 1.7 12 - - 19
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Fig. 4. (a) Tonic conductivity at room temperature, (b) conductivity retention of SEBS-P206 membranes after stability test in KOH at 90 “C.

alkaline environment [21]. Considering both the conductivity and sta-
bility, longer chains (-C¢Hj2-) between the functional groups showed
relatively balanced conductivity and stability and these systems were
mainly investigated further on in this work.

3.2.2. SEBS-P2C6 and SEBS-P206 membranes

Basically, piperidinium group is expected to be one of the most stable
functional groups for AEM, due to lower ring strain and high energy
barrier to transition originating from favorable non-anti-periplanar
conformation caused by the unique ring structure [1,23]. In order to

1 0.013 (um)
2

Stiffness (336 nm)

stabilize the membrane-especially the side chain, piperidinium group is
selected to replace the quaternary ammonium in the side chain. After
replacing the quaternary ammonium to piperidinium group in the
crosslinking chain, the conductivity remained at similar level at room
temperature.

Comparing the results for piperidinium crosslinkers SEBS-P2C6 and
SEBS-P206 with SEBS-N2CX (Table 1), the highest hydroxide conduc-
tivity of 20.8 mS em™" was obtained for SEBS-P206. Both SEBS-P2C6
and -P206 showed similar IEC compared to SEBS-N2CX membranes,
however, the swelling and the water uptake of SEBS-P206 was 1.5-3

1.0 B um

Fig. 5. AFM 3D-height images with superposed stiffness data of the membranes for (a) SEBS-P2C6 and (b, ¢) SEBS-P206; (d) 3D structures and their corresponding
length of a monomer unit with trimethyl ammonium (a), P2C6 (b) and P206 (c) functional groups.
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times higher than for the other membranes. This could be the most
probable reason for the higher conductivity of the SEBS-P206 mem-
branes. In all cases Cl1~ conductivity is about twice lower than the OH™
conductivity, which is due to larger and heavier Cl ion compared to
OH . Theratios of OH toCl conductivities are slightly lower than the
reported CI~ and OH™ conductivity ratio (oon./6Cl™~2.7) in the liter-
ature [46]. However, this difference may be accounted by residual CO2
present in our case for the OH value although care was taken to
perform the test immediately after removal from KOH solution.

In addition, the chemical stability of SEBS-P2C6 and SEBS-P206
were superior compared to SEBS-N2CX, demonstrated in a stability
test in 1 M KOH for more than 700 h (Vig. 4). The conductivity of SEBS-
P2C6 membrane dropped down from 12.5 mS em™! to 10.9 mS em™!
with 86.9% conductivity retention. Similarly, the conductivity of SEBS-
P206 decreased from 20.8 to 17.9 mS cm ™' with conductivity retention
about 85.9%. In both cases relatively quick conductivity decay is
observed after the first 50 h, followed by stabilization and low con-
ductivity decay rate of about 1 and 1.5 pS cm ' h . Thus, the mem-
brane SEBS-P206, bearing long, flexible, hydrophilic side-chain,
showed high conductivity and chemical stability. Expected stability
differences between SEBS-P206 and SEBS-P2C6 are not significant
within the measurement time and future work will aim at clarifying this
point. Similarly, in a study from Zhu et al., an improvement of AEM ion
conductivity and a good chemical stability has been reported by incor-
porating hydrophilic and flexible ethylene oxide spacers into the ionic
side-chains, hence forming a flexible-spacer structure [29].

3.3. Membranes morphology study on SEBS-P206 and SEBS-P2C6

To investigate the structural arrangement and hydrophobic/hydro-
philic nano-phase separation geometry of SEBS-P206 and SEBS-P2C6
membranes, nanomechanical AFM measurements were performed.

DMT modulus stiffness mappings of SEBS-P206 and SEBS-P2C6 mem-
branes surface are shown in Fig. 5(a) and (b), respectively. The bright
(stiffer) regions correspond to hydrophobic polymer backbone aggre-
gation and the dark regions to hydrophilic side-chain assembly. A sig-
nificant separation of hydrophilic and hydrophobic phases was found for
both SEBS-P206 and SEBS-P2C6 membranes. For SEBS-P206, contain-
ing long flexible and hydrophilic side chains, the hydrophobic and hy-
drophilic domains formed broader continuous phases than those in
SEBS-P2C6. The width scale of the lamellar structuring for SEBS-P206
is about 13 nm. Estimations of the length of the monomer units
bearing trimethyl ammonium as well as P2C6 and P206 are shown in
Fig. 5(d). These structures were obtained after minimization of the en-
ergy by ACD 3D Viewer software to reach a local minimum after at least
50 iterations. The estimated lengths are about 1 nm for the trimethy-
lammonium and about 2 nm for P2C6 and P206 functionalized mono-
mer units. A rough comparison revealed a factor 6 larger hydrophilic
domains compared to the length of the crosslinkers. Therefore, it can be
assumed that crosslinking occurs primarily in the hydrophobic domains
and the spacers with side functional groups are well unzipped. The
broader and better interconnected hydrophilic domains of SEBS-P206
facilitate the formation of continuous ion channels of relatively con-
stant size, which enables efficient ion transport [47,48].

3.4. AEM water electrolysis measurements

Considering the benefits of using cross-linking piperidinium based
ethylene oxide spacers side chain, SEBS-P206 membranes are expected
to achieve improved AEM water electrolysis performance and dura-
bility. Here we chose to operate at 60 °C rather than 80 °C because at
present no commercial AEMWE (which operate with UPW) can operate
at 80 °C [31] due to the poor stability of the ion exchange resin.

Commonly, MEAs tested in AEM electrolysis cells are not only
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Fig. 7. AEM water electrolysis test results measured weekly (W) in 60 “C 0.1 M KOH, a) degradation at 2 V, b) IV-curves recorded during the degradation test and c)

EIS recorded during the degradation test.

activated ex-situ in an alkaline solution, but are also activated in-situ,
feeding an alkaline solution to the cell, carrying out an activation pro-
tocol, before the ultra-pure water is introduced, leading to increased
performance. As shown by Lindquist et al., there is a benefit to this
additional activation step in KOH, which is elevated performance in
ultra-pure water operation and only some of this performance
improvement is reversible, pr bly because of r KOH in the
MEA [49]. Even after thorough UPW purging, performance remains
elevated initially, supposedly due to a more complete AEM and ionomer
activation or lower AEM and ionomer swelling in KOH, which revert
quickly after starting operation in UPW, leading to a short term
improvement of catalyst/ionomer interaction. Moreover, it may also be
caused by the adsorption of KOH in the layers, which means the UPW
purging is not effective. Adsorbed KOH (K*, OH™) maybe not be
removed simply by diffusion (i.e., surrounding the layer with UPW) but
convectively after starting cell operation in UPW. The actual underlying
mechanisms remain unclear.

After in-situ activation in 0.1 M KOH, the cell was thorough purged
with UPW a current density of 275 mA em~2 at 2 V was reached (Fig. 6
(b)). After nine IV-cycles, peak-to-peak degradation became linear,
which led to the conclusion, that the cell had entered a gradual degra-
dation regime, not connected to the reversible in-situ activation. After
cycling twelve times, now reaching 150 mA em 2 at 2V, the cell was
considered to have reached the initial UPW steady-state. Overall, the
UPW performance reached here exceeds previous results achieved with
SEBS AEMs and ionomers in AEMWE [1,31].

In the following potentiostatic degradation test (Fig. 6(a)), perfor-
mance first rapidly deteriorated over 20 h, before recovering to a sig-
nificant degree over the following 70 h. This unexpected behavior has
not been reported in previous publications. As becomes apparent in
Fig. 6(d), the recovery process (24 h-96 h) was not dominated by ohmic

contribution but almost exclusively due to a reduction of kinetic resis-
tance, being the sum of hydrogen evolution reaction (HER), oxygen
evolution reaction (OER) and mass transport loss (MTL). The High fre-
quency resistance (HFR)-resistance was not significantly affected. This
suggests, that the changes are connected to the catalyst layer structure, i.
e., available catalyst surface and permeability of the catalyst surface, not
to the ionomer and membrane itself. It can be speculated that a first
excessive ionomer content (30 wt.-%) was improved after some ionomer
breakdown during operation. The low swelling and water permeability
of the ionomer may lead to an initial blocking of catalyst surface.

In the following linear degradation regime, current density fell at a
rate of 140 pA hlem™ A spike in current density was caused by an
accidental overheating of the cell to 85 °C, not resulting in any irre-
versible degradation. Between hour 96 h and the end of test (EoT),
degradation was caused solely by an increase in HFR resistance, leading
to the conclusion, that the reduction of current density is largely caused
by ionomer and AEM breakdown, or other phenomena affecting the HFR
resistance only.

In a separate test, cell performance and degradation at 60 °C in 1 M
KOH was evaluated (Fig. 7). A steady-state was reached quickly and
largely linear degradation (approximately — 1 mA h™' em™?) ensued.
Initially, a current density of 680 mA em~2 was reached at 2 V, signif-
icantly outpacing published results recorded using similar materials in
AEMWE [1,31]. Inspection of the EIS and IV-curves recorded (Fig. 7(b)
and (c)) shows an initial increase of HFR-free cell resistance (initial to
week 1, IV-curve is shifted upwards), followed by an increase of low
frequency impedance, likely connected to an increase of MTL resistances
(week 1 to week 2, visible in the Nyquist plots). The HFR resistance
remains largely unchanged (initial to 1 W, slope at higher densities, in
the linear regime). These results give evidence, that in 0.1 M KOH, the
physical breakdown of the catalyst layer dictates cell behavior, not the
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breakdown of the ionic conductivity of the AEM and ionomer. This
doesn’t mean necessarily that the ionomer and AEM are not degrading,
but that this degradation is not reflected in the electrochemical behavior
of the cell. If conductive liquid electrolyte is present, typically degra-
dation of AEM and ionomer are somewhat masked by that.

4. Conclusions

Novel double piperidinium functionalized flexible ethylene oxide
spacer side chain SEBS AEM was designed, synthesized and applied as
membrane for AEMWE application. In order to improve the conductivity
of the membrane, comb-shaped multi-functional groups structure was
assigned and investigated revealing that longer spacer (-CgHya-) be-
tween functional groups had relatively balanced conductivity and
chemical stability- In the next approach the quaternary ammonium was
substituted by piperidinium groups to enhance the chemical stability of
the membrane. Furthermore, flexible ethylene oxide spacer structure in
side chain could enhance the water uptake of the membrane and thus
promote the microphase separation resulting in enhanced conductivity.
Finally, SEBS-P206 reached conductivity of 20.8 mS em™! (OH") at
room temperature, which is higher than SEBS piperidinium membrane
published in the past. In single cell AEM water electrolysis tests, at 60 °C
and 2 V cell potential, current densities 275 mA cm ™2 and 680 mA cm ™2
were reached in UPW and 0.1 M KOH, respectively. We have shown that
the SEBS P206 membrane outperforms other SEBS based materials
presented in literature [1,31] and that SEBS is a promising candidate for
AEM electrolysis cells. The results suggest, that further optimization of
the electrode structure is needed to increase mechanical stability and
that via improvement of ink formulation, layer deposition and cell setup
parameters to increase mechanical stability.
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