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Anion exchange membrane fuel cells (AEMFCs) hold the key to future mass commercialisation of fuel
cell technology, even though currently, AEMFCs perform less optimally than proton exchange
membrane fuel cells (PEMFCs). Unlike PEMFCs, AEMFCs have demonstrated the capability to operate
independently of Pt group metal-based catalysts. Water characterization inside the membrane is one
factor that significantly influences the performance of AEMFCs. In this paper, different water species
inside an anion exchange membrane (AEM), QPAF-4, developed at the University of Yamanashi, were
studied for the first time using micro-Raman spectroscopy. Spectra of pure water, alkaline solutions, and
calculations based on density functional theory were used to identify the water species in the AEM. The
OH stretching band was deconvoluted into nine unique Gaussian bands. All the hydrogen-bonded OH

Received 31st July 2023, species increased steadily with increasing humidity, while the CH and non-H-bonded OH remained

Accepted 11th November 2023 relatively constant. These results confirm the viability of micro-Raman spectroscopy in studying the
DOI: 10.1039/d3cp03660j various water-related species in AEMs. The availability of this technique is an essential prerequisite in

improving the ionic conductivity and effectively solving the persisting durability challenge facing
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1. Introduction

With the growing urgency to address global warming, curbing
emissions from human activity is becoming increasingly neces-
sary. Fuel cell technology is considered an integral part of an
overall effective solution to this problem. Not only is the system
energy efficient, with no production of CO,, but the technology
also has the added benefits of quietness and rapid refuelling.
Silence and quick refuelling are especially attractive for auto-
mobile use.'™ In the case of portable applications such as in
the automotive industry, proton exchange membrane fuel cells
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AEMFCs, thus hastening the possibility of mass commercialisation of fuel cells.

(PEMFCs) offer the highest power density, efficiency, and
durability. However, their dependency on Pt has necessitated
intensified research on anion exchange membrane fuel cells
(AEMFCs). AEMFCs operate in the same temperature range but
can potentially be independent of Pt-group metal-based cata-
lysts. AEMs are also alkaline by definition, allowing for cheaper
cell components because of the reduced corrosiveness.*®
Recently, Douglin et al.® demonstrated that, at high tempera-
tures (110 °C), an AEMFC yielded better performance values
than those reported for PEMFCs at the same temperature.
Combining the cheaper catalysts, cheaper cell building materi-
als and reported excellent high-temperature performance can
dramatically lower overall fuel cell cost per kilowatt and enable
widespread technology commercialisation.

One of the biggest challenges in commercialising AEMFCs
has always been the anion exchange membrane (AEM).”> A
viable fuel cell membrane must display high ion conductivity
(=100 x 107* S em™"7), high durability, mechanical/thermal/
chemical stability, a robust synthetic route, and cost-
effectiveness. It is challenging to fabricate AEMs with high
OH™ ion conductivity and good mechanical properties;®
increasing the ion exchange capacity (IEC) of the membrane
improves the ion conductivity but is often accompanied by a
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drop in the mechanical properties, such as increased swelling
and brittleness.”> Unlike -SO;H groups in proton exchange
membranes (PEMs), such as Nafion®™, anion-exchange groups
do not strongly dissociate, and the electrochemical mobility of
OH™ in water is lower than that of H'. This results in lower
ionic conductivities than those of commercial PEMs.? However,
the biggest challenge for the practical application of AEMFCs is
concurrently achieving a high power performance and cell
durability.>®° Attempts to balance the mentioned factors have
resulted in the development of several promising AEMs. Some
of the recent developments are:

(i) LDPE-BTMA. This low-density polyethylene contains
covalently bonded benzyl trimethyl-ammonium and cationic
head groups. At a temperature of 80 °C and 95% relative
humidity (RH), it has been reported to achieve an OH™ anion
conductivity of 145 mS ecm™*.'°

(ii) Ether-free AEMs (EF-AEM). These AEMs are prepared by
superacid catalysis. Their membrane structure contains no
ether group for better hydrolysis stability, better performance
at elevated temperatures, and enhanced durability in fuel cells
and electrolysers.''™® Ether-free polybenzimidazoles (PBIs)
containing alicyclic and aliphatic segments have been reported
to achieve OH ™ anion conductivity of 108.8 mS cm™" at 80 °C
and a peak power density of 785 mW cm ? at a current density
of 1802.9 mA cm™ 2"

(iif) PiperION. This self-supporting membrane is manufac-
tured from functionalised poly (aryl piperidinium) resin mate-
rial without mechanical reinforcement. At a temperature of
80 °C and maximum hydration, it has been reported to achieve
an OH~ anion conductivity of 148 mS cm ™. At 60 °C, the peak
power density of 442 mW cm™? is reported.'*

(iv) QPAF-4. This partially fluorinated AEM uses a quaternary
ammonium group as the OH™ exchange site.'”> At temperatures
of 80 °C, QPAF-4 with an IEC of 1.47 meq g~ * has been reported
to achieve OH ™~ anion conductivity of up to 86.2 mS cm ™' with a
roughly Arrhenius-type temperature dependence.®

The chemical structure of QPAF-4 is shown in Fig. 1. Attrac-
tive features of QPAF-4 include optimised ion exchange capa-
city, high hydroxide ion conductivity, excellent mechanical
properties, and increased alkaline stability.® Otsuji et al.*®"’
have extensively studied AEMFCs using QPAF-4 as the AEM.
From their reported results and other researchers who have
used QPAF-4,>">7'° the application of QPAF-4 in experimental
fuel cells has been well-established. Consequently, in the

Fig. 1 Chemical structure of QPAF-4.
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current research, we have selected QPAF-4 as the AEM to be
studied first.

Regarding the intrinsic electrochemical reactions, an
AEMFC produces twice as much water as a PEMFC at the anode
and consumes water as a reactant at the cathode. This makes
water management more complex than in a PEMFC. Besides,
the conductivity of a typical AEM is known to drop sharply with
decreasing water content.>’ Excess water at the anode of the
AEMFC is partly removed through the anode discharge gas
stream and partly by back-diffusion through the AEM to the
cathode side.?! On the other hand, a humidified feed air and
fuel gas continuously supply additional water to the membrane
during operation. With an appropriate understanding of the
hydration requirements in AEMFCs, it could be possible to
optimise their performance and achieve continuous AEMFC
operation with no need for external humidification as has been
established in commercial PEMFCs.”>** One method to elim-
inate the humidification requirement is using a water exchan-
ger on the oxygen side of the cell to capture water from the
discharge air and return the water to the inlet.>* Another
strategy is using ionomer binders in the catalyst layer with
higher gas solubility than the AEM.>' Modification of the GDL
has also been proposed.>® For the rapid and effective integra-
tion of these concepts in AEMFCs, it is beneficial to establish
suitable techniques to study the water distribution inside
the AEMs.

Several techniques are available for studying electrolyte
membranes in running fuel cells, such as infrared spectro-
scopy,”®*” coherent anti-Stokes Raman scattering (CARS)
spectroscopy,”®3*  neutron imaging,****  micro-Raman
spectroscopy, and combined calculations based on den-
sity functional theory (DFT) and vibrational spectroscopy.®’
Raman spectroscopy has the advantage of minimum modifica-
tion of actual cells required, usage of less-damaging near-
infrared radiation, high chemical sensitivity to both liquids
and gases and high spatial resolution (approximately 5 um) that
permits analysis of the water-content distribution in the thin
membranes.’*?***° In comparison to CARS, Raman has the
advantage of being a well-established and easy-to-use technique
because only one beam is used. It, therefore, serves as an
excellent reference for new materials such as the QPAF-4 AEM
studied in this paper.

Mattsson et al. used Raman spectroscopy to study the
degradation of membranes.*® They proved that the confocal
Raman spectroscopy technique was suitable for investigating
changes in membrane composition. Hara et al. used operando
confocal micro-Raman spectroscopy to study the water distri-
bution in a Nafion membrane in an operating fuel cell.>>* This
technique made it possible to measure the hydration level at
different membrane depths under diverse cell operation con-
ditions, such as varied temperature, humidification, current
density, and gas-flow rate. Kendrick et al used operando
Raman micro-spectroscopy to understand the polymer confor-
mation of Nafion.*!

Recently, Nishiyama et al. used CARS spectroscopy to eluci-
date the types of water species in Nafion.> Five different types

25,35,36
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Table 1 Reported bands of interest in the deconvolution of water and alkalis

Serial number Sbroscia et al.*”

Pezzotti et al.*®

3042-3200 cm™ ', Band I
3220-3270 cm ™!, Band II
3393-3471 em*, Band III
3546-3606 cm™ ', Band IV
3612-3632 cm ™!, OH™

Uk W N =

of water were identified: water H-bonded to other water
(3483 cm™ "), non-H-bonded water (3559 cm™ '), Eigen proto-
nated water (3059 cm™ '), Zundel protonated water (3371 cm™ )
and water H-bonded to -SO;~ (3289 ¢cm™').>° To correctly
interpret the spectroscopic parameters in an alkaline medium,
it is mandatory to explicitly consider hydrogen bonding
between the hydroxide and water molecules.** Several research-
ers have studied water molecules in alkaline solutions using
Raman spectroscopy.**™ Corridoni et al., while studying OH~
stretching band dynamics in LiOH, NaOH, and KOH solutions,
were among the first to observe that five Gaussian bands were
sufficient to describe the OH stretching region of the aqueous
hydroxides.*”> Sbroscia et al,’” in a similar study in LiOH,
NaOH, and KOH hydroxide solutions of different concentra-
tions, also effectively used five bands identical to those
reported by Corridoni et al. They selected Bands (I) to (IV) to
best reproduce the O-H stretching region, while band V,
located between 3610 and 3640 cm ™!, was ascribed to the
hydroxide anion (Table 1).*” Band IV (around 3557 cm™ ') was
identified as a self-contribution of the correlation function.
This view is based on the fact that Raman spectroscopy employs
correlation functions of the derivative of molecular polarizabil-
ity to probe molecular behaviour.*” This function has two
distinct contributions: inter-molecular interaction and self-
contribution from single-molecule behaviour. They concluded
that Bands I-III have a shared origin and a combined centre of
gravity between 3290 and 3260 cm ™ '. Pezzotti et al., in a study
on the effect of pH on the OH region, also observed that five
bands represented the overall spectrum satisfactorily.*® The
five bands were labelled based on the donor/acceptor proper-
ties of water molecules, as listed in Table 1. Falk*® and De
Marco et al.,” using infrared spectra from O-'H and O-*H
bond interactions, quite elaborately highlighted the accompa-
nying molecular dynamics to this donor/acceptor phenom-
enon. Recently Wang et al. observed that the presence of
KOH in water led to higher Raman intensity, the appearance
of low-wavenumber Raman bands, and an enhanced hydrogen
bonding network.*®

It is expected that the full OH stretching band in any AEM
should be a superposition of the vibrational contributions from
H,0, OH, vibrations unique to the AEM structure, and any
interactions between the ions. For QPAF-4, based on its mole-
cular structure, these expected bands in the OH region are:

(i) The hydroxide (OH™) stretching band around 3600-
3640 Cm—1.44,45,47,51

(ii) The bands for double donor single acceptor (DDA) H-
bonded water, double donor double acceptor (DDAA) H-bonded

1660 | Phys. Chem. Chem. Phys., 2024, 26, 1658-1670

3014 cm ™, single donor double acceptor (DAA)
3226 cm ', double donor double acceptor (DDAA)
3432 em ™, single donor single acceptor (DA)
3572 cm™ ', double donor single acceptor (DDA)
3636 cm™*, free OH/OH ™

water, single donor single acceptor (DA) H-bonded water,
double donor single acceptor (DDA) H-bonded water, and free
OH'48,52,53

(iii) The CH band from the benzene ring around 3000-
3100 cm ****%% and the CH band from the methyl at the
quaternary ammonia group around 2800-3000 cm ™ .****

(iv) Any interactions arising between the ions present.

The present study sought to quantify and characterise the
water inside an AEM for the first time by Raman spectroscopy
in an assembled cell at various RH values. The choice to use an
assembled fuel cell is because this study is part of continuing
research on water distribution in operational AEMFCs, despite
no power generation being done in this study. The behaviour of
the OH stretching band in alkaline solutions was first estab-
lished. The findings from this exercise were used to complete
the interpretation of the deconvoluted OH stretching region
from the AEM. DFT calculations were carried out to shed
further light on the interaction of various states of water in
contact with the AEM.

2. Methodology

2.1. Experimental

As part of the assembly process, an airtight transparent quartz
window 200 pm thick and 16 mm x 18 mm in size was
mounted at the cathode end plate to allow the laser beam to
access the gas diffusion layer (GDL) at the cathode
side.>®??7*13> A pinhole of diameter 500 um was punched at
the centre of the GDL at the cathode side to allow laser light
access to the QPAF-4 membrane. On the opposite side of the
hole across the membrane, a thin Pt disk of diameter 500 pm
was placed to reflect the Raman beam into the Raman
microscope.>" This beam was then directed into the spectro-
meter (see below). On the cathode side, the GDL used was 29BC
from SGL Carbon Group Co. On the anode side, PANEX30
PWO03 carbon cloth from Zoltek was used. Fig. 2 shows the
exploded view of the Raman cell. No catalyst was used during
the in-situ measurement reported in this paper. The thickness
of the QPAF-4 AEM was 30 pum, and the IEC was 2.0 meq g "

Fig. 3 shows the system setup for Raman spectroscopy. The
633 nm laser was selected with a laser power of 1 mW. An
objective lens with a magnification of x50 was used with a 100
pm confocal aperture to illuminate the sample and collect the
scattered Raman signal.

The absence of sample damage was confirmed by comparing
the spectrum before and after 20 minutes of continuous

This journal is © the Owner Societies 2024
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Front end plate

Quartz window assembly

Gasket

QPAF-4 Membrane
Reflective Pt disk
Anode GDL

Fig. 2 Assembly of the fuel cell with a transparent quartz window, a hole
in the GDL, and a reflective Pt disk.

Spectrometer
Laser Light CCD
Filter
Objective
Reflecting Pt
disk

'/— Cathode GDL

~

X
_/‘ [ A
QPAE3 ~~— Anode GDL

Membrane

Fig. 3 Setup for micro-Raman spectroscopy. The red line shows the path
of the 633 nm laser beam into the cell, and the pink line indicates the path
followed by the generated signal into the spectrometer.

irradiation. A LabRAM HR-800 spectrometer from HORIBA
Jobin Yvon Ltd with a charge-coupled device (CCD) detector
was used to measure the spectra.

The exposure time was 15 s with five accumulations. The
LabSpec5 software provided by Horiba was used for the base-
line correction. The system was allowed to stabilise at each
humidity for 3 hours before measurement.

2.2. DFT calculation

The DMol®> DFT application was used®*' to carry out DFT
calculations. First, the repeating section of the QPAF-4 struc-
ture was modelled, surrounded with water molecules, and
structurally optimised. Vibrational frequency analysis was then
carried out with Gaussian broadening to generate the spec-
trum. A detailed description of the procedure and parameters
used is given in the ESL¥

3. Results and discussion

Fig. 4 shows the spectra of NaOH and KOH at various concen-
trations from 1.0 to 16 M on a silicon substrate. The spectra of

This journal is © the Owner Societies 2024
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Fig. 4 Spectra from alkaline solutions of 0, 1.0, 2.5, 5.0, 10.0, and 16 M. (a)
KOH and (b) NaOH. Apart from the dry alkali spectra, all the other spectra
were normalised by the area between 2000 and 3800 cm™. The 0 M
concentration points refer to the spectrum of pure water.

solid KOH (85 wt% with 15 wt% water, Fujifilm Pure Chem
Corp.) and solid NaOH (97 wt% with 3% water, Fujifilm Pure
Chem Corp.) heated to 110 °C to keep them dry are also shown.
The Si-O bands from the silicon substrate were observed at
520 and 1000 cm ™ *.>**” The solid KOH and NaOH spectra only
showed peaks around 3600 cm ' and 1450 cm™'. Similar
spectra are reported elsewhere.”®®® The shape of the solid
KOH peak around 3600 cm ™' is described as a doublet,’® and
its splitting is attributed to the coupling between the two OH™
ions in the unit cell of KOH crystal.’® In solutions, the HOH
bending band appeared around 1650 cm '>' and the OH
stretching region was observed from 2500 to 3700 cm™ ' A
small sharp band emerged around 3620 cm ™' as the hydroxide
concentration increased beyond 2.5 M. This sharp band has
been assigned to the hydroxide ion,*”**®°1%* and the broad
shoulder around 2900 cm ™ to the hydroxide hydrate cluster.>
At a low concentration of 1.0 M, the aqueous NaOH and KOH
spectra were similar in shape to the spectrum obtained from
pure water. However, the two hydroxide spectra quickly
departed from that of pure water as the concentration
increased, as shown in Fig. 4. It is also observed that there is
almost complete absence of any broad shoulder around
2900 cm ™" in both the solid KOH/NaOH and pure water, yet
the same feature appears when the hydroxides are diluted to
2.5-16 M. This further supports the assignment of the broad
shoulder around 2900 cm ™" to hydrated hydroxide because it is
the water-hydroxide interaction widely recognised by research-
ers whose primary structure is H;0, .**%*7%

The spectra of different concentrations of ammonium solu-
tions on Si substrates were also obtained, as shown in Fig. 5.
The Si-O bands from the silicon substrate were observed at
520 and 1000 cm™',>**7%% a5 observed in the spectra for KOH
and NaOH. As already stated, the HOH bending band was
around 1650 cm™ ', and the OH stretching region was from
2500 to 3700 cm™ ".*" A sharp band appeared within the OH
region approximately at 3340 cm™ ', This band increased with
the ammonia concentration and can be assigned to an N-H
stretching band.** The concurrent appearance of this band
with the O-H signal within the 2500-3700 cm ™" region suggests
that any possible ammonia-water interactions in QPAF-4 would
also be easily detectable.

Phys. Chem. Chem. Phys., 2024, 26, 1658-1670 | 1661
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Fig. 5 The spectrum of water in 3.5, 7.0, 14, and 28 wt% ammonium
solutions. Normalisation has been done using the area between 2000 and
3800 cm™t

As the ammonium hydroxide concentration increased beyond
14%, the OH band widened slightly around 3000 cm ™. Unlike the
case of KOH and NaOH solutions, a sharp OH™ band did not
appear in the spectrum at 3620 cm ', suggesting that the
influence of ammonium ion on the OH band could be different
from that of the OH™ ion. Based on the spectra in Fig. 4 and 5, it is
concluded that the OH region in the QPAF-4 AEM should capture
(1) the hydroxide ion OH stretch if strongly alkaline and (2) the N-
H band if present.

3.1. OH species in water

The OH region (2500-4000 cm ') was deconvoluted into five
Gaussian bands in Fig. 6 as reported,*”***”%® and the bands
were labelled DAA, DDAA, DA, DDA, and free OH, where A refers
to the acceptor and D to the donor species, as proposed by
Sun.®® The proposed band selection is also supported by other
researchers.*®°>7%7>

The bands at 3016, 3235, 3432, 3558, and 3658 cm™* can be
assigned to DAA H-bonded water,*® DDAA H-bonded water,***°
DA H-bonded water,*®*® DDA H-bonded water, and isolated
water,>®>"73 respectively. According to Sun,’® DDAA and DA
hydrogen-bonded water are the dominant H-bonding species in

55 ——Raw Data
“ Water DDAA  __Fitted Curve
DA |B3 3432 B2 3235| —B1 DAAH,0
20 B2 DDAA H,0
DDA |B4 3558 —B3DAH,0
——B4 DDA H,0

Free OH Free OH

[

Intensity (a.u.)
s
T T T T

3000

O e e e e e e s e i

4000 3800 3600 3400 3200,
Raman Shift (cm )

1 - 1

2600

2800

Fig. 6 The spectrum of liquid water deconvoluted into five Gaussian
bands based on the Pezzotti assignments.*® The raw data plot and fitted
curve are also shown.
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water under ambient conditions at a ratio of approximately
0.75:1. This dominance is confirmed in Fig. 6. No hydroxide
band is expected at 3635 cm ' for neutral samples, such as
pure water. This deconvoluted spectrum for water was taken as
the reference (0 M) for all the other aqueous solutions studied
in this section.

3.2. Behavior of the OH species in alkaline solutions

To establish the effect of variations in hydroxide concentration,
the KOH and NaOH spectra in Fig. 4 were deconvoluted into
seven bands, as shown in Fig. 7 Five for pure water®® and two
associated with alkaline solutions.”® Fig. 7 and 8 show the
deconvoluted bands of the highest and lowest KOH concentra-
tions, respectively. The bands at 2900, 3018, 3238, 3434, 3555,
3600, and 3668 cm ' can be assigned to H;O, , DAA, DDAA,
DA, DDA H-bonded water, non-H-bonded OH and OH™ respec-
tively. The bands are identical to the ones in water except
for adding two bands unique to alkaline solutions at ca.
2900-2950 cm " and ca. 3620-3670 cm'.>130374

Fig. 7 and 8 show that the fraction of the H;0,  band
corresponding to water H-bonded to OH  increased sharply
with KOH concentration from 1.0 to 16.0 M.

The areas of the bands in KOH at different concentrations
are plotted in Fig. 9. The OH™ band intensity in Fig. 9 increased
steadily with increasing KOH concentration, as expected. The
H;0,  component similarly increased rapidly as the OH ™ level
grew to become the most significant fraction of the solution at
16.0 M. The band area contribution of H;0,  of only 2.7% at
1.0 M became 41% at 16.0 M, and the H;O,  component
formed from OH  became more significant than the OH™
component; OH ™ ions are known to strongly H-bond with up
to four H,0 molecules and weakly bond with a fifth one.”” The
two signals from OH™ and H;0,  were then attenuated by the
same noise along the signal path, which further disadvantages
the smaller signal, OH .

Although the presence of an alkaline solution has been
found to lead to an enhanced H-bonding network in water,*®

——Raw Data
—Fitted Curve
—B1H;0,
B2 DAA H,0
B3 DDAA H,0
—B4 DA H,0
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B6 Free OH
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Fig. 7 1.0 M KOH spectrum deconvoluted into seven Gaussian bands.
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Fig. 9 The area under each of the five deconvoluted bands within the OH
region of KOH with changing molar concentration. The O M concentration
refers to the spectrum of pure water.

B6 (3600 cm™') in Fig. 9 representing non-H-bonded
water”>*®°173 initially dropped slightly on the introduction of
KOH at 1.0 M but then increased steadily with concentration
almost to the initial level. This increase in non-H-bonded OH
despite increased alkaline concentration suggests that there
could be more than one origin of the non-H-bonded band.
Walrafen et al. reported two distinct H;0, -related bands: one
around 2950 cm™ " and the second at 3500-3596 cm ™~ '.>" The
location of this second H;0,  band is the same as that of B6 in
Fig. 7 and 8. Since increased KOH concentration is accompa-
nied by increased H3;O, clusters, this occurrence transitions
the band from “standard” isolated OH (non-H-bonded OH in
an H,0 molecule that only interacts with other water mole-
cules) to a combination of the (1) “standard” isolated OH band
and (2) O-H stretch of OH not directly H-bonded to OH~ within
the H;0,  cluster.

The seven bands reproduced the original spectra in all cases,
indicating that no new molecular clusters were formed in the
solution. All the other H-bonded OH species (DAA, DDAA, DA,
and DDA) decreased with increased KOH concentration
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Fig. 10 Spectrum of 3.5 wt% NH4OH deconvoluted into eight Gaussian
bands.

because the formation of H;0,  clusters in the KOH solution
required a combination of the existing H,O, whose supply is
fixed with OH ™. The NaOH spectra were also deconvoluted, and
the results were like those reported for KOH, as shown in
Fig. S1-S3 (ESIY).

The spectra of ammonium solution reported in Fig. 5 were
likewise deconvoluted in Fig. 10 (3.5 wt%) and Fig. 11 (28 wt%).
The variation in the quantity of each species with concentration
is shown in Fig. 12. Fig. 11 and 12 show that a sharp rise in the
NH band intensity accompanied the increase in ammonium
solution concentration. As in the case of KOH and NaOH, the
increase in solution concentration was accompanied by a
decrease in DDAA and DA bands. Although the hydroxide band
intensity increased slightly from 0% to 28% (maximum concen-
tration at room temperature and pressure), the increase was
negligible compared to the rise observed in NaOH and KOH
because NH,OH is a weak base, with the speciation being

*F Raw Dat.
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Fig. 11 Spectrum of 28 wt% NH4OH deconvoluted into eight Gaussian
bands.
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Fig. 12 The area under the six deconvoluted OH sub-bands within the

OH band of aqueous NH4OH with changing concentration. The 0 M
concentration points refer to the spectrum of pure water.

mostly NH; and H,0.”>”® As a result, there is a relatively low
OH"™ concentration present. Therefore, B1 observed in Fig. 10
and 11 could have a contribution from both H;O,  and an
NH;-H,0 complex.”® Fig. 8 and 11 show that OH ™ results in a
more prominent spread of the OH band towards the low
wavenumber region than ammonia. Therefore, the effect of
NH,-H,O0 on the OH region must be minimal.

Raman spectra of QPAF-4 at varying RH. Fig. 13 shows the
Raman spectra recorded at the centre of the membrane at
various RH values at a fixed cell temperature of 60 °C. Multiple
bands between 500 and 2500 cm~ " are observed. These bands
did not appear in the spectra of the aqueous solutions. Conse-
quently, these modulations were attributed to wave interfer-
ence from the membrane being measured. Three prominent
bands were observed before deconvolution: (1) an OH band
centred around 3200 cm ™, (2) the aromatic stretch centred
around 1620 cm™', and (3) the alkyl C-C stretch around
1300 ecm~'. The CH bond is also expected between 3000~
3100 cm™*,>*® overlapping with the OH bands and requiring
deconvolution to isolate it.
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Fig. 13 Normalised Raman spectra from the centre of the QPAF-4
membrane at RH values 30-100% in steps of 10%. The spectra were
normalised using the area under the aromatic band. A x50 objective lens,
100 um hole, and D1 filter were used during the measurements.
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Fig. 14 The ratio of the OH stretching band area to that of the aromatic
band from 30% to 100% RH at the centre of the QPAF-4 membrane.

The height of the OH bands increased with increasing RH.
Fig. 14 plots the ratio of the total area under the OH bands to
the area under the aromatic band. The area under the OH band
increased with increasing RH nearly in the same linear manner
previously reported for Nafion when operated at 60 °C.>® Fig. S4
(ESIT) shows the water uptake by QPAF-4 as derived from
gravimetric analysis. Fig. S5 (ESIt) is the corresponding cali-
bration graph relating the area-ratio reported in this paper
(Aor/Aaromatic) to 4, the number of water molecules per ammo-
nia group in the QPAF-4 membrane.

3.3. Deconvolution of O-H stretching bands of QPAF-4

Based on the results and inferences on the species expected in
QPAF-4 in the previous subsection, a nine Gaussian band
deconvolution between 2900 and 3700 cm™ " was the minimum
requirement to account for all the anticipated species in the OH
region. Fig. S7 and S8 in the ESIf show an optimised structure
from the DFT calculation and a simulated Raman spectrum.
The calculations using a fragment of the QPAF-4 structure
together with water molecules also showed how various bands
can emerge in the OH region, even though these bands were
not directly assignable to specific types of donor-acceptor
interactions due to the small number of water molecules. Each
class of D-A interactions included a range of H-bonding
distances, which led to a range of vibrational frequencies.
The calculations, however, indicated a high possibility of addi-
tional bands related to H,O-OH™ interactions at around 2600
and 2300 cm~ " and ruled out the case of a water-ammonium
interaction within the QPAF-4 membrane. This brought the
final total number of possible bands to 11. Fig. 15 shows a
pictorial modelling of these peaks. Fig. 16 shows the 11-band
deconvolution of the OH region of the QPAF-4 spectrum at 30%
RH. These 11 bands provide a reasonable fit to the QPAF-4
spectrum.

The bands at (1) 2370, (2) 2608, (3) 2880, (4) 2942, (5) 3091,
(6) 3163, (7) 3187, (8) 3348, (9) 3470, (10) 3510 and (11)
3725 cm ™" were assigned to (1) OH interaction with OH™, (2)
second OH interaction with OH™, (3) third OH interaction with
OH, (4) C-H in the quaternary ammonium group, (5) C-H on
the benzene rings, (6) DAA H-bonded water, (7) DDAA water,
(8) DA water, (9) DDA water, (10) non-H-bonded water and (11)
OH ", respectively. No band position, height, or FWHM was
constrained for this initial RH condition. However, considering
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Fig. 16 The spectrum of QPAF-4 at 30% RH with deconvolution into
eleven Gaussian bands with no constraints.

that, from Fig. 13, the first two bands, P1 and P2, observed in
Fig. 16, bordered a region affected by wave interference, these
two bands were ignored in comparing water at the various RH
values. This decision is further supported by the fact that the
same experiment has been redone using a newly developed
CARS system at the University of Yamanashi, which will also be
reported soon. Since the CARS signal suffered no such inter-
ference, it has been confirmed that the two low wavenumber
bands in Fig. 16 were slightly affected by wave interference. The
deconvolution in Fig. 17 below will thus be used to compare the
water at various RH values.

The wavenumbers for the various bands remain as identi-
fied in Fig. 16, where bands (1) 2880, (2) 2942, (3) 3091, (4) 3163,
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Fig. 17 The spectrum of QPAF-4 at 30% RH with deconvolution into nine
Gaussian bands with no constraints.

(5) 3187, (6) 3348, (7) 3470, (8) 3510 and (9) 3725 cm ™' are
assigned to (1) OH H-bonded directly to OH™, (2) C-H in the
ammonium group, (3) C-H on the benzene ring, (4) DAA H-
bonded water, (5) DDAA water, (6) DA water, (7) DDA water (8)
non-H-bonded water and (9) OH™, respectively.

The deconvolution reported in Fig. 17 was carried out in a
similar manner for all the other RH values from 40% to 100%
RH. For this part of the deconvolution, the band position was
constrained to be within £10 ecm™" of the band location
observed at 30% RH. The resulting Aon/Aaromatic ratio for the
nine species was plotted against RH in Fig. 18.

All the H-bonded species (water H-bonded to OH™ in H;0, ",
DAA water, DDAA water, DA water, and DDA water) increased
with RH from 30% to 100%. The H;0,  band, however, levelled
off after reaching 80% RH, showing saturation with four water
molecules per ion. On the other hand, the bands without
hydrogen bonds remained roughly constant with increasing
RH. The constant bands are the two C-H bands (one in the
methyl in the quaternary ammonium groups and the second in
the benzene rings), the OH™ band, and the non-H-bonded OH
band. Nishiyama et al. observed a band with similar traits at the
same location (3500 cm ™) in research on the chemical states of

- [7 B1 Water Bonded to OH' B7 DDA Water
12= © B2CHlinkedtoN X B8 Non-H bonded OH
= B3 CH linked to Benzene 3
. 1.0~ <« B4DAAWater ® BSOH .
E A B5DDAA Water +
2 0.8 <+ B6DAWater + * A
& - + + A
06 % A
< L A |7 7
A
- ~ * -
02f g 7
[ B W y ¥
0.0 1 I I ?r ? ? I
20 30 40 50 60 70 8 90 100 110

Relative Humidity (%)

Fig. 18 The relative area under each of the nine deconvoluted OH sub-
bands within the OH region of the QPAF-4 membrane with different RH.
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water in Nafion.?™3!

They identified this as being non-H-
bonded water. This band’s behaviour suggests that the hydro-
phobicity of the aromatic rings and/or the C-F chains in the
QPAF-4 structure also made it possible for some non-H-bonded

OH groups to exist.

3.4. Comparison of QPAF-4 bands with PEM bands

For the case of Nafion, as reported by Nishiyama et al., four
unique types of water molecules were plotted: Eigen
(3059 cm™') and Zundel (3371 cm™ ") protonated, H-bonded
to the sulfonic acid group (3289 cm '), H-bonded to other
water (3483 cm™ '), and non-H-bonded (3559 cm ').>° They
observed that only H-bonded species (two in number) increased
with RH; protonated and non-H-bonded species remained
constant with increasing RH.>® Barique et al. also reported
similar trends in the hydration number with variation in RH
in Nafion using Fourier transform infrared spectroscopy.””
These observations on H-bonded water species in PEMs agree
with the results obtained in QPAF-4. However, all the species
are different except for non-H bonded OH. This is because
PEMSs are acidic, with the SO;~ counter-ion, while AEMs are
alkaline. The OH region in PEMs only extends from around
3050 to 3550 cm™'. In AEMs, the OH region extended past
3600 cm™ " to accommodate the OH ™~ band and spread to below
3000 cm ™! to accommodate the H;0,~ band.

3.5. Effect of temperature on the spectra

The spectrum of the de-hydrated QPAF-4 membrane, previously
dry purged with N, at 60 °C for 12 hours and placed on a silicon
plate, was recorded at temperatures from 30 to 80 °C. At each
temperature, the focal point was re-checked to ensure that the
point was at the centre of the membrane. Fig. S6 (ESIt) shows
the recorded spectra. No significant change in the relative size
of peaks was observed in the spectrum. Chikaodinaka et al., on
the other hand, investigated the effect of temperature on the
spectrum of fully immersed poly(diallyldimethylammonium).””
They observed that in this fully hydrated form, a temperature
change from 35 to 70 °C resulted in no change in the finger-
print region and a 20% reduction in the OH peak area.”” From
these two observations, it is concluded that since the cell
temperature was constantly 60 °C during the reported experi-
ments, the reported area ratio could be up to 20% less than that
measured at temperatures of 45 °C below this value as observed
by Chikaodinaka et al.”® The possibility of this difference,
however, was easily eliminated from our reported results by
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recording the water uptake graph used in calibration at the
same cell temperature of 60 °C used when recording the
spectra.

It must be mentioned that the temperature rise at the focal
point resulting from laser heating of the membrane is by far the
biggest thermal threat to the accuracy of the recorded spec-
trum. The resulting total/partial burnout from the laser can
easily be noticed from the bend in the spectrum or visually
through the microscope. Laser damage, however, manifests as
a difference between the spectrum recorded at the beginning of
the experiment and the one recorded at the end with the same
parameter, particularly in the fingerprint region. For QPAF-4,
laser heating was minimised by switching from a 514 nm laser
to a 633 nm laser and reducing the beam power to 1 mWw,
whereas above 5 mW, laser damage was observed. Also, care
must be taken to avoid excess fine carbon particles on the
membrane surface in the observation area (such as those found
in Pt catalysts on the carbon support) because these particles
easily ignite when exposed to the high-intensity Raman laser.

3.6. Comparison of QPAF-4 with alkaline solution bands

In confined spaces such as a membrane, Raman bands are
expected to undergo some displacement.”®

Table 2. shows the displacement of bands in QPAF-4 com-
pared to the same bands in the solution. The same phenom-
enon is, however, also observed in the alkaline spectrum as the
concentration rises. An inspection of the data presented by
researchers, such as Sbroscia et al., also shows such band shifts
in the alkaline band locations of up to 150 cm™*.*’ This shift
towards lower wavenumbers by up to 150 cm™ ' in the OH
region was attributed to the combined effect of liquid water
confinement®’® and the enhanced H-bonding network in the
alkaline environment.*® This phenomenon in other AEMs will
be studied in the future.

In this paper, we have intentionally omitted the plot of the
actual number of water molecules for each species in the QPAF-
4 membrane per quaternary ammonium group (4). This is
because, from the DFT calculation results, there are some
water-related signals expected around 2300 and 2600 cm ’,
which have been left out of the analysis for the time being
because of wave interference. Calculations of A will therefore be
addressed in more detail in future publications. However,
briefly, the overall A value for QPAF-4 at 40% RH was 1.3, out
of which the largest water species, DA H-bonded water, con-
tributes around 43%. At 80% RH, the overall /. was 5.6, of which

Table 2 Displacement of species in QPAF-4 compared to KOH solution spectrum

Band identity 16.0 M KOH band peak (cm™?)

QPAF-4 band peak (cm™") Change in wavenumber (cm™")

H,0,” 2935
C-H on NR; group N/A
C-H on benzene N/A
DDAA 3230
DA 3425
DDA 3565
Free OH 3613
1666 | Phys. Chem. Chem. Phys., 2024, 26, 1658-1670

2880 —55
2942 N/A
3091 N/A
3187 —43
3348 =77
3470 —95
3510 —103
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DA contributes 33%. In comparison, Nafion at 40% and 80%
RH exhibited overall / values of 3.7 and 6.5, respectively.>®

The / value for QPAF-4 was 35% that of Nafion at 40% RH
but increased rapidly with RH. At 80% RH, the A value for
QPAF-4 was 86% that of Nafion.

4. Conclusions

The micro-Raman spectroscopy technique was used to study
different water species in AEM for the first time. The OH region
was deconvoluted into nine bands (1) OH H-bonded to OH ™, (2)
C-H bonded to the ammonium group as a methyl, (3) C-H on
the benzene ring, (4) DAA H-bonded water, (5) DDAA H-bonded
water, (6) DA H-bonded water (7) DDA H-bonded water, (8) non-
H-bonded water and (9) the hydroxide anion. The band loca-
tions were very similar to those obtained from the DFT calcula-
tions. Apart from the two CH bands and non-H-bonded water,
all the other band intensities increased with RH from 30% to
100%. The OH bands, however, generally appear to have shifted
slightly towards the lower wavenumber region, a phenomenon
caused by OH confinement and the enhanced hydrogen bond-
ing in an alkaline medium. These findings open the path to
extensive comparisons of the hydration characteristics of exist-
ing and new AEMs being developed. This will allow researchers
to progressively build upon small improvements, resulting in
enhanced ionic conductivity and a faster solution to the
membrane durability problem facing AEMs.
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