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Figure S1: Considered models of systems containing two (part a) and four interacting units
(part b). The h-fragment corresponds to 2-phenylbenzimidazole and the k-fragment to

potassium 2-phenylbenzimidazolide.

Computational details

In theoretical part, Density Functional Theory (DFT) was used as primary method. In
order to explore large variety of possible structures, a combined computational protocol was
used, in which DFT geometry optimizations were performed for the geometries from
semiempirical molecular dynamics (MD) trajectories or Monte-Carlo based structure-
generation based approach. Similar approaches were used in our previous studies. [S1, S2]
Semi-empirical calculations with PM7 [S3] method were performed using MOPAC 2016
program [S4]. DFT calculations were performed with the ADF program (v. 2019.304,
2020.103), [S5-S7] with BP86 functional [S8, S9], and Grimme D3 dispersion correction with
Becke-Johnson damping, [S10] and the Slater-type all-electron TZP basis set [S11]. As in the



previous applications, [S1, S2] locally developed programs were used for MD simulations and

Monte-Carlo-based structure generation, utilizing PM7-determined forces/energies.

Construction of models

The model systems built of 2, 4, and 8 interacting units of 2-phenylbenzimidazole (h
fragment), and potassium 2-phenylbenzimidazolide (k fragment) were systematically analyzed.
The systems 1, and 2 based on 2, and 4 units, respectively, are schematically depicted in Figure
S1.

In the first step, a variety of structures for 1-hh, 1-kh, and 1-kk models (Figure S1a)
was optimized based on the structures generated from semiempirical (PM7) MD-trajectory (100
ps; 100,000 steps, time step - 1fs, T = 373K, 2 starting structures for each type of system); every
100™ structure from MD trajectory was optimized first on the semiempirical-level, and then on
the DFT-level. Obtained set of structures included structures with hydrogen bonding, as well

as m-stacking interactions.

Two groups of structures were separately considered: those containing hydrogen-
bonding, and those involving solely m-stacking interactions. The minimum-energy structures
for 1-hh, 1-kh, and 1-kk, from both aforementioned groups were further used to build the
systems 2 with four h/k units (Figure S1b). The idea of constructing the systems 2, is presented
in Figure S2. Initial geometry for each of the system was constructed based on the lowest-
energy structure of the corresponding 1-system placed in the middle (frame in Figure S2), and
adding two “outside” fragments. Here, the Monte-Carlo based approach was used for adding
those two fragments, attached in the random position and orientation to the middle-core dimer;
1000 structures were generated for each of the system. In addition, some structures were
constructed by adding the two “outside” units manually, to enforce the specific interactions. All
the structures were optimized on the semi-empirical level. 10 lowest-energy-, and every 10" (in

PM7 energy order) structure were optimized on the DFT-level.

Finally, the systems containing 8 units in total, were constructed in a similar way, by
utilizing the minimum-energy structures for 2-khhk, 2-hhkk, 2-hkhk, 2-khkh, combined with

the minimum-energy structures obtained for respective 1-hh, 1-kh, and 1-kk models.
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Figure S2: The idea of construction of 2 models based on minimum-energy 1-structures in the

case of: a) m-stacking interaction; b) hydrogen bonded groups of structures.



Results.

Examples of different types of structures for 1-hh, 1-hk and 1-kk systems, together with
the values of the shortest N-N distance, and relative energies are shown in Figure S3. The
lowest energy structures of considered types of 2 models are shown in Figure S4. The results
clearly indicate that the shortest N-N distances in the range of 2.7-2.9A can be observed only
in the structures in which N-H---N hydrogen bonding is present.
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Figure S3: Examples of different types of structures for 1-hh, 1-hk and 1-kk systems. R)Y,
correspond to value of the shortest N-N distance. AE is the relative energy with respect to the

corresponding lowest-energy structure (in kcal/mol).
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Figure S4: The lowest energy structures for 2 models, for each type of considered group. RYY,

correspond to value of the shortest N-N distance. AE is the relative energy with respect to the

(2-hkkh),, structure.
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Figure S5: WAXS data of KOH doped gel-state PBI before and after immersion in 25wt%
KOH solution at 80°C for 1 day.
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Figure S6: SEM images of PVDF membrane before (a) and after pore filling with PBI (b, c), SEM
EDS image showing distribution of nitrogen atoms (d) and photographs of PVDF before (e) and
after pore filling with PBI (f).
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Figure S7: (a) Equivalent circuit used for fitting of Nyquist plots. Nyquist plots from the EIS
measurements and their fittings for cell with PTFE/PBI membrane before and after durability

at (b) 0.05 Acm2and (c) 1.75 A cm™, the magnified Nyquist plots are shown in the inset.



Figure S8: Photographs of a PTFE/PBI membrane after 1000 hours operation in the AEL at 80
°C in 24 wt% KOH feed solution.



05 T T T
—e—80°C
*— 80°C
0.4 e ag°C
9 ‘
< 031 | E
2 \
o !
On‘ {
£ 024 \ 1
=, \
T
o1- \i ]
S
S e S
0.0 R.\“‘ ﬂﬂ
0 200 400 600 800 1000
Current density (mA cm™2)
)
06 T T T
—e—80°C
*— 80°C
ﬁ —e—40°C
® 044 | B
‘ \$
= "
]
o) \
= 02 \%\I |
[
\i\\gi\;-\.ﬁ,
= e
0.0 : — —\I—;\i
0 200 400 600 800 1000

Current density / mA cm?

1.0x10° T T T
80°C
N - —e—60°C
E 8.0x107" 4 —e— 40°C
[&]
Tm .
2 6.0x107 - /7// 8
= " —
% N //" e
C 10 ¢ e,
S 4.0x1070 .
k=] \\\
@
x .
E] \ L
o -10 . .”'.J’.\ \\\
I 20x1077 4 \\\\ N 4
T e
.
0.0 T T T T .I
200 400 600 800 1000
Current density (mA cm?)
1.2x10°
. . ‘ —
o 1.0x10° o .
5 -
"o 8.0x107° 4 o ~0-—o/ 1
© ./
5]
S 7
2 6.0x107° 1
2 e
9] " —
© 4oxaod . T
x 4 T oo e — ]
. .
= o \‘
= —e—80°C ~
20104 e §0°C T -
—e—40°C ~—o
0.0 T T T T T
0 200 400 600 800 1000

Current density / mA cm2

Figure S9: Hydrogen in oxygen levels for Zirfon (a) and PBI (¢), as well as hydrogen crossover
flux density for Zirfon (b) and PBI (d). Recorded in 24wt% KOH.
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Figure S10: XPS analysis of PTFE/PBI after 1000 hours operation in the electrolyzer. Survey

spectra of anode side under the catalyst (a) uncoated active anode area (b) and cathode side

inactive area (c); (d, e, f) show the Ols peak. Assignment was made based on data from [S12].
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Figure S11: XPS analysis of PTFE/PBI after 1000 hours operation in the electrolyzer. N1s
peaks (a,b,c) and Cls peaks (d,e,f).

The survey spectra (Figure S10) show that the nitrogen peak is very weak for the anode side
samples. This could indicate that PBI was lost on the anode side, or that the coating with PBI
was thinner — this cannot be further analysed. The N1s signals for the cathode side show the
expected peaks for PBI, an imine peak around 398 ¢V and a NH peak around 400 eV. For the

anode side spectra, the two peaks are merged; this is expected for acid doped PBI: During

12



sample preparation, the catalyst sticking to the membrane was removed by washing with diluted
HCI, and the PBI imine groups are expected to be protonated in this process. The most
interesting finding for the N1s spectra is that the anode spectra do not show any N-O signals,
which should appear around 402 eV [S13]; this suggests that the PBI nitrogen atoms were not
oxidized. Similarly, the anode Cls spectra shows those peaks expected for pristine PBI[S13,
S14], also in the expected ratio. Different to the literature, which assigns the blue peaks in
Figure S11 to C-O bonds, which do not exist in pristine PBI, we suggest that the blue peaks
around 287 are related to protonated C-N groups. Close to the baseline, very weak peaks appear
around 288-290. These peaks indicate C=0O groups. Because they are also seen on the inactive
cathode side, were oxidation is not expected, this could also be the end groups of the polymer
chain, i.e. unreacted carboxylic acids, or amide groups for repeat units for which the ring closure

from amine-amide to imidazole did not occur.

In conclusion: Although loss of PBI from the anode side cannot be ruled out, based on the
higher intensity of PTFE than form PBI, there are no strong indications for chemical
degradation of PBI, i.e. no string signals for C=0O or N-O groups. This supports that PBI is
alkaline stable but may need to be crosslinked to prevent physical changes, partial dissolution

or crecp.
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Table S1: Bubble points of different membranes, wetted with KOH or water. The maximal

achievable pressure in the used setup was either 3.0 or 5.6 bar (depending on the status of

the gas supply).
Thickness Bubble point with
KOH Water
[um] [bar] [bar]
PBI 185 >3.0 >3.0
Zirfon 500 >5.6 5.6
porous 65 >3.0 1 bar
PTFE
porous 104 2.4 2.5
PVDF
PVDF/PBI | 104 >5.6 >5.6
PTFE/PBI 65 >3.0 >3.0

Table S2: Gel Permeation Chromatography of gel-PBI before immersion at 80 °C in 25wt%
KOH for 1 week and after. The measurement was done in NMP/LiCl, against polystyrene

standards.
Before testing After testing
Mn 34,127 g/mol | 38,452 g/mol
Mw 108,979 g/mol | 115,577 g/mol
Polydispersity 3.19 3.01

The molecular weight did not decrease, indicating that the materials is alkaline stable, and that
no chain scission occurred. The small increase in the average molecular weights and reduced
polydispersity suggest that a small amount of low molecular weight fractions leached out from

the membrane during immersion in KOH solution.
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Figure S12: Overview of electrolyser performances of AEMWE and AEL systems found in the
literature. The two best performing systems use platinum catalysts, all others are PGM free.

The highest performance was achieved by an AEMWE system using platinum catalysts. The
drawbacks of current AEMWE systems are (1) the expected chemical degradation of the
AEM’s quaternary ammonium groups, (2) the need of an ionomer binder (3) dimensional
changes of the ionomer binder, which results in loss of catalyst particles, (4) phenyl oxidation
when ionomer binders are in close contact with the platinum catalysts.

In comparison to all AEL systems shown in Figure S12, the PTFE/PBI membrane has the
highest performance, and did not fail in the single cell test over 1000 hours, whereas the second
best performing system (J4) failed after 300 hours.
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System Type Feed PGM Separator Note
catalyst [reference]
A AEM  Water | 1M KOH No Sustainion [S15]
B Electrolysis A201 [S16]
C A201 [S17]
D Sustainion [S18]
E Fumasep FAS-50 [S19]
F PBI/mTPN [S20]
G SEBS-DABCO [S21]
H FAA3-50 [522]
11 Water HTMA-DAPP [S23]
12 Yes HTMA-DAPP [S23]
13 1M NaOH HTMA-DAPP [S23]
1 Alkaline > 20wt% No Zirfon Raney
Water KOH nickel[S24]
2 Electrolysis Zirfon plain  nickel
[S24]
J3 mPBI plain  nickel
[S24]
Ja mPBI Raney nickel
[S24]
K 160 um  thick | [S25]
unspecified
“alkaline
membrane” made
by ITM Power plc,
UK
L polyethersulfone [S26]
membranes (pore
size: 0.1 um,
nominal thickness:
110-150 pum,
Sterlitech)
M Zirfon [S27]
N Zirfon [S28]
0 Catalyst coated | [S29]
Zirfon
P1 Zirfon [S30]
P2 300 um thick 280 [S30]
Q (this work) PTFE reinforced | This work
gel-PBI
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