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A B S T R A C T

Manufacturing anion-exchange membranes (AEMs) with high durability is a current challenge for low- 
temperature alkaline fuel cells. In this work, a series of AEMs based on high-density polyethylene (HDPE) is 
synthetized by radiation-induced grafting (RIG) method considering various pre-irradiation conditions, such as 
temperature and atmosphere. The AEMs are extensively characterized, including assessments of the degree of 
grafting (DoG), ion-exchange capacity (IEC), water absorption properties, and hydroxide conductivity. Addi
tionally, their molecular structure and thermal and mechanical properties are evaluated. Techniques, such as 
atomic force microscopy (AFM) and synchrotron small angle x-ray scattering (SAXS), are employed for analysis 
of AEMs morphology. Finally, the AEMs are applied in an H2-O2 anion-exchange membrane fuel cell (AEMFC) 
and subjected to a short-term stability test. Among the tested AEMs, the one pre-irradiated at low temperature 
(− 10 ◦C) and air atmosphere exhibits excellent AEMFC performance of 2.1 W cm− 2. This sample possesses high 
OH− conductivity of 208 mS cm− 1 at 80 ◦C, and the stability test shows a conductivity loss of − 0.06 % h− 1 during 
100 h under reduced relative humidity (80 %). Applying an accurate protocol for controlling pre-irradiation 
parameters can effectively reduce the irradiation degradation effects.

1. Introduction

Hydrogen has been considered an important candidate for clean 
energy technologies in recent years [1]. Among them, fuel cells are a 
great example of net-zero emission technology that uses hydrogen as an 
energy source with high efficiency [2]. Over the last years, anion- 
exchange membrane fuel cells (AEMFCs) have received real emphasis, 
mainly when compared to the extensively researched proton-exchange 
membrane fuel cells (PEMFCs), due to their fast kinetics oxygen 
reduction reaction (ORR) and its potential for building platinum-free 
devices [3,4]. These factors are crucial to lowering the expenses of 
fuel cell technology, opening up the possibilities of achieving end- 
application, such as fuel cell electric vehicles and stationary fuel cell 
power systems competitively. However, anion-exchange membranes 
(AEMs), which are the polymeric electrolytes of such devices, are 

frequently associated with low chemical and mechanical stabilities in 
alkaline medium of AEMFCs. Currently, this factor has been suggested as 
the most pivotal challenge to consolidate this technology.

The AEM stability is affected by continuous degradation caused by 
both alkaline medium and temperature during fuel cell operation due to 
the OH− attack in the polymer backbone and/or quaternary ammonium 
group (QA) [5]. The QA degradation diminishes the ion-exchange ca
pacity (IEC) of AEM compromising the AEMFC performance [5]. In this 
context, continuous efforts have been made to produce more stable 
AEMs, such as the use of different QAs (trimethylamine, methylpiper
idine, imidazolium, morpholinium, guanidinium) as well as increasing 
the steric hindrance to avoid OH− attack in the bulky groups or 
increasing the QA side chain [6–10]. The formation of crosslinking be
tween polymer chains or QAs is also an attempt to reinforce the structure 
and improve the mechanical properties of AEMs, resulting in higher 
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stability and durability [11–13]. On the other hand, excessive cross
linking diminishes the ion conductivity causing a decrease in AEMFCs 
performance [14]. Therefore, a balance between conductivity and 
enhanced physicochemical and mechanical properties is crucial for the 
consolidation of AEMFC technology.

Different AEM synthesis strategies as polycondensation, Friedel- 
Crafts, Click reaction, and others have been reported [15–19]. One of 
the approaches is to use the radiation-induced grafting (RIG) technique 
[7,20–23]. RIG is a simple methodology to prepare AEMs using pre- 
fabricated films, in which radiation sources, such as electron beam, ul
traviolet or gamma rays, act in providing radical species for the copo
lymerization process. In general, RIG is separated into two methods: i) 
simultaneous method (SM), in which the pre-fabricated film and 
monomer solutions are irradiated together to promote the grafting at the 
same time; and ii) pre-irradiation method (PIM), in which the pre- 
fabricated film is first irradiated and sequentially exposed to the graft
ing process in another step [24–26]. PIM has been preferably used due to 
the higher availability of e-beam irradiators compared to gamma beams, 
also due to the possibility of controlling grafting reaction parameters 
(temperature and time, for example), and lower formation of homo
polymer when compared to SM [26]. Furthermore, our recent work has 
shown that AEMs prepared by PIM present enhanced water management 
due to membranes’ morphology, better mechanical properties, and 
promote higher AEMFC performances when compared to similar AEMs 
prepared by SM [26].

Several pre-fabricated polymeric films have been proposed for RIG- 
AEM preparation, such as fluorinated, partially-fluorinated, and non- 
fluorinated polymers [27–31]. Polyethylene (PE), a low-cost poly
olefin commodity widely used in many industrial processes, is a prom
ising material to synthesize AEM due to its good thermal, mechanical, 
and chemical stability. Additionally, PE material is easier to recycle than 
fluorinated polymers [6,32]. High density polyethylene (HDPE)-based 
RIG-AEMs have shown optimistic long-term durability in AEMFCs. 
Wang et al. [23] reported a degradation rate of 68 μV h− 1 for an HDPE- 
based AEM under operation at 600 mA cm− 2 for 440 h. In another work, 
Peng et al. [33] has shown longer durability for HDPE-based AEMFC 
with a degradation rate of 32 μV h− 1 in 1000 h. Such results indicate that 
HDPE is a promising material to use as base polymer for AEM synthesis, 
since it possesses high alkaline resistance as well as superior thermal and 
mechanical properties [24,34,35].

The first preparation step of AEMs via PIM is the irradiation of films. 
However, until our previous study [36], there was a lack in the literature 
concerning the control of pre-irradiation of base polymer films used to 
manufacture AEMs. We have shown for low-density polyethylene 
(LDPE)-based AEMs that parameters, such as temperature, atmosphere, 
and dose, have a strong influence on AEMs’ properties [36]. Indeed, the 
interaction of radiation with the polymer leads to the formation of 
radicals for grafting reaction, whereas other reactions involving radical 
species (mainly crosslinking and chain scission), which are strongly 
associated with AEMs’ physicochemical and morphological properties, 
also can occur [37–39]. The extension of each reaction is given by nature 
and concentration of radicals generated, which in turn are dependent on 
the irradiation parameters. In addition, these parameters will dictate the 
availability of radicals for other processes or whether they will decay to 
neutrality.

The present study investigates how pre-irradiation parameters 
impact the AEMFC performance and stability of polyethylene-based 
AEMs prepared by RIG. Our last report showed that the pre-irradiation 
stage affects the physicochemical properties, fuel cell performance, 
and alkaline stability of low-density polyethylene-based AEMs [36]. The 
current report provides new insights into changing the nature of the 
polymer, as well as draws a correlation between the effects of pre- 
irradiation parameters in the nanostructure/morphology of pre- 
irradiated HDPE-based AEMs and fuel cell performance and AEM 
stability.

2. Materials and methods

2.1. Pre-irradiation of HDPE films

Commercial HDPE films (130 mm × 80 mm × 0.01 mm, Goodfellow) 
were pre-irradiated with radiation absorbed dose of 100 kGy with an 
electron beam accelerator DC1500/25/4 model JOB 188 from RDI- 
Radiation Dynamics Inc. USA. To obtain the absorbed dose necessary 
the beam current was adjusted to 5.74 mA with energy of 0.55 MeV. The 
samples were placed on the surface of a tray with a displacement speed 
of 6 m min− 1, this provided a dose rate of 39.97 kGy s− 1. In the present 
study, the pre-irradiation process was evaluated in N2 and air atmo
spheres, and two temperature conditions - room temperature (RT, 25 ◦C) 
and low temperature (LT, ~ − 10 ◦C). For irradiation in air and RT, the 
films were directly exposed to the e-beam, while the pre-irradiation in 
N2 (99.992 %) was conducted by placing HDPE films inside a hermetic 
balloon with a unidirectional valve filled with N2 before radiation 
exposure. A series of three cycles of filling and emptying were carried 
out to guarantee total air absence, and the balloon was checked for 
leaks. For the irradiation performed at low temperature (LT), the film 
was placed over a layer of dry ice. The surface temperature of the film, 
measured using an infrared laser thermometer, was − 10 ◦C. Immedi
ately after the irradiation process, the pre-irradiated samples were 
stored in an ultra-freezer at − 45 ◦C for 24 h prior to grafting step to 
avoid the decay of radicals.

2.2. AEM preparation

The AEM preparation by RIG method via PIM involves three steps: 
pre-irradiation, grafting copolymerization, and quaternization (Fig. 1) 
[26,36]. A grafting solution was prepared in a glass reactor for the 
copolymerization reaction, the solution corresponds to 94 % (v/v) of 
ultrapure water (UPW, 18.2 mΩ), 1 % (v/v) of surfactant 1-octyl-2-pyr
rolidone (98 %, Sigma-Aldrich), and 5 % (v/v) of vinylbenzyl chloride 
monomer (VBC, 90 %, mix de 3 and 4 de isomers, Sigma-Aldrich). The 
grafting solution was deoxygenated with N2 for 30 min and, as a 
sequence, the pre-irradiated HDPE film was added. After adding the 
film, the reactor was deoxygenated for a further 30 min. When the N2 
flow was stopped, the reactor was immediately closed and heated at 
50 ◦C for 4 h under stirring. The HDPE-grafted film was removed and 
extensively washed with a toluene and acetone to remove completely 
any homopolymer and other residues.

The quaternization reaction was carried out by the addition of HDPE- 
grafted film in an aqueous solution of trimethylamine (TMA, 25 % Vol., 
Sigma-Aldrich) at RT for 5 h. In the sequence, AEMs were washed with 
UPW. The AEMs were stocked in chloride form (AEM-Cl− ) to avoid 
degradation and carbonation. The samples were named in terms of the 
irradiation parameters (atmosphere and temperature). As an example, 
the H-RT-air AEM corresponds to pristine HDPE film pre-irradiated 
under room temperature (RT) and air atmosphere. When referring to 
the pristine HDPE before grafting and quaternization reactions, the 
sample the name is followed by the suffix “film”.

2.3. Characterization of samples

2.3.1. Degree of grafting (DoG), ion-exchange capacity (IEC), water uptake 
(WU), thought-plane swelling (TPS), in-plane swelling (IPS), and gel content 
(GC)

The DoG, which corresponds to the mass of grafts added to the HDPE 
film, was determined by Eq. (1). The mg corresponds to the mass of dry 
grafted-HDPE film, while mi is the initial mass of the pre-irradiated 
pristine HDPE film. 

DoG (%) =
mg − mi

mi
×100 (1) 

In terms of AEMs, all measurements were carried out in their 
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chloride form and performed on n = 3 samples to ensure the repro
ducibility of the results. The IEC of AEMs was determined as described 
elsewhere [40], using a Titrino 848 Plus Metrohm equipment. The AEMs 
(3 cm × 3 cm) were dried at 50 ◦C in vacuum oven for 16 h to determine 
their dry mass (mdry). The samples were soaked in 20 mL of NaNO3 so
lution 2.3 M for 16 h, and 2 mL of HNO3 2 M was added. The solution 
was titrated with a silver nitrate solution (AgNO3, 0.0205 N) up to end 
point (Ep), which corresponds to first differential plot between the vol
ume data and Ag Titrode potential. The IEC value was estimated by Eq. 
(2). 

IEC (mmol/g) =
Ep*0.0205

mdry
(2) 

The water absorption properties, i.e., WU, TPS and IPS were obtained 
using Eqs. (3), (4), and (5), respectively. The balance the relative hu
midity (RH), the AEMs were immersed in UPW for 24 h at room tem
perature (25 ◦C). The superficial excess of UPW was removed and the 
initial mass (mhyd), area (Ahyd) and thickness (thyd) were determined. The 
AEMs were dried at 50 ◦C for 16 h, as a sequence, the dry mass (mdry), 
area (Adry) and thickness (tdry) were immediately determined. 

WU (%) =
mhyd − mdry

mdry
×100 (3) 

TPS (%) =
thyd − tdry

tdry
×100 (4) 

IPS (%) =
Ahyd − Adry

Adry
×100 (5) 

The GC consists of an estimate of the amount of crosslinking in 
polymers [41]. In brief, a Soxhlet extractor separates the insoluble and 
soluble phases with heated solvent. The insoluble phase corresponds to 
the amount of crosslinking of the polymer. The GC was determined to 
HDPE films pre-irradiated to avoid the influence of grafting and ami
nation process. Approximately 100 mg of sample was placed in filtering 
paper, dried at 50 ◦C for 24 h. The dry samples were speedily weighed 
and placed in the Soxhlet extractor. The samples were extracted with 
xylol (Sigma-Aldrich) at 150 ◦C for 3 h with at least 6 washings with 
solvent. Finally, the filtering papers were dried at 50 ◦C for 24 h and its 
mass was recorded. Finally, the Eq. (6) was used to obtain the GC data, 

where Wi is the weight before extraction and Wf is the final weight. 

GC (%) =
Wf

Wi
×100 (6) 

2.3.2. Hydroxide conductivity measurements
The anion conductivity (σ) of the AEMs was determined using a 

technique described as “true hydroxide conductivity”, where the carbon
ation, caused by the reaction of free CO2 and OH− , is avoided due to the 
application of a constant current during the experiment [42–44]. The 
sample with dimensions of 1 cm × 4 cm was soaked in a solution of 
potassium hydroxide (KOH, Merck, > 85 %) 1 M to ion exchange of Cl−

to OH− anions. The sample was washed with UPW, the thickness was 
determined and then placed in a BT-112 cell with 4-probe from Scribner 
Associates. The BT-122 cell was sandwiched with a fuel cell device and 
coupled to an 850e fuel cell test station from Scribner Assoc. In the first 
step, a constant voltage of 0.8 V was applied for 3 h at 40 ◦C, RH = 100 % 
under N2 flow (99.9992 %) of 0.5 L min− 1 to decarbonation of samples. 
After complete decarbonation, verified by a decrease in resistance, the 
cell temperature was varied from 30 to 80 ◦C, and a scanning DC sweep 
from − 0.1 V to 0.1 V was carried out 6 times, at 10 min intervals, 
following a conditioning period (2 h) at the set temperature. The con
ductivity data was obtained using Eq. (7). 

σ =
d

R x w x t
(7) 

where d = 0.425 cm, w, t, R are the width, thickness and resistance of the 
hydrated AEM samples, respectively.

2.3.3. Mechanical and thermal properties
The stretch-strain measurements were carried out exclusively in pre- 

irradiated samples (RT-air, RT-N2, LT-air, and LT-N2) to verify the ef
fects of the radiation on the mechanical properties of the HDPE back
bone and avoid the grafting effects under HDPE structure. The samples 
with rectangular dimensions of 1 cm × 5 cm were placed in pneumatic 
tensile grips in an Instron 5567 instrument with a speed of 2 mm min− 1, 
using a load of 1 kN at RT. To guarantee reproducibility, at least 5 
identical specimens were tested for each sample.

Pre-irradiated pristine HDPE films and AEMs were analyzed by 
thermal techniques, such as differential scanning calorimetry (DSC) and 

Fig. 1. Steps for preparing AEMs under different pre-irradiation conditions.
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thermogravimetric analysis (TGA). A TGA/DSC +3 Mettler Toledo was 
used to perform the DSC measures. Approximately 5 mg of the sample 
was trapped in an aluminum pan, and the equipment was programmed 
to work between 25 and 160 ◦C, rate of 5 ◦C min− 1, under N2 flow of 20 
mL min− 1 for 3 cycles of heating-cooling-heating. The melting temper
ature (Tm) and the melting enthalpy (ΔHm) were obtained by second 
heating, while the crystallization temperature (Tc) and crystallization 
enthalpy (ΔHc) crystallization were obtained by cooling cycle. The ΔHm 
data was used to determine the crystallinity (XC) of the samples using Eq. 
(8). 

XC = (ΔHm/ΔH∞)x100 (8) 

where ΔH∞ = 288.9 J/g is the melting enthalpy of 100 % crystalline PE 
[45].

Thermogravimetric analysis (TGA/DTG) was performed using TG/ 
DTA/SDT Q600 model TA. The measures were performed (~10 mg of 
sample) in a temperature range of 30 to 700 ◦C with rate of 10 ◦C min− 1, 
under nitrogen flow of 50 mL min− 1.

2.3.4. Raman spectroscopy
Raman spectra of AEMs were collected with an excitation laser 

wavelength source of 1064 nm, laser power of 600 mW performed with 
128 scans in a FT-Raman spectrometer multi-Raman from Bruker Optics.

2.4. Morphological characterizations

The synchrotron small angle x-ray scattering (SAXS) measurements 
were performed in European Synchrotron Radiation Facility (ESRF), 
France at DUBBLE BM26 line [46]. The dried AEMs with 5 sheets (~4 
mm thick) were stacked in DSC aluminum pans and covered with mica 
windows to avoid scattering. The tests occurred in a Linkam DSC600 
setup at 25 ◦C and 15 s of exposition of the x-ray beam. The distance 
between the detector and samples (PILATUS 1 M 169 mm × 179 mm 
active area) was of 4 m, radiation wavelength (λ) of 0.124 nm and en
ergy of 12.4 keV. The scattering angle range for the SAXS was calibrated 
with the pattern of AgBe. The bubble software [47] was used to diminish 
the intensity in the 2D detectors to 1D intensity profiles performing a 
correct the incident intensity fluctuations and background subtraction, 
as a function of the scattering vector (q = 4π/λ sinθ), taking into account 
the sample transmission effect.

Surface topographic images of the AEMs in Cl− form were obtained 
by atomic force microscopy (AFM) using an Agilent 5500 AFM/SPM 
microscope. The series of samples were dried in a vacuum oven at 50 ◦C 
for 24 h. Each sample was placed on the AFM’s sample holder using 
adhesive tape and gently pressed to level the surface and minimize ir
regularities. The surface of each sample was scanned in soft tapping 
mode using a NanoWorld Pointprobe® NCST AFM probe, with a reso
nance frequency of 160 kHz, and a force constant of 7.4 N/m. The scan 
rate was set at 0.3 lines per second. Images were captured over an area of 
10 × 10 μm with a resolution of 256 × 256 pixels. The topographic 
parameters, including root mean square roughness (Rrms) and average 
roughness (Ra) were analyzed using the free software WSxM 5.0 
Develop 10.3 [48].

Scanning electron microscopy (SEM) images of the AEMs in Cl− form 
were acquired using a JEOL FESEM JSM6701F microscope, operating at 
a voltage of 1 kV. The samples were dried in a vacuum oven at 50 ◦C for 
24 h, and then gently pressed onto carbon tape to achieve a uniform 
surface. The carbon tape with the sample was affixed to aluminum 
specimen mounts and subsequently coated with a thin layer of gold to 
reduce the charging effect and improve the quality of the images. All 
measurements in this section were conducted on AEMs in the chloride 
form to avoid the degradation and carbonation effects associated with 
alkaline media.

2.5. Preparation of gas diffusion electrode (GDE), membrane electrode 
assembly (MEA) and fuel cell test

The GDEs with geometric area of 5 cm2 and Pt loading of 0.50 ±
0.03 mg cm− 2 were prepared using the spray coating method. The 
cathode GDE ink was prepared with 80 wt% of commercial Pt/C catalyst 
from Alfa Aesar (HiSPEC 4000, Pt nominally 40 wt%, supported on 
carbon) for total solid mass, and 20 wt% of anion-exchange ionomer 
(AEI) homemade powder of the total solid mass. The AEI (IEC = 2.20 ±
0.01 mmol g− 1) employed was a poly(ethene-co-tetrafluoroethene) 
(ETFE) powder grafted with VBC, and quaternized with TMA [49]. The 
experimental methodology detailed for AEI synthesis is described in 
section 1.0 at Supplementary Material (SM). The anode catalyst GDE ink 
was prepared with 53 wt% of commercial PtRu/C from Alfa Aesar 
(HiSPEC 12,100, Pt nominally 40 wt%, and Ru nominally 20 wt%, 
supported on carbon) for the total solid mass, 20 wt% of AEI powder, 
and an extra amount of carbon Vulcan XC-72 correspondent to 27 wt% 
of the total solid mass. In both cases, the inks were prepared following a 
procedure described elsewhere [50], where the catalyst powder was 
ground thoroughly using a pestle for about 5 min, or until visually 
ensuring a homogenous slurry; there after 1 mL of UPW, and 9 mL of 
isopropyl alcohol were added. The inks were homogenized in ultrasound 
for 30 min, sprayed onto carbon paper (Toray TGP-H-60, Teflonated) 
using an airbrush (Neo Iwata), and then dried in air.

For the AEMFC tests, the AEMs (4 cm × 4 cm) and GDEs were pre
viously maintained in KOH solution (1 M) for 30 min for ionic exchange 
of Cl− to OH− . The MEA was built between two graphite plates with 
serpentine channels type, intercalating the gasket, anode electrode, 
membrane, cathode electrode, and gasket. The fuel cell device (5 cm2 

from Scribner Associates) was assembled with a torque of 5.5 N m, and 
subsequently connected to a 850e Scribner Associates test station. The 
tests were carried out at 80 ◦C with a flow of 1 L min− 1 of H2 (99.999 %) 
at the anode and O2 (99.998 %) at the cathode. The AEMFC humidifi
cation temperatures were set between 70 and 72 ◦C under ambient 
pressure, and the polarization curves were performed by galvanostatic 
mode.

2.6. Short-term stability tests

The ex-situ short-term stability test was used to evaluate AEM 
degradation, critical for studying how irradiation conditions affect AEM 
stability. Isolating membrane effects in AEMFC in-operando durability 
tests is a challenge due to various influencing factors, such as the 
membrane, catalyst, ionomer, and water management [51]. Thus, 
evaluating AEMs independently provides clearer insight into their sta
bility. The stability test of the AEMs was performed with similar test 
parameters to Section 2.3.2 to measure the “true hydroxide conductivity” 
of the samples to mimic the environment of an AEMFC in operation for 
100 h. In this case, after de‑carbonation step, the cell temperature was 
fixed at 80 ◦C and RH of 80 % under N2 (99.9992 %) flow of 0.5 mL 
min− 1. A constant voltage of 0.4 V was used to generate a current of 
100–200 μA and avoid carbonation. The conductivity was monitored 
every 30 min during the experiment and the rate of normalized con
ductivity loss (in percentage) was obtained by linear regression of 
results.

3. Results and discussion

3.1. Characterization of pre-irradiated HDPE films and AEMs

3.1.1. AEMs physicochemical characteristics
HDPE films were pre-irradiated with 100 kGy under different tem

peratures (RT or LT) and atmosphere (air or N2) conditions. The pre- 
irradiated films were submitted to grafting step with VBC and further 
functionalized by the amination process with TMA to obtain the AEMs. 
The physicochemical properties of AEMs, such as DoG, IEC, and WU are 
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shown in Fig. 2. When comparing AEMs exposed to identical irradiation 
atmosphere but different temperatures, H-RT-air vs. H-LT-air or H-RT-N2 
vs. H-LT-N2, it is evident that in both cases (air and N2), the DoG is higher 
for LT-samples. On the other hand, the comparison between AEMs 
irradiated in distinct atmospheres but at same temperature, H-RT-air vs. 
H-RT-N2 or H-LT-air vs. H-LT-N2, has not shown an obvious trend for 
atmosphere effect. The DoG of H-RT-N2 > H-RT-air (155 vs. 136 %, 
respectively) and the DoG of H-LT-air is slightly higher than H-LT-N2 
(190 vs. 183 %, respectively). The DoG values are normally associated 
with the amount of available radicals generated within the polymer 
upon exposure to ionizing radiation, which subsequently participate in 
the grafting reaction [35,52]. The amount of radicals as well as their 
nature depend on the different irradiation parameters, including the 
absorbed dose, dose rate, temperature, and atmosphere conditions 
which are related to radiolysis events of C–H and C–C bonds present in 
the PE polymer [53,54]. To verify the trend between DoG and the 
amount of available radicals after the pre-irradiation process, fast elec
tron paramagnetic resonance (EPR) measurements were performed on 
pre-irradiated HDPE films 24 h after irradiation (prior to grafting step). 
The EPR spectra (see Fig. S1) display a multiplet signal in the magnetic 
field region between 3400 and 3600 G. The multiple peaks result from 
the overlapping signals of various radical types, including alkyl, allyl, 
polyenyl, and oxidized radicals, such as peroxyl and hydroperoxyl, 
which form during the irradiation process [55,56]. To estimate the 
number of radicals generated, the peak-to-peak (pph) parameter (rep
resenting the intensity of the central peaks of each spectrum) was 
calculated. The analysis revealed that the estimated population of rad
icals follows the exact same trend as the DoG: H-RT-air < H-RT-N2 < H- 
LT-N2 < H-LT-air (see Fig. S1). LT samples consistently exhibited higher 
radical population compared with RT-samples, regardless of the atmo
sphere. As expected, the DoG parameter strongly correlates with the 
number of radicals generated during the treatment applied to the HDPE 
films.

Analyzing the parameters studied, in this work, the irradiation at
mosphere seems to have less influence than the temperature on the DoG, 
especially at low temperature. Our previous researches using low- 
density polyethylene (LDPE) [36] and ethylene-co-tetrafluoroethylene 
(ETFE) [22] films also highlighted the relevance of irradiation temper
ature as a crucial factor for controlling the DoG. Interestingly, these 
previous studies [22,36] have shown lower DoG values for LDPE or 
ETFE-based membranes prepared under similar irradiation conditions 
(samples irradiated with 100 kGy at LT and air atmosphere) than the 
current HDPE-based AEMs, with DoGs = 125, 143, and 190 %, respec
tively. This feature can be related to the starting film thickness, which 
was smaller for HDPE films (10 μm of HDPE vs. 25 μm of LDPE and 

ETFE), and/or to the polymer intrinsic properties, such as chains 
arrangement or hydrophobicity, impacting the grafting front mecha
nism [57].

Fig. 2 demonstrates that although the samples exhibit different DoG 
values, there is minimal variation in the IECs among the four synthesized 
membranes: H-LT-air (3.30 mmol g− 1) > H-LT-N2 (3.12 mmol g− 1) ≈ H- 
RT-N2 (3.0 mmol g− 1) > H-RT-air (2.72 mmol g− 1). In addition, all these 
IECs are relatively high compared to previous studies using the same 
starting HDPE material [5,23].

Normally, it is expected that the IEC follows the DoG in samples 
synthesized by the same method. Previous studies [6,20,24] have shown 
that the IEC depends on the number of QA groups inserted in the grafted 
polymer. Varied amounts of poly(VBC) grafted onto the HDPE film (i.e., 
DoG) will yield different quantities of available sites for the amination 
reaction with TMA, ultimately leading to a proportional increase in the 
IEC. However, our results suggest that there is a maximum capacity for 
QA groups that the polymer can accommodate, also observed by Wang 
et al. [6]. Additionally, some -CH2Cl groups of the grafted VBC will react 
with each other to form crosslinks and will not be available for amina
tion reaction. Therefore, an increase in DoG will not necessarily lead to a 
markedly higher IEC, as shown by Fig. 2.

Although high DoGs and IECs typically lead to higher WU values [6], 
the WU for the studied AEMs in the Cl− form at RT (Fig. 2) did not 
exhibit a direct correlation with either the IEC or DoG. The measure
ments were conducted on AEMs in the chloride form to minimize 
experimental errors associated with carbonation which can occur for 
AEMs in the OH− form [58]. The water absorption properties of AEMs in 
the OH− form were included for comparative purposes (Fig. S2a) and 
have shown higher values than those in the Cl− form at RT as expected. 
However, these values may be influenced by carbonation during sample 
preparation and testing, which introduces uncertainties to the mea
surements. Nonetheless, no clear correlation between WU and IEC or 
DoG was observed in the OH− form either. Fig. S2, further demonstrates 
that the AEMs water absorption properties exhibit a positive correlation 
with temperature, with increased WU and swelling observed at higher 
temperatures.

Some studies [24,59,60] concluded that the WU is normally pro
portional to the IEC, however it is also highly influenced by the degree of 
crosslinking in the membrane. The degree of crosslinking can be esti
mated by calculating the Gel Content (GC) of a polymer, in which the 
fraction of a sample that is insoluble in a particular solvent and a 
measurable property are associated with the crosslinked portion of the 
polymer [41]. Since the irradiation step plays a crucial role in polymer 
crosslinking [22], GC values were quantified for the pre-irradiated 
HDPE films as shown in Table 1.

In Table 1, all irradiated films display a higher GC value than that of 
the pristine HDPE film, confirming the formation of crosslinking be
tween polymer chains induced by radiation. Among pre-irradiated 
samples at the same temperature but in different atmospheres (H-RT- 
air-film vs. H-RT-N2-film or H-LT-air-film vs. H-LT-N2-film), a higher 
degree of crosslinking is observed in films irradiated in inert atmo
sphere. Under N2 atmosphere, the absence of oxygen molecules prevents 
the decay of free radicals to peroxide and hydroperoxide species. This 

Fig. 2. The degree of grafting (DoG), ion-exchange capacity (IEC), and water 
uptake (WU) characteristics of HDPE-based AEMs prepared under different 
conditions of irradiation.

Table 1 
Left: Gel content (GC) of the pre-irradiated HDPE films, prior to grafting reac
tion. Right: Properties of the synthesized AEMs in Cl− form: ion-exchange ca
pacity (IEC), through-plane swelling (TPS), and in-plane swelling (IPS). The 
AEM properties were placed next to the pre-irradiated film GC for better visu
alization of the properties correlations.

HDPE-film GC (%) AEM IEC (mmol g− 1) TPS (%) IPS (%)

Pristine HDPE 0 – – – –
H-RT-air-film 42 ± 1 H-RT-air 2.72 ± 0.03 6 ± 1 30 ± 3
H-LT-air-film 25 ± 2 H-LT-air 3.30 ± 0.08 12 ± 2 39 ± 1
H-RT-N2-film 48 ± 2 H-RT-N2 3.00 ± 0.02 4 ± 2 21 ± 2
H-LT-N2-film 31 ± 1 H-LT-N2 3.12 ± 0.09 10 ± 1 39 ± 1
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facilitates free radical recombination between chains and subsequent 
crosslinking formation [61]. Similarly, films irradiated in the same at
mosphere but at different temperatures (H-RT-air-film vs. H-LT-air-film, 
or H-RT-N2-film vs. H-LT-N2-film) show increased degree of crosslinking 
when irradiated at RT compared to LT. Mélot et al. [62] indicated that 
the decay time of radicals can be mitigated when the irradiation is 
performed at low temperatures, which occurs due to the restrictive ef
fect on the mobility of polymer chains. This fact explains why the LT- 
irradiated films have lower GC when compared to RT-irradiated films. 
At RT, there is a considerable increase in the film’s local temperature 
caused by the high energy of the e-beam, leading to faster crosslinking 
reaction kinetics [36]. These findings are consistent with those reported 
for LDPE films in our previous study [36].

Considering that the IECs of the samples are very similar, the 
different values of WU in Fig. 2 can be associated with variations in the 
polymer microstructure caused by higher or lower degree of cross
linking. Samples with higher GC exhibit lower WU when irradiated at 
the same temperature or same atmosphere because of increased hy
drophobicity. Hence, whether at RT or LT, samples irradiated in N2 tend 
to absorb less water than those irradiated in air, due to the higher degree 
of crosslinking. Likewise, in N2 or air atmosphere, samples irradiated at 
RT tend to absorb less water. Refer to Fig. S3 for a direct comparison 
between these two properties. The dimensional swelling of the corre
sponding membranes in the Cl− form (TPS and IPS, Table 1) are in 
agreement with what was observed for WU for AEMs irradiated in the 
same atmosphere at RT or LT: H-LT-air > H-RT-air and H-LT-N2 > H-RT- 
N2. However, dimensional swelling did not show strong dependence on 
the irradiation atmosphere, as also observed for DoG values. It is note
worthy that all synthesized membranes displayed relatively low 
dimensional swelling when compared, for example, with a similar AEM- 
HDPE [23] that presented 38 % ± 7 of TPS. TPS and IPS are important 
indicatives of water absorption in AEMs and must be controlled to 
preserve their dimensional stability. For example, an excessive swelling 
can trigger detachment between electrodes and membrane that ulti
mately results in poor AEMFC performance and durability [63]. Water- 
related parameters in general are key properties for AEMs structural 
stability and ion transportation, which in turn, are also fundamental to 
understand the ionic conduction mechanisms within the membrane 
[64,65].

3.2. AEMs ionic conductivity in OH− form

Fig. 3 illustrates the in-plane OH− conductivity (σ) of the AEMs 
varying the temperature from 30 to 80 ◦C at a fixed RH of 100 %. OH−

conductivity is a critical property of AEMs because it significantly im
pacts the performance of AEMFCs. The OH− conductivity profile in
dicates a thermal dependence, suggesting a thermo-activated 
conduction mechanism. This behavior can be attributed to the increased 
free volume for ion transport and enhanced OH− mobility as the tem
perature rises [66]. The conductivity values also reveal a close corre
lation with the IEC trend. The H-LT-air and H-LT-N2 AEMs exhibit the 
highest IECs (3.3 and 3.1 mmol g− 1, respectively) and the identical OH−

conductivities of 208 mS cm− 1 at 80 ◦C. Additionally, the H-RT-N2 AEM 
exhibits an intermediate conductivity of 199 mS cm− 1 at 80 ◦C with IEC 
= 3.0 mmol g− 1, while the H-RT-air AEM presented the lowest con
ductivity of 149 mS cm− 1 at 80 ◦C for an IEC of 2.7 mmol g− 1. While the 
OH− conductivities and IEC values of H-LT-air, H-LT-N2, and H-RT-N2 
are closely aligned, the significant drop in conductivity observed for H- 
RT-air cannot be solely attributed to its lower IEC. This suggests that 
factors beyond IEC, such as morphology, can also influence OH− con
ductivity. Previous studies have linked enhanced ionic conductivity in 
AEMs to phase separation between hydrophilic and hydrophobic re
gions, induced by crosslinking, which facilitates ion conduction [66,67]. 
However, excessive crosslinking can hinder ionic transport by creating 
physical barriers that obstruct the AEM structure, ultimately impeding 
ion movement and reducing conductivity. This highlights the impor
tance of balancing crosslinking to optimize conductivity while main
taining structural integrity.

The activation energy (Ea) for OH− conductivity (σ) was determined 
from the ln σ vs. 1/T plot, revealing an Arrhenius behavior (see Fig. S4) 
[68]. The calculated Ea values were as follows: H-RT-N2 (13 ± 0.7 kJ 
mol− 1) ≈ H-LT-N2 (12 ± 0.1 kJ mol− 1) > H-RT-air (11 ± 0.2 kJ mol− 1) 
> H-LT-air (9 ± 0.5 kJ mol− 1), which are consistent with similar AEMs 
described in the literature [32,90]. The narrow differences in the Ea 
observed among the AEMs suggest that factors such as hydration levels 
and nanostructural organisation may contribute to their conduction 
behavior.

3.3. Mechanical properties

Fig. 4 shows the uniaxial tensile tests conducted on the pre-irradiated 
HDPE films to examine the impact of irradiation on the polymer’s me
chanical properties aiming to isolate any influence from grafting or 
amination steps (see the stress-strain curves at Fig. S5). The elastic 
modulus (Em) of all irradiated samples was found to be higher than that 

Fig. 3. Temperature-dependence of the in-plane OH− conductivity of AEMs 
from 30 to 80 ◦C at RH = 100 %.

Fig. 4. The mechanical properties, the Eb and Em results of pristine HDPE and 
HDPE films irradiated.
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of the pristine HDPE film (1439 MPa), indicating a stiffening of the 
material due to crosslinking induced by radiation. Conversely, the 
elongation at break (Eb) decreased for all samples compared to the 
pristine HDPE film (468 %) likely due to a combination of factors 
including polymer embrittlement from chain scission during irradiation 
and stiffening of the samples due to radiation-induced crosslinking [26]. 
Increasing the crosslinking density generally results in a stiffer material 
with a higher Em. However, an excessively high crosslinking density can 
lead to brittle material, thus compromising its elongation properties 
[22].

Among samples irradiated under identical atmospheres, H-RT-air- 
film/H-LT-air-film and H-RT-N2-film/H-LT-N2-film, it is observed a 
decreased Em for films irradiated at LT (1789 > 1460 MPa and 2195 >
1653 MPa, respectively). Likewise, the Eb followed a similar trend by 
showing smaller values for LT irradiated samples (H-RT-air-film = 388 
% vs H-LT-air-film = 358 %, and H-RT-N2-film = 384 % vs H-LT-N2-film 
= 340 %). For samples irradiated in different atmospheres at the same 
temperature, irradiation in an inert atmosphere appears to result in a 
higher Em and a less evident difference in Eb compared to irradiation in 
air at both RT and LT. These findings are consistent with the GC data in 
Table 1, in which the crosslinks are more pronounced in samples irra
diated at RT than those irradiated at LT. Likewise, samples irradiated in 
N₂ exhibit a higher Em than those irradiated at the same temperature but 
air atmosphere. The increase in the Em indicates reinforcement in the 
polymeric nanostructure network due to crosslinking.

Among all samples, the H-RT-N2-film exhibits the highest elastic 
modulus, which is consistent with its GC result shown in Table 1. Despite 
its high elastic modulus value, this sample demonstrates significant 
preservation of its elongation capacity, showcasing a good example of 
improvement in radiation conditions towards obtaining AEMs with 
enhanced properties.

3.4. Thermal properties

Thermal properties are an important factor that must be considered 
for AEMs used in fuel cells. The DSC and TGA measures were performed 
to evaluate the effect of the irradiation condition (RT, LT, air and/or N2) 
on thermal properties of irradiated HDPE films and AEMs. Fig. S6 shows 
the melting characteristics of pristine and irradiated HDPE films. It can 
be seen from Fig. S6 that the pristine HDPE melting temperature (Tm) of 
137 ◦C and crystallization temperature (Tc) of 118 ◦C are in good 
agreement with values found in the literature [69]. When analyzing the 
thermal properties obtained for pre-irradiated HDPE films, it is possible 
to observe only a slight change in both the Tm (134–137 ◦C) and Tc 
(117–119 ◦C) values. This reveals that the radiation parameters were not 
able to affect the thermal properties, preserving these characteristics. On 
the other hand, the crystallinity plays a crucial role in the thermal 
properties of semi-crystalline polymers, being associated with the de
gree of crosslinking. Considering that the crosslinking is significantly 
affected by radiation conditions, it is pertinent to correlate such effect 
with crystallinity. The influence of crosslinking on the degree of crys
tallinity (Xc) of PEs is known [70] (see Table S1), the crosslinking re
duces the mobility of polymer chains, consequently diminishing the 
quantity of crystallizable polymer [69,70]. However, Xc obtained from 
melting enthalpy (ΔHm) of DSC runs (Fig. S6) for pre-irradiated samples 
exhibits a minimal variation in the Xc: H-RT-air-film (48 %) > H-LT-air- 
film (46 %) > pristine HDPE (43 %) > H-LT-N2-film (42 %) > H-RT-N2- 
film (41 %). The values of Xc indicate that the irradiation protocol 
applied to samples has no significant effect on the crystallinity. In 
addition, a crystalline structure preserved should be the crucial factor 
for keeping the mechanical strengths of the polymer’s matrix to some 
extent.

In terms of thermal characteristics of AEMs (see Table S1 and Fig. S7) 
no appreciable changes were observed for Tm (127 ◦C for all) among the 
samples, but the Tm value diminishes when compared with pristine 
HDPE (137 ◦C). Likewise, the same Tc (117 ◦C for all) value was obtained 

for all AEMs samples. The thermal profile obtain by TGA/DTG exhibited 
in Fig. S8 showed that the loss weight for all AEMs is similar with four 
main events: (1) desorption of water bonded to the TMA group at 30 to 
120 ◦C; (2) break of TMA covalent bonds at 185 to 286 ◦C [7]; (3) 
degradation of the poly(VBC) grafts at 374 to 442 ◦C and [59]; (4) 
degradation of HDPE backbone at 449 to 519 ◦C [71].

These findings show that the grafting process can affect the Tm when 
comparing with pristine HDPE film due to the addition of another 
polymer (poly(VBC)) with a different nature, however, it cannot change 
the crystallization process in general terms. In addition, a slight differ
ence in the TGA/DTG profile among the samples is due to the variation 
in the DoG for each AEM.

3.5. Raman spectroscopy

The functional groups of the molecular structure of AEMs were 
identified by Raman spectroscopy (Fig. S9) to confirm the synthesis, 
following a previously report for a similar HDPE-based AEM [23]. 
Raman bands identified at 1297 and 1448 cm− 1 are attributed to two 
vibration modes (-CH2 twisting and -CH2 bending, respectively) of the 
methylene group present in the HDPE structure. The band at 1128 cm− 1 

corresponds to the C–C stretching mode associated to the HDPE back
bone [60]. The grafts of the VBC groups in the AEM molecular structure 
were identified through the Raman bands at 1608 cm− 1 and 1002 cm− 1, 
which are associated with the benzyl ring stretch, and the m-aromatic 
stretch, respectively [23]. The functionalization of AEMs with TMA was 
confirmed by the Raman bands found at 976 and 757 cm− 1, which are 
associated with asymmetric and symmetrical stretching of TMA-group 
[23,61].

3.6. AEMs morphology

The techniques SAXS, AFM, and SEM were employed to investigate 
the morphological characteristics of the series of AEMs, with SAXS 
probing the bulk nanostructure and AFM and SEM characterizing the 
surface. The SAXS profiles shown in Fig. 5 were analyzed from changes 
in the long-period distance parameter (D = 2π/qmax) of pristine HDPE 
film to represent the original structure of AEMs. The D was determined 
by the maximum scattering vector (q), which represents the overall 
average lamellar thickness between the crystalline and amorphous 
layers [72,73]. The SAXS profile of pristine HDPE film generates a single 
peak described as q1 at 0.257 nm− 1 that corresponding to long-period of 
D1 = 24.4 nm. This result is consistent with previous reports [73].

Fig. 5. 1D SAXS intensity profile for pristine-HDPE film and AEMs in the 
chloride form.
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Fig. 5 shows the SAXS profiles for AEMs, where two peaks described 
as q1 and q2 are observed, consequently, the D1 and D2 parameters were 
determined for AEMs. The q1 in AEMs SAXS profile corresponds to the 
long-period distance of the base-polymer, i.e., pristine HDPE onto 
membrane structure. The q1 parameters of all AEMs were shifted to 
lower angles when compared with q1 determined for pristine HDPE. In 
addition, the q1 for AEMs exhibits lower intensity which can be attrib
uted to less electron contrast between the amorphous regions and 
lamellar structures caused by the addition of grafts [74,75]. As a result, 
the D1 parameters obtained for AEMs follows: H-LT-air (38 nm) > H-LT- 
N2 (37 nm) > H-RT-air (35 nm) > H-RT-N2 (31 nm). These results reveal 
an evident change in the nanostructure of AEMs in terms of D1 when 
compared with pristine HDPE (D1 = 24.4 nm). In this case, the grafting 
process influenced by pre-irradiation conditions, increases the amor
phous layer thickness leading to a large distance between the crystalline 
domains. This find is consistent with the decrease in the Xc for AEMs 
when compared with pristine HDPE film presented in Table S1, which 
indicates a lower amount of crystallizable material onto AEMs structure. 
These factors are consistent with the grafting process. A recent work 
brought highlights to explain the RIG-polymerization mechanism, 
where the grafts begin at the interface between the amorphous and 
crystalline phases of HDPE films [76]. After filling the amorphous phase, 
the grafts grow to cover the crystalline phase [76].

The appearance of a new peak described as q2 indicates the forma
tion of the segregation phase of the AEMs structure, which is absent on 
pristine HDPE and corresponds to the ionic domains of the AEMs 
described as D2 [26]. The D2 appears as a consequence of TMA-groups 
bonded to VBC groups, which introduce the hydrophilic characteris
tics for AEMs [26]. Thus, the D2 of the AEMs exhibits: H-LT-air = 15 nm; 
H-LT-N2 = 14.5 nm; H-RT-air = 13 nm; and H-RT-N2 = 13.5 nm. It is 
important to mention that the segregation phase creates ionic conduc
tion channels of high mobility within of hydrophilic phase of the 
membrane improving the hydroxyl conductivity [77,78]. Thus, the 
differences found in D2 parameter of each AEMs can be crucial to elec
trochemical properties given singular characteristics.

The AFM was performed to evaluate how the irradiation protocol can 
affect the surface features of the AEMs series investigated here. In the 
topographic images of the samples (Fig. 6), 10 μm × 10 μm scanning 
area, the dark and bright regions are associated to holes and bulges 
surface. Fig. 6a shows the AFM image for the pristine HDPE film, which 
presents an Rrms of 142 nm. The Rrms analysis from the AFM images for 
AEMs (Figs. 6b-d), obtained by the different irradiation treatments, 
shown significant difference in the Rrms values, with the following trend: 
H-RT-N2 (434 nm) > H-RT-air (320 nm) > H-LT-N2 (239 nm) > H-LT-air 
(228 nm). The 3D maps and Ra values can be checked in Fig. S10.

Based on the Rrms findings, it is important to note that the roughness 
of AEMs subjected to irradiation can be related with physicochemical 
alterations occurring on the polymer’s surface. This characteristic is 
influenced by several factors: i) the effect of the electron beam on the 
surface can lead to the creation of areas with varying amplitudes as a 
result of different radiation doses [79], ii) gaseous released during 
crosslinking and chain scission radiolysis can form bubbles, which 

subsequently modify the surface roughness [80,81]; iii) for grafted films, 
the differences in roughness may be linked to the concentration of grafts, 
resulting in regions with higher and lower amplitudes [82]. Despite this, 
it is reasonable to mention that the combination of these events is 
responsible for the final roughness of the surface of the AEMs. However, 
the Rrms values decreased for the LT-samples when compared to the RT- 
samples. This decrease can be associated with the mitigation of chain 
scission or crosslinking reactions when the HDPE films were irradiated 
at low temperature, resulting in fewer gases being generated and 
consequently decreasing the Rrms. Then, this feature suggests that the 
RT-samples have a more pronounced formation of gases in the bulk of 
the material during the pre-irradiation likely due to temperature vari
ations that can occur during the process, as previously studied in our 
group [36].

SEM was used to examine the surface of the AEMs, and the images 
are presented in Fig. S11. Fig. S11a shows a smooth surface for the 
pristine HDPE film, whereas the AEM surfaces (Fig. S11b-e) display 
dense and irregular surface morphologies resulting from the grafting 
and amination processes. The surface irregularity seems to be more 
pronounced for H-RT-air and H-RT-N2 AEMs, while H-LT-N2 shows a 
smoother surface. The H-LT-air AEM exhibits alternating smooth and 
agglomerated regions, primarily for AEMs with high graft amounts. 
These qualitative observations are consistent with Rrms properties ob
tained through AFM measurements and previously explained. The SEM 
images reveal no consistent visual pattern on the surfaces of the AEMs 
that can be directly attributed to the pre-irradiation processes.

3.7. AEMFC tests

Fig. 7 shows the polarization curves obtained from AEMFCs tests at 
80 ◦C with AEMs synthesized under different irradiation conditions. The 

Fig. 6. AFM images with scale of 2 μm for pristine HDPE film (a), and H-RT-air (b), H-LT-air (c), H-RT-N2 (d), and H-LT-N2 (e) AEMs.

Fig. 7. Polarization curves of AEMFCs performed at 80 ◦C and atmospheric 
pressure. O2 cathode gas flow of 1.0 L min− 1, and H2 anode gas flow of 1.0 L 
min− 1. The anode and cathode gases were operated with an optimal humidi
fication temperature range from 70 to 72 ◦C. AEMs wet thicknesses: H-RT-air =
28 μm; H-RT-N2 = 34 μm; H-LT-N2 = 37 μm; H-LT-air = 38 μm.
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curves evidenced the same polarization profile with the main differences 
in ohmic drop as well as mass transport polarization regions, which are 
water-associated processes. The power peak density obtained by fuel 
cells performances varied from 1.4 to 2.1 W cm− 2 and followed the OH−

conductivity trend for all AEMs derivatives. In fact, the membrane’s 
conductivity is considered the main irreversibility of the ohmic drop 
overpotential, influencing the global performance response of AEMFCs. 
Taking into account that the irradiation protocol can significantly 
impact the properties that govern the ionic conduction mechanism on 
AEMs, i.e., the number of QA’s, is reasonable to associate performance 
with DoG, IEC and/or conductivity. However, the difference in perfor
mance for the AEMs is also resulting from a higher overpotential asso
ciated with mass limiting transport (current density > 2 A cm− 2), which 
is related to water management.

The irradiation process significantly impacts the morphology and 
nanostructure of AEMs as evidenced by AFM and SAXS analyzes, and in 
turn can influence the fuel cell performance. Uncontrolled membrane 
roughness, for example, can impede homogenous gas distribution, 
leading to restricted mass transport, hindering catalyst layer adhesion 
and causing both mechanical stress and electrode delamination [83–85]. 
The degree of crosslinking, on the other hand, plays a crucial role in the 
water transportation within the membrane, affecting the overall fuel cell 
efficiency. Water management is particularly influenced by the intrinsic 
morphological characteristics of each AEM, which govern the complex 
movement of water molecules during fuel cell operation. Such feature is 
a consequence of water transport processes inherent to low-temperature 
fuel cells, in which electroosmotic drag and vehicular mechanism 
govern the water management resulting in an imbalance between water 
generation and consumption at the anode and cathode electrodes [86]. 
Further research is essential to understand the direct influence of 
morphology and nanostructure on the performance of fuel cells incor
porating RIG-AEMs. Nonetheless, beginning-of-life experiments indicate 
that pre-irradiation parameters significantly impact power density by 
enhancing ion conduction properties and optimizing water manage
ment. These improvements result from successful radiation grafting and 
a more favorable morphological profile, making RIG-AEMs highly suit
able for fuel cell applications.

3.8. Short-term AEMs stability tests

The AEMs stability was investigated by measuring the loss of con
ductivity over time at 80 ◦C and RH of 80 %. The short-term tests were 
performed at 80 ◦C to simulate the operating temperature of the AEMFC 
and under RH of 80 % to accelerate the degradation process during the 
100 h of the experiment. The data were normalized to evaluate the 
percentage loss of conductivity over time (% h− 1) (Fig. 8). A voltage was 
constantly applied to guarantee the absence of carbonate formation in 
AEMs, as described elsewhere [42–44].

The conductivity loss of the H-RT-air AEM featured the worst sta
bility performance (− 0.17 % h− 1) while H-RT-N2 and H-LT-air AEMs 
presented the best results with degradation rate of ~ − 0.06 % h− 1. 
Considering samples irradiated in air, decreasing the temperature dur
ing the irradiation process appears to be efficient for stability since 
degradation rate of the H-LT-air is almost three times lower than that 
observed for H-RT-air. On the other hand, the opposite has been 
observed for the pair irradiated in N2 atmosphere, H-LT-N2 vs. H-RT-N2, 
showcasing degradation rates of − 0.09 % h− 1 and -0.06 % h− 1, 
respectively. A similar behavior is observed when analyzing the 
temperature-fixed, i.e., the comparison H-RT-air vs. H-RT-N2 provides 
− 0.17 % h− 1 vs. -0.06 % h− 1, while the comparison between H-LT-air vs. 
H-LT-N2 exhibits − 0.06 % h− 1 vs. -0.09 % h− 1. Both H-LT-air and H-RT- 
N2 AEMs exhibit identical degradation rates, which makes it difficult to 
assign the factor among the irradiation parameters that contributes 
more significantly to chemical stability.

The degradation mechanism of AEMs grafted with poly(VBC)-TMA 
via RIG is described elsewhere [87,88]. In general, specific parts of the 

AEM structure are affected by degradative processes, such as pre- 
fabricated polymer backbone, poly(VBC) grafts (side chains), and the 
TMA-groups. Likewise, the degradation mechanisms are governed by 
three reactional routes, which can take place simultaneously: i) AEM 
degradation occurs by the loss of the quaternary ammonium group as a 
result of nucleophilic substitution bimolecular (SN2) reaction via OH−

attack, leading to the formation of benzylic alcohol and the leave of the 
tertiary amine group. Although the Hofmann elimination reaction is 
possible, it does not the preferred route due to Hβ is absent in the VBC- 
TMA group; ii) the auto-oxidation/oxidation reactions from peroxide 
radicals generated in the alkaline media could attack the benzylic car
bon in poly(VBC) structure, eliminating VBC-TMA groups of the AEM; 
iii) chain scission reactions by the attack of OH− ions on the C–C bonds 
present in AEM backbone, leading to fragmentation of the polymeric 
structure [87,88].

In this work, the degradation of AEMs during the accelerated dura
bility test was attributed to the irradiation process applied to the sam
ples (pre-irradiation conditions: RT-air, LT-N2, LT-N2, or LT-air). Since 
all samples share the same molecular structure – resulting from identical 
grafting and amination steps - it is reasonable to attribute the differences 
in conductivity loss rates to the effects of radiation on the HDPE matrix 
structure. However, it is worth mentioning that the degradative pro
cesses of side chains and quaternary ammonium groups are normally the 
primary contributors to overall degradation in these types of mem
branes, and likely follows similar patterns across the AEMs studied. For 
instance, the degradation of AEMs via OH− attack to the TMA group 
likely involves the association of three pathways: (i) benzyl alcohol 
formation by substitution of VBC-N+(Me)3 by the VBC-OH group; (ii) 
methyl loss from the VBC-N+(Me)3, resulting in the formation of tertiary 
amine VBC-N(Me)2; and (iii) ylide formation through proton abstraction 
from the benzylic methylene group (benzyl-CH2-N+(Me)3), followed by 
conversion to a tertiary amine (benzyl-CH(Me)-N(Me)2). These potential 
degradation routes are illustrated in Scheme S1.

Fig. S12 presents mechanical and structural data, including gel 
content (GC) and elastic modulus, to explore correlations between 
backbone modifications and stability. The results show no direct cor
relation between increased crosslinking (estimated by GC) and HDPE- 
AEM degradation in short-term tests. For instance, H-LT-air and H-RT- 
N2 both exhibit the lowest degradation rates, but have opposites GC 
values, H-LT-air displaying the lowest and H-RT-N2 the highest. A 
similar trend is observed for elastic modulus, indicating that cross
linking reinforcement does not play a decisive role in initial stability. 
Comparisons with previous work on LDPE-based AEMs [36] highlight a 

Fig. 8. The normalized loss of hydroxide conductivity at 80 ◦C in RH of 80 % of 
the AEMs.
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higher degradation tendency for LDPE membranes pre-irradiated at 
room temperature compared to HDPE membranes. LDPE-LT-air shows a 
loss rate of − 0.1 % h− 1 [36] vs − 0.06 % h− 1 for H-LT-air. This difference 
is likely due to the intrinsic properties of LDPE and HDPE backbones 
(Table S3). Although pre-irradiation parameters influence degradation, 
they are only one aspect of the complex, multifactorial degradation 
mechanism.

4. Conclusion

A series of pre-irradiation protocols were performed to mitigate the 
damage caused by ionizing radiation used to synthesize HDPE-based 
anion-exchange membranes. Experimental results show that the AEMs 
properties can be strongly affected by an inappropriate choice of irra
diation protocol, compromising their physicochemical, thermal, me
chanical, morphological, and electrochemical characteristics. The 
findings reveal that the choice of atmosphere during irradiation signif
icantly affects the balance between radical generation and oxidative 
degradation, with nitrogen environment promoting more crosslinking 
while air atmosphere can favor oxidative processes. Additionally, 
lowering the temperature (~ − 10 ◦C) during the pre-irradiation step 
effectively preserved radicals in the HDPE film, leading to an improve
ment in the degree of grafting (DoG) of AEMs. As a result, the ion- 
exchange capacity (IEC), water uptake (WU), dimensional swelling, 
and crosslinking characteristics were optimized. The AEMs morphology 
was also influenced by the changes in the pre-irradiation protocol, 
which resulted in specific nanomorphology for each membrane, char
acterized by lamellar distance and surface roughness. The electro
chemical properties such as OH− conductivity (σ) were enhanced for the 
H-LT-air AEM, reaching σ = 208 mS cm− 1 at 80 ◦C, which was superior 
to the standard H-RT-air sample that showed σ =149 mS cm− 1 at 80 ◦C. 
In addition, AEMFC tests achieved a peak power density of 1.4 W cm− 2 

at a current density of 2.3 A cm− 2 for H-RT-air AEM, and 2.1 W cm− 2 at a 
current density of 3.8 A cm− 2 for H-LT-air AEM, representing a 50 % 
increase in AEMFC performance and placing it within the top-level 
performance range of current HDPE-based AEMFC technology. Finally, 
short-term stability tests showed a significant improvement of over 180 
% when comparing H-RT-air and H-LT-air AEMs, highlighting the 
importance of lowering the temperature during the pre-irradiation in 
air.
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