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Hexamethyl-p-terphenyl poly(benzimidazolium):
a universal hydroxide-conducting polymer for
energy conversion devices†
Andrew G. Wright, Jiantao Fan, Benjamin Britton, Thomas Weissbach,
Hsu-Feng Lee, Elizabeth A. Kitching, Timothy J. Peckham and Steven Holdcroft*
A hydroxide-conducting polymer, HMT-PMBI, which is prepared by methylation of poly[2,2 0 -(2,200 ,4,400 ,6,600 hexamethyl-p-terphenyl-3,300 -diyl)-5,5 0 -bibenzimidazole] (HMT-PBI), is utilized as both the polymer
electrolyte membrane and ionomer in an alkaline anion-exchange membrane fuel cell and alkaline
polymer electrolyzer. A fuel cell operating between 60 and 90 1C and subjected to operational
shutdown, restarts, and CO2-containing air demonstrates remarkable in situ stability for 44 days, over
which its performance improved. An HMT-PMBI-based fuel cell was operated at current densities
41000 mA cm2 and power densities of 370 mW cm2 at 60 1C. When similarly operated in a water
electrolyzer with circulating 1 M KOH electrolyte at 60 1C, its performance was unchanged after 8 days
of operation. Methodology for up-scaled synthesis of HMT-PMBI is presented, wherein 421 kg is
synthesized in six steps with a yield of 42%. Each step is optimized to achieve high batch-to-batch
reproducibility. Water uptake, dimensional swelling, and ionic conductivity of HMT-PMBI membranes
exchanged with various anions are reported. In the fully-hydrated chloride form, HMT-PMBI membranes
are mechanically strong, and possess a tensile strength and Young’s modulus of 33 MPa and 225 MPa,
respectively, which are significantly higher than Nafion 212, for example. The hydroxide anion form
shows remarkable ex situ chemical and mechanical stability and is seemingly unchanged after a 7 days
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exposure to 1 M NaOH at 80 1C or 6 M NaOH at 25 1C. Only 6% chemical degradation is observed
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when exposed to 2 M NaOH at 80 1C for 7 days. The ease of synthesis, synthetic reproducibility, scale-up,
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for energy conversion devices requiring an anion-exchange material.

and exceptional in situ and ex situ properties of HMT-PMBI renders this a potential benchmark polymer

Broader context
Organic cationic polymers can be used as membranes and ionomers for hydrogen fuel cells and water electrolyzer applications, which are of growing academic
and industrial interest. However, few materials of this type have been shown to work for extended periods of time under desired operational conditions due to
mechanical and chemical degradation caused by the aggressive hydroxide anion. Additionally, experimental materials are rarely processed on larger scales.
A versatile hydroxide-stable, scalable, and processable material that could serve as the anion exchange membrane and ionomer is essential in order to move the
field of alkaline fuel cells, water electrolyzers, and flow batteries forward.

Introduction
Polymer-based anion exchange membrane (AEM) fuel cells
(AEMFCs) are of growing academic and technical interest as
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they have the potential to operate with non-platinum group
electrocatalysts,1 thus lowering manufacturing costs significantly.
AEMs also have great potential for use in water electrolyzers,2 water
purification devices,3 redox-flow batteries,4 and biofuel cells.5
A goal of AEM research is to increase their stability under high
pH and high temperature conditions. Several cationic moieties
have been evaluated for their hydroxide stability, including
guanidinium,6 DABCO,7 imidazolium,8 pyrrolidinium,9 sulfonium,10
phosphonium,11 and ruthenium-based cations.12 However, these
generally degrade over relatively short periods of time when
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exposed to a combination of high pH and temperature. The
majority of reported AEMs are derived from commercial and
traditional polymer backbones (polystyrene and polyethersulfones/
ketones) due to their ease of preparation and availability, but these
may also contain backbone functionalities that are susceptible to
degradation, which exacerbates instability.13–16
One class of polymers that contains cationic moieties along
the backbone, as opposed to the previously mentioned pendant
examples, are the alkylated poly(benzimidazoles),17 wherein the
integrity of the polymer backbone is directly related to the
stability of the benzimidazolium group. The number of possible
degradation routes for poly(benzimidazolium) are few, making it
simpler to find possible improvements. It was originally reported
that degradation of methylated poly(benzimidazolium) was
the result of ring opening, initiated by hydroxide attack on the
C2-position.18,19 Chemical degradation of membranes is accompanied by increased brittleness and deterioration of the membrane.
The probability of hydroxide attack may be lowered by increasing
the electron density at the C2-position using electron-donating
groups and/or by increasing the distance between the benzimidazolium repeat units.20,21 A more eﬀective strategy leading to stabilization of the benzimidazolium is to introduce steric hindrance
around the C2-position by way of proximal methyl groups.22
A polymeric material23 that has been demonstrated to exhibit
exceptional chemical stability is based on poly[2,20 -(2,200 ,4,400 ,6,600 hexamethyl-p-terphenyl-3,300 -diyl)-5,5 0 -bibenzimidazole] (HMTPBI), which can be controllably methylated to form HMT-PMBI,
shown in Fig. 1.
This ionene possesses both steric hindrance around the
C2-position as well as increased spacing between benzimidazolium groups, thus combining both previously observed methods
for enhancing stability against hydroxide ion attack. HMT-PMBI
is composed of three distinct units: repeat unit a represents a
monomer unit possessing 50% degree of methylation (dm), unit
b represents 75% dm, and unit c represents a unit possessing
100% dm. As the degree of methylation is increased, the ion
exchange capacity (IEC), water uptake, and conductivity of the
membrane are increased. For a fully methylated derivative (100%
dm), the polymer is soluble in water in its hydroxide ion form.
However, a polymer methylated to r92% dm and converted to
its hydroxide ion form is insoluble in water and shows no
observable degradation when dissolved in a 2 M KOH methanol
solution at 60 1C for 8 days.23 Additionally, the solubility of these
cationic polymers in low boiling solvents such as methanol
allows for it to be processed by a variety of casting or coating
methods and incorporated into catalyst inks.
The long-term in situ stability of a cationic polymer that
can act as both an anion-exchange membrane and ionomer
would represent a significant advance in AEMFC and water

Fig. 1

electrolysis research. Such a material could serve as a benchmark
material, allowing the eﬀect of radical species on AEMs to be
probed, for example, so as to form the basis for the development
of accelerated durability tests.24 Furthermore, a chemically stable,
high-conductivity anion-exchange ionomer that is resistant to CO2
impurities is required to assess the function and stability of novel
alkaline catalysts. While AEMFC stability has been shown to some
extent at 50 1C,25 higher temperatures are required to increase
hydroxide conductivity26 and improve CO2 tolerance.24 Additionally,
a benchmark AEM material would require its synthesis to be
scalable as well as possess a wide-range of properties, such as
good mechanical properties, high anionic conductivity, low water
uptake, low dimensional swelling, and high chemical stability.
In this work, we report such a material. We demonstrate the
up-scaled synthesis of HMT-PMBI, showing the versatility and
reproducibility of its modified synthesis. Additionally, large
scale synthesis allows for extensive characterization of ionenebased membranes and elucidation of properties which are not
currently understood. Every synthetic step is addressed for high
yield and high purity, particularly the post-functionalization
steps, where the yield is improved by 420% compared to a
previous report.23 The 89% dm HMT-PMBI polymer, possessing
a theoretical OH IEC of 2.5 mmol g1, was chosen for
extensive study due to the balance of high conductivity and
low water uptake. The tensile strength and elongation at break
are compared to commercial proton-exchange ionomer materials.
Water uptake, dimensional swelling, and conductivity of various
anions are determined and the upper limit of stability is found
using extensive degradation tests. By utilizing the material as both
the membrane and ionomer in an alkaline AEMFC and water
electrolyzer for more than 4 days, we demonstrate the first reported
stable cationic polymer to operate between 60 and 90 1C, incorporating shutdowns, restarts, and exposure to CO2 during the
operational cycle.

Experimental
Synthesis
The detailed synthetic procedures and individual reaction
yields can be found in the ESI.†
Membrane fabrication
HMT-PMBI (89% dm, iodide form, 3.5 g) was dissolved in
DMSO (46.67 g) by stirring and gently heating for 12 h. The
polymer solution was vacuum filtered through glass fiber at
room temperature, cast on a levelled glass plate using a K202
Control Coater casting table and a doctor blade (RK PrintCoat
Instruments Ltd) and stored in an oven at 85 1C for at least 12 h.

Chemical structure of 50–100% dm HMT-PMBI in its iodide form, named HMT-PMBI (I), where dm represents the degree of methylation.

This journal is © The Royal Society of Chemistry 2016
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The membrane peeled oﬀ the glass plate upon immersion in
distilled water. After soaking the membrane in distilled water
(2 L) for 24 h, the membrane was dried under vacuum at 80 1C
for 24 h.

circuit of the resulting data. The ionic conductivity (s) was
calculated by using eqn (4)

Water uptake

where l is the distance between the two electrodes and A is the
cross-sectional area of the membrane.
For measuring mixed hydroxide/bicarbonate/carbonate
ionic conductivities under controlled temperature and relative
humidity (RH) conditions, two membranes were first soaked in
argon-degassed 1 M KOH for 48 h. The membranes were then
washed with degassed DI water for 24 h. After the surface water
was removed with tissue paper, the membrane was mounted on
a two-point probe inside a pre-set humidity chamber (Espec
SH-241) and left to equilibrate in air for 16 h. At a given
humidity, the temperature was increased in 10 1C increments,
and the membrane equilibrated for 30 min before measuring
the resistance. When the humidity was changed, the cell was
allowed to equilibrate for 2 h before the first measurement. The
average of the two membrane conductivities is reported.

HMT-PMBI membranes were soaked in corresponding 1 M
aqueous MX solutions at room temperature for 48 h (exchanged
twice), where MX represents KF, KCl, KBr, KI, Na2SO4, KOH,
KHCO3, or K2CO3. The membranes were washed with deionized
(DI) water several times and soaked in DI water for another 48 h
at room temperature (with three exchanges of water). A fully
hydrated (wet) membrane was removed and weighed (Ww)
immediately after excess water on the surface was removed
with tissue paper. The hydrated membrane was dried under
vacuum at 40 1C to a constant dry weight (Wd). The water uptake
(Wu) was calculated using eqn (1) below.
Wu ð%Þ ¼

Ww  Wd
 100
Wd

(1)

l
AR

(4)

Anion concentration

Dimensional swelling
The procedure for determining dimensional swelling was analogous to determining water uptake wherein the wet dimensions
(Dw) and dry dimensions (Dd) were measured. The percent directional dimensional swelling (Sx, Sy, and Sz) was calculated by using
eqn (2)
Sx;y; or z ð%Þ ¼

Dw  Dd
 100
Dd

(2)

where Sx represents the dimensional swelling in the x-direction
(length-direction) and is calculated from Dw and Dd, which represent
the dimensions in the x-direction of the wet and dry membrane,
respectively. Sy and Sz represent the dimensional swelling in the
y- and z-directions (width and thickness), respectively, using
their respective Dw and Dd values in the y- and z-directions. The
percent volume dimensional swelling (Sv) was calculated using
eqn (3)
Sv ð%Þ ¼

s¼

Vw  Vd
 100
Vd

½X  ¼

IECX  wdry
Vwet

(5)

Here, IECX, wdry, and Vwet are the IEC, dry weight, and wet
volume of HMT-PMBI in the X form, respectively. The anion
concentration in OH, HCO3, and CO32 forms were calculated
using the IEC of HMT-PMBI in the pure HCO3 form.


1000 mmol mol1  2  ½2ðdm  0:5Þ
(6)
IECX ¼
MR100  2ðdm  0:5Þ þ MR50 ð1  2ðdm  0:5ÞÞ
In eqn (6), dm is the degree of methylation (0.89 if dm = 89%),
MR100 is the molar mass (g mol1) of one repeat unit of 100% dm
HMT-PMBI (including the two X counter ions), and MR50 is the
molar mass (g mol1) of one repeat unit of 50% dm HMT-PMBI.

(3)

where Vw and Vd represent wet and dry volumes, determined
from the products of the x-, y-, and z-dimensions Dw and Dd,
respectively.
Ionic conductivity
The ionic resistance of membranes in the in-plane direction
of a two-point probe was measured using electrochemical
impedance spectroscopy (EIS), performed by applying an AC
potential over a frequency range of 102–107 Hz with a Solartron
SI 1260 impedance/gain-phase analyzer. Unless otherwise
noted, the conductivity was measured for fully hydrated
membranes at ambient temperature (B22 1C). The membrane
resistance (R) was determined from the corresponding ionic
resistance calculated from a best fit to a standard Randles

2132 | Energy Environ. Sci., 2016, 9, 2130--2142

The anion concentration, [X], in HMT-PMBI membranes was
calculated using eqn (5), wherein IECX was calculated using
eqn (6).

Mechanical strength
The membranes were die-cut to a barbell shape using a
standard ASTM D638-4 cutter. The mechanical properties of
the membranes were measured under ambient conditions on a
single column system (Instron 3344 Series) using a crosshead
speed of 5 mm min1. The determined tensile strength,
Young’s moduli, and elongation at break were averaged over
at least three samples. The error reported is the standard
deviation. To convert from the as-cast iodide form to the
chloride form, the membrane was soaked in 1 M NaCl for
48 h (exchanged twice), soaked in DI water for 48 h (with
multiple exchanges), and dried at 80 1C under vacuum for
16 h before cutting. To convert from the as-cast iodide form to
the hydroxide form, the membrane was soaked in 1 M KOH
for 48 h (exchanged twice) and soaked in DI water for 48 h

This journal is © The Royal Society of Chemistry 2016
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(with multiple exchanges), where it was then cut and measured
in its wet (fully hydrated) state.

Published on 25 May 2016. Downloaded by Simon Fraser University on 12/18/2018 11:30:46 PM.

Chemical stability
A model compound of the polymer, 2-mesityl-1,3-dimethyl-1Hbenzimidazolium iodide (BMIM-I) (83 mg), was dissolved in a
2.0 mL mixture of 10 M KOHaq with 3.0 mL methanol (resulting
in a 4 M KOH solution). The mixture was heated to 80 1C for
7 days. After cooling to room temperature, a red solid was
collected by filtration, washed with water, and dried under vacuum
at 60 1C. The solid was dissolved in DMSO-d6 and analyzed by
1
H NMR spectroscopy.
Prior to testing the chemical stability of HMT-PMBI in
various ionic solutions, the as-cast iodide form was converted
to the chloride form by soaking the membrane in 1 M NaCl for
48 h (exchanged twice) and then in DI water for 48 h (multiple
fresh exchanges). The membrane was subjected to degradation
tests using various conditions in closed HDPE containers.
Following the degradation test, the membrane was exchanged
back to chloride form by soaking in 1 M NaCl for 48 h
(exchanged twice) and then in DI water for 48 h (multiple fresh
exchanges). The ionic conductivity of this membrane in its wet
form was measured and the membrane was dried at 50 1C for
16 h. Membrane pieces were dissolved in DMSO-d6 (25 g L1
concentration) and analyzed by 1H NMR spectroscopy. The
relative amount of benzimidazolium remaining was calculated
from the 1H NMR spectral data using eqn (7)
1
y
B
2C
Remaining ð%Þ ¼ @
z A  100
1
2
0

AEMFC operation

1

(7)

where y represents the integration area between 6.00–4.35 ppm
relative to 12.00H for the 9.20–6.30 ppm area for the sample
of interest and z represents the integration area between
6.00–4.35 ppm relative to 12.00H in the 9.20–6.30 ppm region
for the initial sample.
Assembly of the catalyst-coated membrane
An HMT-PMBI membrane (89% dm) was first exchanged from
iodide to chloride form by immersion in 1 M KCl for 7 days
followed by soaking in DI water for two days with one fresh
exchange of DI water half-way through. The chloride form
HMT-PMBI was dissolved in MeOH to form a 10 wt% ionomer
dispersion. Separately, a catalyst mixture was prepared by adding
water followed by methanol to commercial carbon-supported
Pt catalyst (46.4 wt% Pt supported on graphitized C, TKK
TEC10E50E). The ionomer dispersion was added drop-wise to
the catalyst mixture while the solution was rapidly stirred. This
resulting catalyst ink contained 1 wt% solids in solution and a
3 : 1 (wt/wt) MeOH : H2O ratio. The solids comprised of 15 wt%
HMT-PMBI (Cl) and 85 wt% Pt/C. 15 wt% HMT-PMBI (I)
catalyst ink was similarly produced from the iodide form. 25 wt%
FuMA-Tech FAA-3 (Br) catalyst ink was similarly produced using
commercial ionomer dispersion (FAA-3, 10 wt% in NMP).

This journal is © The Royal Society of Chemistry 2016

To form the catalyst-coated membrane (CCM), a membrane
was fixed to a vacuum table at 120 1C. The HMT-PMBI
(Cl) membrane thickness used for the AEMFC testing was
34  2 mm; for the water electrolysis, it was 43  2 mm. The
commercial membrane (FAA-3, Br) thickness used for the
AEMFC testing was 20 mm; for the water electrolysis, it was
50 mm. The prepared catalyst ink was applied using an ultrasonicating spray-coater (Sono-Tek ExactaCoat SC) to create a
5 cm2 electrode area with cathode/anode catalyst loadings
of 0.4/0.4 mg Pt cm2 for the AEMFC or 0.5/0.5 mg Pt cm2
for the water electrolyzer. The HMT-PMBI (Cl) CCM was then
immersed in 1 M KOH in a sealed container for 7 days and DI
water for 7 days in a sealed container. FAA-3 CCMs were nonoperational after this process and the FAA-3 CCM was instead
immersed in 1 M KOH for 24 h. For comparison, the HMT-PMBI
(I) CCM were exchanged in 1 M KOH for 24 h. Gas-diﬀusion
layers (GDL, Sigracet 24BC) were applied to the electrodes and
gasketing of a specific thickness was chosen to achieve a 20–30%
GDL compression. The resultant assembly was torqued to 2.26 N m.
Alignment and adequate compressions were confirmed by using
a pressure-sensitive film (Fujifilm Prescale LLLW). For water
electrolysis, CCMs were mounted in a fuel cell hardware modified
for alkaline electrolyte stability, which included Ti flow fields.
CCMs were laminated, and a 50 mm thick Ti screen (60% open
area) was applied to the electrodes, with gasketing that was
sufficient to provide a zero gap between the flow field, Ti screen,
and the electrode.

The resultant HMT-PMBI (OH, previously in Cl) AEMFC
was conditioned at 100 kPaabs and 60 1C under 100% RH and
H2/O2 and subsequently operated at 300 kPaabs. The potential
and resistances measured stabilized for current densities
4100 mA cm2 after 8 h operation. The CCM was conditioned
by running multiple, slow polarization sweeps. The current was
increased stepwise from open circuit voltage (OCV) at a rate of
10 mA cm2 per 5 min up to a 0.15 V cut-oﬀ. Over the operation
time of the AEMFC, multiple sets of polarization data were
taken at 5 min pt1 from OCV at 5 or 10 mA cm2 intervals to a
0.2 V cut-oﬀ, with additional 1 min pt1 steps at 2 mA cm2
intervals between 0–20 mA cm2 in order to resolve the kinetic
polarization region. Multiple fuel cells were constructed and
tested under different conditions. In the fuel cell test presented
here, the fuel cell was subjected to a 5 day shutdown after 60 h
of operation, and then restarted for an additional 10 h. At 70 h
of total operation, CO2-containing air was used as the gas feed
for 21 h (70–91 h time period) rather than pure O2 in order to
examine fuel cell operation using ambient air, before returning
the gas feed back to pure O2. During the following 109–114 h
operational time using pure O2, the temperature was increased
to 70 1C for 1 h and then increased in 5 1C intervals to 90 1C.
The same conditioning procedures and conditions were used
for FAA-3 CCMs and HMT-PMBI (I) CCMs for comparison.
For operation using 100 kPaabs, polarization data was taken at
5 s pt1. A diagram of the experimental setup is shown in
Scheme S1 (ESI†).

Energy Environ. Sci., 2016, 9, 2130--2142 | 2133

View Article Online

Energy & Environmental Science

Published on 25 May 2016. Downloaded by Simon Fraser University on 12/18/2018 11:30:46 PM.

Water electrolyzer operation
The water electrolyzer used a 1 M KOH circulating electrolyte
flow heated to 60 1C, separately supplied to the anode and
cathode at a rate of 0.25 mL min1. A diagram of the experimental setup is illustrated in Scheme S2 (ESI†). The electrolyte
was circulated for 1 h prior to electrolysis to ensure the polymer
within the CCM was converted to the hydroxide form. 20 mA cm2
was drawn from the FAA-3 based cell and 25 mA cm2 was drawn
from the HMT-PMBI based cell, using a Solartron SI 1260. The
experiment was terminated for FAA-3 cells when the applied
potential reached 3 V or fell below 1.2 V, corresponding to two
diﬀerent modes of cell failure, as reported in literature.27 The
hydrogen evolution reaction (HER) and oxygen evolution reaction
(OER) current density attributable to the Ti screens was measured
ex situ in 1 M KOH potentiodynamically, and accounted for
o0.1 mA cm2 in this potential range. Rates of hydrogen and
oxygen gas evolution were also observed by inspection.

Results and discussion
Synthesis
The scaled-up synthesis of HMT-PMBI was performed on multiple
smaller scale setups, in either a 5 L reactor or a 1 L round-bottom
flask. The average yields and standard deviations for multiple
syntheses are shown in Scheme 1. The quantities shown are the
total used (u) or the yield obtained (y).
The synthetic route used mesitoic acid (900 g, 5.5 moles)
which was readily brominated to yield BMA in high yield

Paper

(87.4  1.1%, 4 runs, 5 L scale). This yield was significantly
higher than the original reported 60% yield28 and our previously
reported yield of 74%.23 The yield was found to increase when
excess bromine was used rather than a stoichiometric amount,
as dibromination was not observed to be significant. The second
step involved methylation of BMA to BME, which was achieved in
near-quantitative yield (98.8  1.1%, 11 runs, 1 L scale).
The third step involved Suzuki coupling of BME with
1,4-phenylenediboronic acid to form monomer HMTE, which
was reproduced in 57  2% yield (8 runs, 5 L scale). The
amount of catalyst, Pd(PPh3)4, was varied in each run, initially
starting with 0.54% mol catalyst per BME. The amount of
catalyst was decreased to as low as to 0.08% mol catalyst per
BME without any reduction in yield. High purity HMTE was
obtained from every batch, as judged by their indistinguishable
1
H NMR spectra (Fig. S5, ESI†).
In contrast to the originally reported synthesis of HMT-PMBI,23
where monomer HMTE was hydrolyzed to its diacid form and
then polymerized, polymer HMT-PBI was obtained directly from
monomer HMTE. The original hydrolysis route involved dissolving
HMTE in concentrated sulfuric acid and precipitating into water.
However, as the polymerization to HMT-PBI involves Eaton’s
reagent (7.7 wt% P2O5 in methanesulfonic acid), the hydrolysis
was found to occur in situ, thus eliminating the need for a specific
hydrolysis step, and reducing the polymer synthesis by one step.
The monomer, DAB, which was purchased from more than one
company and having diﬀerent purities, was recrystallized prior to
every polymerization in order to ensure uniform DAB purities and
thus reproducible polymers (Table S4, ESI†).

Scheme 1 Scaled-up synthetic route to HMT-PMBI (I), showing the average yield and standard deviation for multiple batches of each reaction.
The amounts of reagents and products shown represent the total amount used over the multiple syntheses performed. The last step shows the yield after
optimization.
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HMT-PBI was produced with a theoretical yield of 102  2%
(26 runs, 1 L scale). The over-estimated yield is most likely due to
residual acid present in the polymer fibers. While there were small
diﬀerences in colour and thickness of the precipitated polymer
fibers from batch to batch (Table S5, ESI†), the 1H NMR spectra
(Fig. S6, ESI†) show no visible diﬀerences in the expected
resonances. Due to the negligible variability of each batch,
batches were combined, blended, and ground into a saw-dust-like
powder using a 700 W blender and mixed together in a 12 L vessel.
The following partial methylation procedure of HMT-PBI to
B50% dm HMT-PMBI was varied throughout the repeated
syntheses in order to optimize the yield and decrease the
purification time. For example, the average yield of batches
1–4 and 5–11 were 81  2% and 88.7  0.5%, respectively (see
Table S6, ESI†). This significant increase in yield was due to the
addition of potassium iodide in the purification of the polymer
in batches 5–11. For example, when the polymer was precipitated
from DMSO into water, its amphiphilic nature caused it to partially
dissolve, due to its over-methylation of 55  2% dm. The addition
of potassium iodide prevents the polymer from dissolving without
potentially exchanging the counter-ion, for example, to chloride, if
sodium chloride was used instead. This lowers the time needed to
filter the polymer for batches 5–11, which also possessed significantly less solvent impurities than the initial batches (Fig. S7,
ESI†), and is likely due to the ability to better wash the filtered
polymers. An unassigned peak in all of the 1H NMR spectra of
B50% dm HMT-PMBI (400 MHz, CD2Cl2) polymers was observed
at 0.13 ppm, which may be due to methylated silicates arising from
the hot KOH–DMSO solution that etches the glass walls of the
reactors. This suggests that non-glass reaction vessels would
perform better for repeated large scale batches.
The final synthetic step was the controlled methylation of
B50% dm to 455% dm HMT-PMBI in dichloromethane,
which was achieved in near-quantitative yield (98.1  1.1%)
over a range of dm%. The original procedure involved the
precipitation of the ionene from the dichloromethane solution
into acetone, but this procedure led to a 20–30% loss in yield.
Instead, evaporation of the dichloromethane resulted in nearly
quantitative yield for all degrees of methylation. While a
number of polymer batches of 455% dm HMT-PMBI were
prepared in order to show the extent of control and reproducibility, only those polymers with 89% dm were subjected to
characterization and stability tests. The choice of 89% dm
arises from our previous work in which we showed that this
dm%, and hence IEC, provided membranes with balanced
ionic conductivity, water uptake, and mechanical strength.
The overall synthetic yield, based on the starting mesitoic acid
to 455% dm HMT-PMBI was 42  3%, which is high for a six-step
synthesis. Each step showed high reproducibility in terms of yield,
as well as purity. The synthesis of 617 g of 55  2% dm HMTPMBI, which corresponds to 1.03 mol repeat units, demonstrates
the versatile scale up of this synthetic route.
Hydroxide ion conductivity
The as-cast 89% dm HMT-PMBI (I) membrane was converted
to hydroxide form by immersion into 1 M KOH for 48 h,

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Ionic conductivity as measured by EIS of 89% dm HMT-PMBI,
initially in OH form, at 95% RH and 30 1C in air over time, where the
inset shows the expanded, 0–60 min, region.

followed by washing with argon-degassed water several times.
By immediately monitoring, the ionic conductivity of the wet
membrane was measured by electrochemical impedance
spectroscopy (EIS) in air (Fig. S1, ESI†). The initial conductivity
of 23 mS cm1 decreased rapidly upon exposure to air and
leveled oﬀ at 8.1 mS cm1 after B40 min, as shown in Fig. 2.
This eﬀect has been shown previously in other materials12,29,30
and is attributed to rapid conversion of hydroxide to a mixed
hydroxide/bicarbonate/carbonate form upon exposure to atmospheric CO2.
Accordingly, after 16 h equilibration in air, the mixed carbonate
conductivity was measured at various temperatures and relative
humidity (RH), which followed Arrhenius-type behavior, as shown
in Fig. 3a. The highest conductivity was measured at 95% RH and
90 1C to be 17.3 mS cm1. The activation energies (Ea) were
calculated at each humidity level using Ea = mR, where m
represents the slope of the linear regression for ln s vs. 1000/T
and R represents the universal gas constant (8.314 J mol1 K1).
Between 70–95% RH, Ea was calculated to be 25–26 kJ mol1, which
is typical for bicarbonate AEMs.31 However, as the RH was decreased
below 60%, the activation energy linearly increased, as shown in
Fig. 3b, possibly due to the loss of accessible cationic sites that are
immobilized in the backbone. This suggests that an RH of at least
60% is required to hydrate the polymer for unhindered bicarbonate
conduction.
Physical properties of HMT-PMBI incorporating various anions
The water uptake (Wu), volume dimensional swelling (Sv), and
directional swelling (Sx, Sy, and Sz) were measured for 89% dm
HMT-PMBI after soaking for 48 h in various 1 M ionic solutions,
to exchange the anion, and washed with water for 48 h. The
resulting water uptake and swelling are shown in Fig. 4. Fig. 4a
illustrates a proportional relationship between dimensional
swelling and water uptake for the monovalent anions, with the
exception of the fluoride ion form. Dimensional swelling
increased in the order of I o Br o F o Cl o OH. This
unusual behavior of the fluoride form is more clearly observed in

Energy Environ. Sci., 2016, 9, 2130--2142 | 2135

View Article Online

Published on 25 May 2016. Downloaded by Simon Fraser University on 12/18/2018 11:30:46 PM.

Energy & Environmental Science

Fig. 3 (a) Arrhenius plot of ion conductivity of 89% dm HMT-PMBI
membranes in mixed carbonate form at various temperatures and RH, in
air, and (b) the corresponding calculated activation energy at a given RH.

plots of directional swelling (Fig. 4b), where KF results in significant anisotropic swelling. The fluoride form swells by almost
three times more in each in-plane direction compared to the outof-plane (Sz) whereas the other halogens exhibit minor increases
in thickness relative to in-plane swelling. The relative decrease in
swelling in the thickness direction of the fluoride ion form is
similar to that of the bivalent anions (CO32 and SO42), which
have the ability to ionically-crosslink the polymer. The observed
anisotropic dimensional swelling of the fluoride ion form may be
due to the anisotropic orientation of the polymers, i.e., aligning
parallel to the in-plane direction, due to the slow evaporation
process during casting, but this would require further study for
validation.
The conductivity of wet membranes of each ion form is
shown in Table 1. The highest conductivity was observed for
membranes ion-exchanged using KOH solution; exchange with
KCl produced a membrane with the second highest conductivity.
The conductivity diﬀerences between KOH, KHCO3, and K2CO3
were larger than expected, as each ion is known to equilibrate
to a similar mixed carbonate form in air. A possible reason is
due to the mechanical changes that occur due to diﬀerent
swelling behavior in the various ionic solutions, as previously
shown in Fig. 4.
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Fig. 4 (a) Volume dimensional swelling (Sv) versus water uptake (Wu),
including a dashed trendline which excludes K2CO3, Na2SO4, and KF and
(b) directional dimensional swelling (Sx, Sy, or Sz) for 89% dm HMT-PMBI
after being soaked in various 1 M ionic solutions and washed with water.
Sz represents the out-of-plane swelling.

Table 1 Diﬀusion coeﬃcients at infinite dilution of anions and the
respective anion conductivity and anion concentration of HMT-PMBI

Solution

DXa (105 cm2 s1)

sXb (mS cm1)

KF
KCl
KBr
KI
KOH
KHCO3
K2CO3

1.48
2.03
2.08
2.05
5.27
1.19
0.92

6.2
7.5
4.2
0.87
10.0
3.8
2.0









0.2
0.4
0.6
0.01
1.2
0.4
0.2

[X]c (M)
1.86
1.7
1.89
2.04
1.51
1.57
1.69









0.10
0.2
0.09
0.07
0.07d
0.09d
0.12d

a
Literature data for diﬀusion coeﬃcients of anions (DX) in aqueous
solution at 25 1C.33 b Anion conductivity (s) of 89% dm HMT-PMBI
membranes in water after anion exchange in 1 M solutions at room
temperature. c Anion concentration in HMT-PMBI at room temperature.
d
As these ion forms were not protected from atmospheric CO2, the IEC of
the HCO3 was used in their calculation of [X].

The diﬀerences in conductivity of membranes containing
diﬀerent anions does not correlate to the corresponding diﬀusivity coeﬃcient of the anion at infinite dilution, D, listed
in Table 1. For example, the diﬀusivity coeﬃcient at infinite
dilution is similar for Cl, Br, and I, but the conductivity
decreases in the order of Cl 4 Br 4 I. This trend is likely
due to diﬀerences in water uptake and diﬀerences in dimensional

This journal is © The Royal Society of Chemistry 2016
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Mechanical properties of HMT-PMBI membranes compared to that of Nafion 212

Mechanical propertyb,c

Nafion 212 (d)a

Nafion 212 (w)a

HMT-PMBI (I, d)

HMT-PMBI (Cl, d)

HMT-PMBI (Cl, w)

Tensile strength (MPa)
Elongation at break (%)
Young’s modulus (MPa)

23.9
136
270

19.4
119
200

64.7 (0.3)
97 (13)
1070 (160)

50 (2)
76 (10)
940 (40)

33 (3)
63 (5)
230 (30)

Published on 25 May 2016. Downloaded by Simon Fraser University on 12/18/2018 11:30:46 PM.

a
Literature data37 for a membrane. b d = dry form; w = fully hydrated form. c Mechanical properties for HMT-PMBI membranes (89% dm) were
measured three times and the standard deviations are shown. The chloride form was produced by exchanging the as-cast iodide membranes in 1 M
NaCl.

swelling of the membranes, the eﬀect of an anion possessing
diﬀerent dissolution enthalpies,32 and the fact that the anions are
far from being at infinite dilution – the anion concentration in the
volume of the membrane is in the order of 1.5–2 M (Table 1),
which means an even greater concentration in the ionic channels.
This brings into question the validity of using D values to
estimate hydroxide conductivities based on mixed carbonate
forms (ratio of 3.8) or chloride forms of the polymer, which
have been previously used in the literature to draw comparisons
between anions.12,31,34,35
The ability of the hydroxide ion to convert to the mixed
carbonate form makes the measurement of the hydroxide
conductivity form unreliable. As a result, measurements pertaining to degradation tests and mechanical properties of
HMT-PMBI after exposure to diﬀerent aggressive conditions
were reconverted to the chloride form, as the chloride form
exhibits the next closest properties to the hydroxide ion form,
yet is stable in air.
Mechanical strength
Tensile strength, elongation at break, and the Young’s modulus
were measured for 89% dm HMT-PMBI membranes using the
as-cast iodide, chloride-exchanged, or hydroxide-exchanged
form (Fig. S2, ESI†). At least three measurements were performed on each form and their properties are tabulated in
Table 2. The tensile strength of the as-cast HMT-PMBI
membrane (I, dry) was measured to be 64.7  0.3 MPa,
equivalent to the high performance polymer, m-PBI (65 MPa),36
which has a similar backbone. However, the elongation of
89% dm HMT-PMBI (97  13%) is higher than m-PBI (2%)36 by
two orders of magnitude. From these data, HMT-PMBI is
viewed as being exceptionally strong and flexible for an ionic
solid polymer electrolyte. The tensile strength of the dry
polymer decreased when the iodide was exchange for chloride
form, and furthermore decreased when in a wet state, which is
attributed to the increased water uptake and dimensional
swelling of the chloride forms, as previously shown. However,
when the membrane was in its mixed hydroxide form, it had a
lower tensile strength and Young’s modulus of 12  5 MPa
and 19  2 MPa, respectively, yet a higher elongation at
break of 150  30%. Nevertheless, the wet chloride and
mixed hydroxide forms possessed comparable mechanical
properties to the commercial ion-exchange membrane, Nafion
212, illustrating that HMT-PMBI exhibits robust mechanical
properties, potentially suitable for fuel cell or water electrolyzer
applications.

This journal is © The Royal Society of Chemistry 2016

Ex situ stability to hydroxide ions
The model compound, 2-mesityl-1,3-dimethyl-1H-benzimidazolium
(MBIM) (Scheme 2), was subjected to 4 M KOH/CH3OH/H2O
at 80 1C for 7 days in order to observe the 1H NMR spectrum of
the degradation product without the complicated side-products
from deuterium exchange. The precipitated, dark red-coloured
degradation product was collected and analyzed by 1H NMR
spectroscopy, as shown in Fig. S8 (ESI†). The main degradation
pathways reported in literature are nucleophilic displacement
(Scheme 2a)38 and ring-opening degradation (Scheme 2b)39
followed by hydrolysis (Scheme 2c). It has been recently shown
that MBIM degrades only by ring-opening when in 3 M NaOD/
CD3OD/D2O at 80 1C,40 which agrees well with the spectrum of
the degraded product. There appears to be more than one
isomer, which results in multiple peaks within a given area.
For example, the N–H peaks appear between 5.4–4.4 ppm but
only one quartet peak was expected. Two quartets are instead
observed, suggesting that conjugation through the amide bond
locks rotation on the NMR time scale, observing trans- and
cis-like compounds simultaneously. The conjugation is also the
likely reason for the dark red colour of this product.
The hydroxide stability of 89% dm HMT-PMBI was examined
under high temperature and high pH conditions in order to
determine the upper limit of stability. Membranes were first
examined for stability in 2 M KOH at 20, 40, 60, and 80 1C for
7 days. The anion conductivity, as shown in Fig. 5a, was stable

Scheme 2 Possible degradation pathways for the model compound in
hydroxide solution: (a) nucleophilic displacement, (b) ring-opening/C2hydroxide attack, followed by (c) hydrolysis of the amide.
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Fig. 5 (a) Measured chloride ion conductivity and (b) relative percent of benzimidazolium remaining of 89% dm HMT-PMBI membranes after 7 days of
soaking in 2 M KOH at various temperatures; (c) measured chloride ion conductivity and (d) relative percent of benzimidazolium remaining of 89% dm
HMT-PMBI membranes after 7 days immersion in NaOH solutions of increasing concentration at 80 1C. Membranes were first reconverted to the
chloride form for conductivity measurements and then the benzimidazolium remaining was determined from their 1H NMR spectra. The open diamonds
refer to the initial samples.

up to 40 1C but decreased at 60 1C by 9% and at 80 1C by 19%. To
determine if the resulting loss in conductivity was due to chemical
degradation, the 1H NMR spectra of each sample was collected
(Fig. S9, ESI†). For the spectra of membranes exposed to 2 M KOH
at 60 1C and lower, no chemical change was observed. This agrees
with a previous literature report23 wherein HMT-PMBI was subjected
to a 2 M KOH, 60 1C test in methanol, and where no degradation
was observed after 8 days. The 9% decrease in conductivity is
therefore attributed to a morphological change in the membrane,
similar to a conditioning process, and not to chemical degradation.
Exposure of the membrane to 2 M KOH at 80 1C for 7 days
revealed minor changes in the 1H NMR spectrum of HMT-PMBI,
i.e., at 7.2, 5.5–4.6, 3.2–2.6, and 2.4 ppm. Similar to the degradation of MBIM, the peaks shift up-field to similar positions as those
for the degraded model compound. In particular, two small peaks
emerge in the 5.5–4.6 ppm region, representative of the characteristic N–H group formed by ring-opening degradation. By comparing
the integration of the 6.00–4.35 ppm region relative to 12.00H
corresponding to the aromatic region, the extent of chemical
degradation was quantified using eqn (7). In the event that 100%
ring opening degradation of the polymer occurred, the 6.00–4.35
ppm should integrate to 2.00H. As such, the remaining quantity of
benzimidazolium relative to the initial spectrum can be plotted, as
shown in Fig. 5b.
The relative amount of benzimidazolium remaining is
unchanged for the 60 1C test, which quantitatively verifies that

2138 | Energy Environ. Sci., 2016, 9, 2130--2142

there is no chemical degradation within this 7 day time period.
At 80 1C, the amount of benzimidazolium remaining decreases
from 100% to 94%. While this 6% degradation may be approaching
the numeric uncertainty in this method, it appears to be consistent
with the qualitative changes observed in the NMR spectra. However,
it is unclear whether the 19% decrease in conductivity is solely
related to the minor chemical degradation or if it is a combination
of chemical degradation and conditioning.
In a modified degradation study, 89% dm HMT-PMBI was
immersed in solutions of increasing NaOH concentration at
80 1C for 7 days. The resulting measured conductivities, after
reconverting to the chloride form, as well as the percent
benzimidazolium remaining (calculated based on 1H NMR
spectra Fig. S10, ESI†) are shown in Fig. 5c and d, respectively.
The conductivity of the membranes exposed to 0.5 M and
1.0 M NaOH at 80 1C did not significantly change over the
7 day period, demonstrating its stability against hydroxide ion
attack. However, immersion into solutions above 1 M NaOH
results in a decrease in conductivity. 1H NMR analysis indicated
significant degradation is observable (Fig. 5d), where the
amount of remaining benzimidazolium reaches a plateau of
40% for the 5.0 and 6.0 M NaOH treatments. This may due to
the inability of hydroxide to permeate any further into the
increasingly hydrophobic membrane which is induced after
degradation. Similar to the prior degradation experiment,
94% benzimidazolium remained for the 2 M NaOH treatment,

This journal is © The Royal Society of Chemistry 2016
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suggesting that there is no significant diﬀerence between 2 M
NaOH and 2 M KOH degradation tests at 80 1C for 7 days.
Over the 7 days at 80 1C, all membranes subjected to NaOH
solutions (0.5 M to 6.0 M) remained intact and flexible.
However, the initially yellow-coloured membrane became
darker in colour commensurate with the NaOH concentration
(Fig. S3, ESI†). The retention of the physical properties of
the membrane suggests ring-opening degradation does not
result in extensive backbone cleavage, which would occur if
amide hydrolysis continued, as is observed with methylated
m-PBI.19 It can be presumed that the degradation is retarded
after ring-opening degradation. The red-shifted colour, as
was observed with the fully ring-opened model compound,
appears to follow the same trend as the percent of remaining
benzimidazolium (Fig. 5d), suggesting that this ring-opening
degradation is the major, and possibly only, degradation
pathway occurring.
When the membrane was subjected to 6 M NaOH at room
temperature for 7 days, no chemical degradation was apparent
(Fig. S11, ESI†). By using eqn (7), the amount of benzimidazolium
remaining was calculated to be 98%, which quantitatively implies
no significant degradation. Similar to the previously mentioned
conditioned process, the membrane that was treated in 6 M NaOH
had an increased anionic conductivity from 10.1  0.4 mS cm1
initially to 12.0  0.4 mS cm1. This suggests that the material is
highly stable in 6 M NaOH at room temperature, representative of
exceptional ex situ stability.
In situ fuel cell operation
The 89% dm HMT-PMBI was used as both the membrane and
catalyst layer ionomer for fuel cell analysis. The initial iodide
form was first exchanged to the chloride form, as chloride has
been shown to have a negligible eﬀect on electrocatalysis in
alkaline electrolytes.41 A rigorous pre-conditioning was invoked
to ensure accurate data for long-term stability tests, involving
immersion of the chloride form CCM in 1 M KOH for 7 days

Energy & Environmental Science

followed by 7 days in water. The test protocol used is shown in a
flow diagram format in Scheme S3 (ESI†). Long-term immersion
of the hydroxide-form AEMFCs in water removes impurity ions
from the catalyst layers, thus improving electrocatalysis and
preventing in situ degradation from precipitate formation,
potentially leading to improved long-term stability.42,43 Few
standard practices exist in the characterization of AEMFC
membranes and ionomers, and ‘best practices’ are only just
beginning to be developed.44 However, it is possible that
beginning-of-life polarization data may only represent polarization data achieved when the membrane/ionomer is in an eﬀectively
KOH-doped state. As such long-term polarization steps were
chosen (5 min pt1), which is a standard procedure for the
in situ characterization of proton-exchange membrane and ionomer
materials. Additionally, this ensures equilibrium is reached in terms
of water management, which is a more complex process in AEMFCs
than for proton exchange membrane fuel cells.
The AEMFC (Scheme S1, ESI†) for which data are presented
was conditioned at low potentials, reaching full conditioning,
i.e., near-peak power densities, within 8 h. AEMFCs functioned
stably at all potentials over dozens of slow polarization curves
at 60 1C for over 100 h, as shown in Fig. 6. A cold restart (i.e.,
shutdown, cool-down, and re-equilibration to full function) was
performed, including a 5 day period of non-function at the 60 h
mark; these hours are not included in the following reported
lifetime. After full re-equilibration, the cell was operated for
21 h with CO2-containing air (at 70–91 h). After returning the
gas back to O2, full re-equilibration was quickly achieved, as
observed from the polarization data (Fig. 7a). Representative
polarization data are given after conditioning, cold restart, and
re-equilibration with air. At 0, 51, and 94 h, the maximum
power densities (Pmax) measured from Fig. 7b are 47.7, 48.9,
49.2 mW cm2, respectively, which signifies an improvement
over time – and to the best of our knowledge, the first peerreviewed report of its kind for an AEMFC operating at 60 1C
under challenging conditions (see ESI† for error analysis).

Fig. 6 Measured applied potentials over time for an AEMFC incorporating HMT-PMBI membrane and ionomer, operated at 60 1C, with H2 being
supplied to the anode, at the current density shown. At 60 h, the AEMFC was shut-down, left idle for 5 days at room temperature, and restarted back to
60 1C. Between 70–91 h, the cathode was run using air (CO2-containing); otherwise, it was operated with O2.

This journal is © The Royal Society of Chemistry 2016
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After operating the fuel cell at 60 1C for 109 h, the temperature
was increased up to 90 1C and polarization data were recorded.
For 5 1C temperature increments from 70–90 1C, Pmax values were
54.5, 55.9, 57.4, 64.4, and 62.5 mW cm2, respectively (Fig. 7c).
The reduction in peak power density between the 85 1C and
90 1C data is attributed to early-onset mass transport losses.
The overall peak power density increased 31% between 60 and
85 1C, with significant improvements in the kinetic-region for
polarization data between 70 and 85 1C. Improvements in the
high-temperature operation were consistent over multiple fuel
cell tests, which is noteworthy for membrane-based alkaline
AEMFCs.
To compare an HMT-PMBI-based fuel cell with that of a
commercial-type AEMFC, CCMs were prepared using FuMATech FAA-3 membranes and ionomer. When the cell containing
this commercial membrane and ionomer was subjected to the
same pre-conditioning as HMT-PMBI (1 M KOH for 7 days
followed by 7 days in water), the AEMFC based on commercial
materials was non-operational due to degradation. However, if
the commercial fuel cell was first conditioned using a 1 M KOH
soak for 24 h and used without a water wash, the cell was fully
operational, reaching a Pmax of 430 mW cm2, as shown in
Fig. 8, which agrees well with literature.45 However, the cells
containing the commercial membrane and ionomer could
not be subjected to the shutdown, restart, and exposure to
CO2-containing air, nor operated at higher temperatures
without rapid degradation. When HMT-PMBI fuel cells were
also conditioned using the latter method (by soaking the iodide
form CCM in 1 M KOH for 24 h), they yielded a similar Pmax of
370 mW cm2.
In situ water electrolysis operation
The water electrolyzer setup involved using 1 M KOH as liquid
electrolyte at 60 1C, which is considered a rigorous test of
alkaline stability.27 Furthermore, the use of dual syringe pumps
and atmospheric pressure in the experimental setup (Scheme
S2, ESI†) resulted in constantly switching diﬀerential pressure

Fig. 7 AEMFC polarization and power density curves after various operational times for an HMT-PMBI-based device operated at 60 1C and
with H2/O2 supplied to anode/cathode unless otherwise noted, where
(a) shows the performance before, during, and after switching the cathode
supply from O2 (51 h) to air (75 h) and then back to O2 (94 h), (b) shows the
power density at 0, 51, and 94 h, and (c) shows the variable temperature
performance after an initial 109 h of operation at 60 1C. The CCMs were
pre-conditioned from the chloride form by soaking in 1 M KOH for 7 days
followed by 7 days in water.

Additionally, the absence of hysteresis in this AEMFC from the
cold restart and its operation in CO2-containing air is without
published precedent. The long-term improvements to power
density and the stable polarization data strongly suggest HMTPMBI membranes and ionomers are especially stable under
these operation conditions.
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Fig. 8 AEMFC performance of FAA-3 and HMT-PMBI devices operated
under zero backpressure at 60 1C and with H2/O2 at 100% RH. Both CCMs
were pre-conditioned by soaking in 1 M KOH for 24 h and then operated
for 45 min before measurement.

This journal is © The Royal Society of Chemistry 2016
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to poisoning from feed water impurities rather than material
degradation, as trace impurities have been shown to strongly
aﬀect the HER rate.49,50
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Fig. 9 Measured potential over time for a water electrolysis test of FAA-3
(20 mA cm2) and HMT-PMBI (25 mA cm2) devices, where the flowing
electrolyte was 1 M KOH at 60 1C for up to 195 h, at which point the stillfunctional electrolyzer was shut down. At 144 h, the current was stopped,
the cell was allowed to re-condition with the same electrolyte and
temperature, and then restarted.

on the membrane as well as significant bubble formation,
which causes additional stresses on the membrane. In commercial
electrolyzers, these issues are usually addressed by operating with
shock-free electrolyte flows and at high pressures, as high as
200 bar.46 This added pressure additionally increases the value
of the highly pure hydrogen produced, as pressurization can
represent a substantial cost in hydrogen production. As a
result, the in situ lifetimes represent a rigorous measure of
mechanical and chemical durability. The measured voltages
over time for the commercial (FAA-3) and HMT-PMBI based
water electrolyzer cells are shown in Fig. 9.
Under similar experimental conditions, the cell based on
commercial materials became inoperable after 9.5 h at 20 mA cm2.
During the 9.5 h, the average potential was 2.16  0.04 V. End-of-life
was represented by the absence of gas evolution and a substantial
drop in potential (below 1.23 V), which we believe resulted from
membrane degradation and electrical shorting.27 The relatively
short lifetime of the commercial material under these conditions
was reproducible, and repeated on individual cells, 11 times. The
average operational time of three cells prepared using FAA-3
membranes and ionomer was 16.2 h.
In contrast, water electrolyzers fabricated from HMT-PMBI
were operable at 25 mA cm2 for 4144 h, with an overall
applied potential of 2.4  0.1 V (this voltage is a typical applied
potential for AEM electrolysis).47,48 HMT-PMBI cells demonstrated improving performance compared to the commercial
cell. Operation of the cell was stopped after 144 h for evaluation,
during which electrolyte flows and temperature were maintained.
In the example shown, the cell was stopped for 50 h before
restarting, and electrolysis continued for an additional 51 h at a
potential 2.4  0.1 V, whereupon the still-operational cell was shut
down. The total time in situ was 245 h, representing a minimum
of 420 times longevity versus our benchmark commercial
membrane. The observed re-conditioning between the two
periods of operation suggests that the catalyst was subject

This journal is © The Royal Society of Chemistry 2016

The feasibility of scaled-up preparation of HMT-PMBI was
demonstrated through the synthesis of 617 g of high purity
polymer in 42  3% overall yield. Each step was synthetically
improved and shown to be highly reproducible; a synthetic
step was eliminated. The HMT-PMBI dimethylated to 89%
and cast as membranes were exceptionally strong and flexible
when dry, as demonstrated through the measured tensile
strength, elongation at break, and Young’s modulus. In their
fully hydrated chloride form, the mechanical properties were
superior to commercial Nafion 212 membrane, which is
remarkable in the context of AEMs, given that membranes
were cast from solvents which contained no additives or crosslinking agents. A wide range of properties, including dimensional swelling, water uptake, and conductivity for various ion
forms is presented. The activation energy for the ionic conductivity
of HMT-PMBI in mixed hydroxide/bicarbonate form in air was
constant above 60% RH but increased when the RH was reduced
to o60% RH.
Ex situ stability tests demonstrated the exceptional stability
of HMT-PMBI under various hydroxide concentrations and
temperatures; for example, no significant degradation in 1 M
NaOH at 80 1C or 6 M NaOH at room temperature was observed
after 168 h. HMT-PMBI was examined for in situ stability as the
membrane and ionomer in an AEMFC and water electrolyzer.
For the AEMFC at 60 1C, the polymer demonstrated 4100 h of
operation at various current densities, which improved during
operation, despite modulating the cathode feed between pure
O2 and CO2-containing air and the first reported fully-restored
restart of an AEMFC. AEMFCs based on the material achieved
high power densities of 370 mW cm2, comparable to commercial
AEMFCs. However, HMT-PMBI cells demonstrated increased
material stability, resulting in substantially more stable operation
and longer lifetimes. For example, in water electrolyzers, an HMTPMBI-based cell, using 1 M KOH electrolyte at 60 1C, was operated
for 195 h without any drop in performance, whereas comparable
cells based on the commercial materials became inoperable after
only 16 h.
Collectively, the in situ and ex situ stability of HMT-PMBI,
together with its ease of synthesis, mechanical properties,
solubility in selective solvents, and insolubility in water
make it a benchmark alkaline anion-exchange membrane
and ionomer, providing motivation for further study in
a wide range of energy applications, e.g., redox flow and
metal–air batteries. Additionally, access to a versatile and
useable hydroxide-conducting polymer will facilitate further
research into AEMFCs and water electrolyzers, including the
investigation of novel catalysts, effects of CO2, and impact
of free radical formation on the lifetime of AEMFCs and
electrolyzers.
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