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Abstract

The exploration and evaluation of new composites possessing both processability and enhanced hydrogen storage capacity
are of significant interest for onboard hydrogen storage systems and fuel cell based electric vehicle development. Here we
demonstrate the fabrication of composite membranes with sufficient mechanical properties for enhanced hydrogen stor-
age that are based on a polymer of intrinsic microporosity (PIM-1) matrix containing nano-sized fillers: activated carbon
(AX21) or metal-organic framework (MIL-101). This is one of the first comparative studies of different composite systems
for hydrogen storage and, in addition, the first detailed evaluation of the diffusion kinetics of hydrogen in polymer-based
nanoporous composites. The composite films were characterised by surface area and porosity analysis, hydrogen adsorption
measurements, mechanical testing and gas adsorption modelling. The PIM-1/AX21 composite with 60 wt% AX21 provides
enhanced hydrogen adsorption kinetics and a total hydrogen storage capacity of up to 9.35 wt% at 77 K; this is superior to
the US Department of Energy hydrogen storage target. Tensile testing indicates that the ultimate stress and strain of PIM-1/
AX21 are higher than those of the MIL-101 or PAF-1 containing composites, and are sufficient for use in hydrogen storage
tanks. The data presented provides new insights into both the design and characterisation methods of polymer-based compos-
ite membranes. Our nanoporous polymer-based composites offer advantages over powders in terms of safety, handling and
practical manufacturing, with potential for hydrogen storage applications either as means of increasing storage or decreasing
operating pressures in high-pressure hydrogen storage tanks.

Keywords Polymer of intrinsic microporosity - Nano-composite membrane - Hydrogen storage - Mechanical properties -
Hydrogen adsorption kinetics

1 Introduction

Concerns over diminishing and dispersing resources and the
environmental impact of burning fossil fuels have driven
attention to the development of alternative and sustain-
able energy sources and to the management of intermittent
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The current industry standard for storage is compressed gas
at 70 MPa and ambient temperature. However, this method
comes with compression losses, and requires lightweight,
mechanically strong and expensive containment materials
to ensure safe operation.

One of the alternatives to compression is to store hydro-
gen by adsorption, which uses porous materials to den-
sify hydrogen via enhanced interactions between the H,
molecules and internal surfaces. This research approach
is well developed, and a number of different high-surface
area materials have been discovered or created, that have
potential as hydrogen storage materials, such as activated
carbons (Bimbo et al. 2013; Tian et al. 2013), metal-organic
frameworks (MOFs) (Naeem et al. 2016; Noguera-Diaz
et al. 2016) and porous polymers (Rochat et al. 2017; Polak-
Krasna et al. 2017). However, the majority of materials
developed for this purpose are tailored with solely hydrogen
uptake in mind, which can cause issues when the focus of
development shifts from small-scale laboratory tests to the
full hydrogen tank scale. One adsorbent that exhibits a range
of useful engineering properties for large-scale applications,
such as good thermal stability and solution processability,
is the polymer of intrinsic microporosity PIM-1 (Rochat
et al. 2017; Budd et al. 2004a, b; Low et al. 2018). This
material can be processed into a number of morphologies
while remaining highly porous and exhibits good thermal
and mechanical properties. However, the adsorption capac-
ity of PIM-1 is rather limited, with a BET surface area (N,
at 77 K) generally reported in the 500-800 m? g~! range,
and a hydrogen uptake of 0.5-1.1 wt% at 77 K and 0.1 MPa
(Rochat et al. 2017). In this work, we mix highly porous
fillers into the PIM-1 matrix to form composite films and
demonstrate that they have enhanced porosity and hydrogen
storage properties. The introduction of additional high sur-
face area nanoporous fillers into PIM-1 provides composites
with enhanced performance in terms of surface area, poros-
ity and gas adsorption capacity, while retaining processabil-
ity and flexibility. It has also been reported that additives in
PIM-based composites improve their long term structural
stability (Low et al. 2018; Rochat et al. 2018).

To form efficient composite films with enhanced poros-
ity, storage performance and mechanical properties for use
in storage tanks, it is essential to identify suitable high sur-
face area, divided nanoporous fillers that are compatible
with the polymer matrix. Prompted by our previous work
on PIM-1/PAF-1 composites for enhanced hydrogen stor-
age (Rochat et al. 2017), we selected examples from three
classes of nanoporous fillers—an activated carbon, a MOF
and a porous organic polymer—with good hydrogen storage
properties; and we evaluate the hydrogen adsorption kinetics
of these new composite materials.

In order to understand the impact of different fillers on
both hydrogen adsorption capacity and kinetics, we produced
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a range of PIM-1-based self-standing composite films with
increasing weight concentration of the three selected nano-
porous fillers (a pore size of <2 nm). Activated carbon is a
classic porous material that has been widely used in many
industrial processes including gas adsorption, separations
and water treatment due to its high stability, high adsorp-
tion capability and low cost. Here we select a commercially
available activated carbon material, AX21, which has been
well studied and understood in our group (Ting et al. 2015;
Bimbo et al. 2016), as a reference or a benchmark for other
more complicated composite systems. PIM-1/PAF-1 com-
posites for hydrogen storage have been reported recently
(Rochat et al. 2017), and we demonstrated that the stable
and processable PIM-1/PAF-1 composite membranes pos-
sess enhanced hydrogen storage performance and sufficient
mechanical properties for integration into high-pressure
hydrogen storage tanks. MOFs have been widely studied as
fillers in mixed matrix membranes for gas separation (Ghalei
et al. 2017). The nanoporous structure of MOFs can be tuned
to specific applications and the organic linkers provide a
stronger interaction with polymer chains, resulting in a better
compatibility between the MOF and the polymer matrix (Lin
et al. 2014). Here, we select [Cr;O(OH)(H,0),(bdc);] (MIL-
101(Cr), referred to hereafter as MIL-101, bdc =1,4-ben-
zenedicarboxylate) as a third type of nanoporous additive
to form PIM-1/MIL-101 composite films. MIL-101 was
selected due to its microporosity, relatively high hydrogen
uptake, ease of synthesis and high stability.

Based on the density and porosity of the composites, we
identify the critical volume percentage of nanoporous filler
of the PIM-1 based composites, which we define as the point
at which a composite fails to form a self-standing film. This
critical volume can be used to determine the limitations of
polymer-based composites and their functions; for exam-
ple, as a coherent liner in a high-pressure hydrogen storage
tank (Rochat et al. 2017). Low and high-pressure hydrogen
uptake measurements were performed to evaluate hydrogen
storage capacities of the composites, which in some cases
potentially meet the US Department of Energy (DoE) hydro-
gen storage target (Target Explanation Document 2017). The
kinetics of hydrogen adsorption of the pure materials and the
composites were studied through mathematical modelling,
indicating significantly faster hydrogen diffusion kinetics in
PIM-1 films after introduction of nanoporous fillers. The
mechanical properties of the composites were also investi-
gated in order to fully assess their potential for use in storage
applications and determine their ultimate properties. The
significance of these studies reaches beyond the immediate
interest in hydrogen storage and will provide new insights
into the practical search for high-pressure hydrogen storage
tank systems. In addition, this study provides a new design
strategy for the selection and analysis of nanoporous fillers
in polymer matrices using a broad range of characterisation
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techniques, including mechanical testing, high-pressure gas
adsorption and kinetics investigations.

2 Results and discussion

PIM-1 and MIL-101(Cr) were synthesised following pub-
lished procedures and characterised by N, adsorption at
77 K and X-ray powder diffraction (PXRD) (Budd et al.
2004; Férey et al. 2005; Jiang et al. 2012). The PIM-1 sam-
ple used for the fabrication of composite films with AX21
and MIL-101 was determined to have a BET surface area of
724 m? g~! from N, adsorption at 77 K. This was in good
agreement with prior literature values (Budd et al. 2004), but
slightly lower than the surface area of the PIM-1 that was
used for PIM-1/PAF-1 composite films (Rochat et al. 2017,
Polak-Krasna et al. 2017).

The PXRD patterns of the synthesised MIL-101 powder,
PIM-1 film and the PIM-1/MIL-101 composite films in Fig.
S1 compare well with previous studies of pure PIM-1 (Wang
et al. 2014) and pure MIL-101 (Férey et al. 2005; Jiang et al.
2012). The composites, as expected, show a mixture of the
patterns of PIM-1 and MIL-101. The composites, PIM-
1/10 wt% MIL-101 (referred to as M10) and PIM-1/30 wt%
MIL-101 (referred to as M30), clearly show the strong MIL-
101 peaks in the 8—10° range, which indicates that MIL-
101 was successfully embedded in films and has retained
crystallinity.

The method to create PIM-1-based composite films
was based on our previous experience with PIM-1/PAF-1
composites. As shown in Fig. 1, the nano-sized porous fill-
ers (Fig. 1b) were dispersed into PIM-1 (Fig. 1a), leading
to the formation of freestanding PIM-1-based composite
films. With increasing weight concentration of filler, the
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Fig. 1 a Schematic structure of the repeating kinked unit of PIM-1,
showing the ladder-like carbon- (yellow) and oxygen-based skeleton
(red) as well as nitrile (blue) and methyl (grey) side-chains. Hydro-
gen atoms have been removed for clarity, b the nanoporous fillers
employed, ¢ schematic representation of the PIM-1 based composites.
(Color figure online)

solvent-cast films were found to become increasingly brittle
and tended to crack upon drying.

Images of the PIM-1/AX21 and PIM-1/MIL-101 com-
posite films are shown in Fig. 2 and indicate that thin PIM-
1-based composite films were successfully produced. The
transparency of the composite films decreased and the colour
became darker with increasing fraction of the nanoporous
fillers. The concentration of AX21 in the composite could
be as high as 60 wt% in the film, while MIL-101 could not
exceed 40 wt%—as demonstrated in Fig. 2 where the 50 wt%
PIM-1/MIL-101 composite failed to form a cohesive film.
PIM-1/PAF-1 composites showed a similar tendency with
a maximum loading of 37.5 wt% (Rochat et al. 2017). The
PIM-1 with 10, 20, 30, 40, 50 and 60 wt% AX21 compos-
ites are referred to as A10, A20, A30, A40, A50 and A60
respectively. Applying the same principle to PIM-1/MIL-
101 composites, M10, M20 and M30 correspond to 10, 20
and 30 wt% MIL-101 in PIM-1 matrix.

One function of PIM-1 is to bind filler particles together
in a composite membrane. The individual components of
the composite materials possess a clear boundary/interface
that is visible in the cross-sectional SEM images, Fig. 3,
that resulted from the physical mixing of the additives and
the polymer matrix. The octahedral MIL-101 crystals were
well dispersed in the PIM-1 matrix, Fig. 3e, as previously
reported for the PIM-1/PAF-1 composite (Rochat et al.
2017), while the larger ‘rock-like’ AX21 particles were
located at the base of the composite film, Fig. 3b.

From the SEM images, Fig. S2, the particle sizes of MIL-
101 and PAF-1 were estimated to be 400 nm and 320 nm
respectively, see Table 1, which was almost 15 times smaller
than the particle size of AX21 (5.57 £0.36 um). Further-
more, the density of AX21 proved to be greater than both
MIL-101 and PAF-1, as shown in Table 1. Therefore, the
larger and heavier carbon AX21 particles settled during sol-
vent evaporation, and posed difficulties in forming flat and

Fig.2 Images of 6 cm diameter films, placed above the logo of the
University of Bath to demonstrate varying transparency. Top row—
left to right: PIM-1/AX21 composites with AX21 weight concentra-
tion at 0% (A0), 10% (A10), 20% (A20), 40% (A40) and 60% (A60).
Bottom row—Ieft to right: PIM-1/MIL-101 composites with MIL-
101 weight concentration at 10% (M10), 20% (M20), 30% (M30),
40% (M40), and 50% (M50)
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Fig.3 SEM images of the cross-sections of 30 wt% PIM-1/AX21
composites (A30, images a—c) and cross-section of 30 wt% PIM-1/
MIL-101(M30, d—f)

Table 1 Summary of density and particle size of PIM-1, AX21, MIL-
101 and PAF-1

Skeletal Total pore Bulk Particle size
density (g volume (cm®  density (g (nm)¢
Cm—3)a g—l)h Cm—3)c
PIM-1 1.13 0.40 0.78 -
AX21 2.07 1.52 0.50 5570 £360
MIL-101 1.12 1.49 0.42 405 +38
PAF-1 1.25 2.03 0.35 320 +95

“Determined from He pycnometry

Total pore volume determined by uptake at p/py=0.97 on N, iso-
therms at 77 K

“Calculated from skeletal density and total pore volume via Eq. (1)

dParticle size determined from SEM images using Image] software

well-controlled composite membranes. To solve this prob-
lem, we cast the PIM-1/AX21 composite membranes with
a well-controlled slow evaporation process (approximately
2 weeks for the PIM-1/AX21 composite), which allowed the
reorientation of polymer chains so that the polymer matrix
provided improved support for the carbon particles (Kamata
and Iyoda 2006).

Of the three different composite systems studied, PIM-1/
AX21 has the highest critical weight concentration—with
a filler content of up to 60 wt%—which allows the genera-
tion of composites with significantly enhanced surface area
and related gas adsorption performance. To produce a gen-
eral method of determining the limitation of the composite
system, we employed the critical powder volume fraction
to represent the maximum volume loading of powder in
the composite system that yields a coherent membrane. To
understand the distribution of nanoporous filler particles in
the polymer matrix, we converted the weight concentration
to volume fraction by dividing weight concentration by the
bulk density of the composite. Figure 4 illustrates the corre-
sponding critical weights of the three types of composites. It
can be concluded from Fig. 4 that approximately 57-60 vol%
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Fig.4 Volume fraction versus weight concentration of the nanopo-
rous fillers in the PIM-1 matrix

of filler is a critical volume of fillers to ensure the shape
and physical structure of the composite system. When the
volume percent of filler is above 60%, PIM-1-based com-
posites start to lose their processability. However, the criti-
cal volume percent of AX21 in the composite is higher, up
to 60%, compared to the MIL-101 and PAF-1 composites.
This is possibly a result of the larger particle size and higher
bulk density of AX21 particles (which is closer to the PIM-1
density) which enable stronger interactions, making AX21
the preferable choice of filler for this matrix. Interestingly, it
has been reported that the percolation threshold for a three-
dimensional system is 1/3, indicating that when the filler
fraction is more than 67 vol% a fully connected polymer
matrix is unlikely to form (Louis and Gokhale 1996).

2.1 Surface area, porosity and low-pressure
hydrogen adsorption measurements

To evaluate the porosity of the prepared materials, N,
adsorption—desorption isotherms were measured, see Fig. 5.
The isotherms displayed type I and type IV behaviours in
the low and medium pressure ranges respectively. The N,
isotherms of MIL-101 and AX21 were fully reversible, as
would be expected in a nanoporous material, indicating
structural rigidity. The composites displayed significant hys-
teresis, as anticipated for PIM-1-based materials (McKeown
and Budd 2006), due to narrow channels constricting mass
transfer into larger micropores. The presence of MIL-101
and AX21 within PIM-1 (samples A30 and M30 are shown
in Fig. 5) did not raise the rate of N, mass transfer into the
film, as indicated by the presence of similar hysteresis loops
in the N, isotherms of PIM-1, A30 and M30. BET surface
areas, as a function of weight concentration of fillers in the
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Fig.5 a N, isotherms of PIM-1 (orange circles), AX21 (black
squares), MIL-101 (green diamonds), 30% AX21 composite (A30,
blue triangles) and 30% MIL-101 composite (M30, red stars) meas-
ured at 77 K. The solid filled symbols represent adsorption and the
open symbols represent desorption. b BET surface area as a function
of weight concentration of the fillers in PIM-1-based composites. ¢
Micropore size distributions, and d cumulative pore volumes of PIM-
1, MIL-101, AX21 and the two composites, A30 and M30, as deter-
mined by NLDFT. (Color figure online)

samples shown in Fig. 5b, presented a clear linear trend for
PIM-1/AX21 composites. This would be expected under a
simple rule of mixtures—where properties of the composite
are given by the weighted sum of the properties of its con-
stituents—as represented by the dotted lines in Fig. 5b. The
discrepancy from the rule of mixtures for the higher MOF
content composites appears to imply that the full porosity of
MIL-101 was not accessed. Our group previously reported,
for the first time, this phenomenon for the PIM-1/PAF-1
composites, in which the surface area is slightly lower than
predicted using the rule of mixtures (Rochat et al. 2017). The
surface area of PIM-1/AX21 composites increases propor-
tionally to the AX21 concentration, and follows the rule of
mixtures well. This implies that the full porosity of AX21
in the composite system was maintained since their larger
particle size leads to a reduced interface with the PIM-1
matrix. This, in turn, creates less disturbance in the polymer
matrix and prevents pore blockage. The AX21 component
in the composite played a leading role in the case of N,
adsorption—desorption isotherms since the physical proper-
ties of AX21 were well retained and less disturbed by the
PIM-1 matrix.

On combining N, isotherms at 77 K with CO, adsorp-
tion isotherms at 273 K, the micropore size distribution was
analysed using nonlocal density functional theory (NLDFT),
as illustrated in Fig. 5c, Figs. S3 and S4. As N, molecules
are unable to probe pores smaller than 0.36 nm, N, adsorp-
tion is not ideal for probing microporosity, especially in the
range of ultramicropores (pore widths < 0.7 nm) (Thommes

20 40 60 80 100 ll) 1000 2000 3000 4000

Weight concentration of filler | wt% Surface area/ m? g

Fig.6 a H, uptake at up to 0.1 MPa and 77 K as a function of weight
concentration for AX21, MIL-101 and PAF-1; the dotted lines rep-
resent the theoretical “rule of mixtures” in PIM-1/AX21 (black),
PIM-1/MIL-101 (green) and PIM-1/PAF-1 (red). b H, uptake at to
0.1 MPa and 77 K as a function of the BET surface area of the com-
posites. Values related to PAF-1 composites are cited from our previ-
ous study (Rochat et al. 2017) for comparison. (Color figure online)

2010). CO, adsorption at 273 K enables the diffusion of
CO, molecules into narrower pores that cannot be probed
by N, at 77 K (Thommes et al. 2015). The method of using
the combined N, isotherms at 77 K and CO, isotherms at
273 K was able to cover the entire micropore size distri-
bution, and pore sizes between 0.6 and 0.7 nm have been
determined as optimal for H, adsorption (Ting et al. 2015;
Yushin et al. 2006). The pore size distribution of the PIM-1
film displayed a trimodal distribution with maxima at 0.38,
0.53 and 1.19 nm, and this is consistent with the slow N,
adsorption kinetics at 77 K, illustrated by the long measure-
ment time required for a complete N, isotherm at 77 K of
the PIM-1 film (~ 3 days). AX21 and MIL-101 showed wider
bimodal distributions in the pore size ranges of 0.3—0.6 nm
and 1.1-2.0 nm. The pore size distribution of the composites
indicated a combined porous structure of the PIM-1 matrix
and the fillers. From Fig. 5d, it can be noted that the cumu-
lative pore volume of the MIL-101 and PIM-1/MIL-101
composites was maintained within the pore size range of
0.3-0.6 nm and is improved within the 1.1-1.5 nm range.
The incorporation of AX21 in the PIM-1 matrix slightly
increased the cumulative pore volumes in pores within the
pore size range of 0.3—0.6 nm and notably enhanced the pore
volume in pores within the range of 1.1-1.5 nm. By intro-
ducing nanoporous fillers, the modification of the porous
structure of the PIM-1 film greatly influenced both its gas
adsorption capacity and kinetics.

Hydrogen storage at low pressure up to 0.1 MPa and
77 K, which is directly correlated to the surface area of
materials (Broom et al. 2016) was investigated (Figs. S5
and S6). Hydrogen uptake of the composites increased lin-
early with the weight concentration of AX21 and MIL-101,
as shown in Fig. 6a alongside predictions from the rule of
mixtures, which are indicated by the dotted lines. The dif-
ference between the rule of mixtures prediction and experi-
mental results varies depending on the additive type and
their concentration. The H, uptake on the low concentration

@ Springer
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AX21 composites (<30 wt%) is lower than predicted. As the
concentration of AX21 increased (> 30 wt%), the hydrogen
uptake generally followed or was even slightly higher than
predicted by the rule of mixtures. This demonstrates that
hydrogen appears to have difficulty in accessing the poros-
ity in the pores under conditions that are unfavourable for
mass transport, namely 77 K and low pressure. By increas-
ing the AX21 weight concentration, however, these limita-
tions could be overcome to allow hydrogen to access the
full porosity of AX21, thus raising the effective capacity of
the composite.

The H, uptake of MIL-101 composites had lower H,
uptakes than predicted by the rule of mixture, which could
be indicative of inaccessible porosity in the MIL-101, rein-
forcing the results from BET surface area analysis. The high-
est hydrogen uptake at 0.1 MPa and 77 K was 1.9 wt% in
the A60 sample, over 2.5 times greater than the uptake of
the PIM-1 film alone (0.73 wt%). AX21 composite films
have also shown higher H, adsorption capacity at equiva-
lent surface areas at 0.1 MPa and 77 K, as illustrated in
Fig. 6b. The AX21 composite film with a surface area of
~1200 m? g~! adsorbed 1.12 wt% H,, whereas the uptake of
PAF-1 composite and MIL-101 composite at ~ 1200 m? g~
was 1.00 and 0.94 wt% respectively. From Table 2, it can be
seen that the micropore volume of the PIM-1/AX21 compos-
ite is higher than that of the PIM-1/MIL-101 composite at
the same surface area level. This suggests that AX21 offers

more favourable pore sizes and shapes to enhance hydrogen
adsorption (Gogotsi et al. 2009).

2.2 Mechanical properties and thermal stability
of composite films

Robust films of PIM-1/MIL-101 composites for mechani-
cal testing were obtained with concentrations of 10 wt%,
20 wt% and 30 wt% of MIL-101 in PIM-1. Samples con-
taining higher concentrations of fillers were too brittle to
enable casting of large enough films and preparing of test
pieces suitable for mechanical testing. Ultimate stress and
strain decreased with an increase in additive content while
elasticity remained on a similar level, as shown in Fig. 7,

©
% = Ultimate tensile stress X ©

401 w e Ultimate tensile strain |5 —~ Q. 2500
Py ~ £ =

~ T = A

g 30 - s &
S ~< ‘B 3
® 20 ~2 D S 2000 m=mmmm - ———-——
2 ? ~ o 3% B
3 10 ~ < g A A
S ~ N8
) - o 2% @ 4
o O =< =D 150
= S~ T <
g 10 ? 3=~ 1§ 3
S ~ e =
s S >
S 20 0

0 5 10 15 20 25 30 0 5 10 15 20 25 30
MIL-101 concentration in PIM-1/ wt% MIL-101 concentration in PIM-1/ wt%

Fig.7 Mechanical properties of PIM-1/MIL-101, PIM-1/AX21 and
PIM-1/PAF-1 composite films, showing a ultimate tensile stress and
b ultimate tensile strain as a function of weight concentration of filler
in PIM-1. Values related to PAF-1 composites are cited from our pre-
vious study (Rochat et al. 2017) for comparison

Table 2 Surface area and hydrogen uptake analysis of the materials investigated in this study. See ESI for additional data

Sample Filler concentra- BET surface area Total pore volume Micropore volume H, uptake at 0.1 MPa  Total H, uptake at
tion (Wt%) (m?g™)? (em® g7h)P° (em® g™ and 77 K (wt%) 10 MPa and 77 K
(wt%) (kgm™)
PIM-1/AX21
PIM-1 0 724 0.40 0.27 0.92 2.52 19.64
(A0)
A10 10 944 0.66 0.30 0.98 - -
A20 20 1130 0.70 0.37 1.09 3.70 26.80
A30 30 1215 0.77 0.41 1.12 - -
A40 40 1513 0.97 0.46 1.57 - -
A50 50 1860 1.08 0.64 1.76 - -
A60 60 2034 1.22 0.71 1.90 6.36 38.95
AX21 100 2975 1.62 0.98 2.50 9.24 46.23
PIM-1/MIL-101
M10 10 900 0.68 0.30 0.92 333 24.76
M20 20 1098 0.79 0.33 0.92 4.04 28.60
M30 30 1206 0.73 0.39 1.00 4.10 27.54
M40 40 1415 0.83 1.11 - -
MIL-101 100 2863 1.49 0.87 1.88 8.93 37.49

*Determined from N, isotherms at 77 K

®Total pore volume determined by uptake at p/p,=0.97 on N, isotherms at 77 K
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Tables S3 and S4. More details of mechanical testing on
the composite films are listed in Figs. S8 and S9, including
Young’s modulus.

It was possible to manufacture films with higher concen-
tration of additive using activated carbon AX21, reaching
a concentration of 50 wt%. We failed to make the PIM-
1/60 wt% AX21 composite membrane in a 20 cm Petri dish
as it was too brittle to be taken off, even though we achieved
PIM-1/60 wt% AX21 film on a small scale (6 cm Petri dish)
for gas adsorption measurement. In both PIM-1/MIL-101
and PIM-1/AX21 composites, the tensile strength decreases
with increasing additive contents. It was clear even during
sample preparation that samples with higher MIL-101 con-
tent were more brittle and would crack easily during cutting
of the samples, as compared to PIM-1/AX21 composites.
The addition of fillers thus introduces structural imperfec-
tions that lead to a lower ultimate stress. The mechanical
behaviour of PIM-1/MIL-101 composites is similar to
those of PIM-1/PAF-1 (Rochat et al. 2017; Polak-Kra$na
et al. 2017), and values of ultimate strain and stress obtained
for highest available additive concentrations of 30 wt% are
comparable. Young’s modulus decreased significantly with
higher AX21 content, unlike in case of MIL-101 where it
remained at a similar level (Gogotsi et al. 2009). Addition-
ally, Fig. S16 shows examples of fracture surfaces of com-
posites with increasing weight fraction of filler that have
been fractured by simple bending. The difference in Young’s
modulus between the polymer matrix and filler particulates
can lead to poor stress transfer at the filler polymer inter-
face and debonding of the polymer and filer particles. This
is likely to be more prevalent at high filler concentrations
where large agglomerates of filler particles can act as initia-
tion site for failure, see Fig. S16d for 50 wt% AX21 in PIM-1
matrix, and drawing of the polymer matrix around the filler
particles can be observed.

Thermogravimetric analysis (TGA) was performed in
flowing, dry air up to 1000 °C (Fig. S7) at 5 °C min™' MIL-
101 showed the lowest thermal stability, with a decom-
position onset temperature of 175 °C. AX21 and PIM-1,
however, started decomposing at ~350 °C, indicating better
thermal stability under these conditions. The decomposition
temperature of M30 was 221 °C which is 46 °C higher than
the pure MIL-101, suggesting the PIM-1 matrix protected
the MIL-101 structure from thermal decomposition and
improved its thermal stability.

2.3 High-pressure hydrogen storage and kinetics

High-pressure hydrogen uptake measurements were taken
on the pure materials (PIM-1 film, AX21, MIL-101) and a
selection of composites (A20, A60, M10, M20, and M30) as
representatives that covered low and high filler concentra-
tions, as well as comparative data among the PIM-1/AX21,

PIM-1/PAF-1 and PIM-1/MIL-101 composites. The H, iso-
therms at 77 K, shown in Fig. 8a, d, illustrates fully-reversi-
ble adsorption processes for the selected samples. There was
a clear increase in uptake with increasing AX21 and MIL-
101 content. Among the PIM-1/AX21, PIM-1/MIL-101 and
PIM-1/PAF-1 composites, the highest excess H, uptake of
3.1 wt% was achieved at 3.8 MPa in the A60 (60 wt%AX21
in PIM-1 composites) sample and the maximum uptakes
increased with increasing filler content. This increase was
lower than predicted from the rule of mixtures suggesting
that the PIM-1 matrix blocks access to the filler, preventing
full utilisation of the adsorptive capacity. It is also noted that
MIL-101 composites showed the lowest uptake compared
with AX21 and PAF-1 composites.

Modelling experimental excess data for hydrogen can
offer important insights into the nature of hydrogen adsorp-
tion and the properties of materials. We assessed the total H,
uptake within the nanoporous composites and predicted the
maximum capacities from high-pressure hydrogen adsorp-
tion measurements using our well-developed modelling
and analysis method (Bimbo et al. 2013; Sharpe et al. 2015,
2013), the results of which are illustrated in Fig. 8b, e. The
solid lines in Fig. 8b, e are the fitted excess uptakes and the
dashed lines are the total amount of hydrogen that is con-
tained in the materials. The resulting fits showed excellent
agreement with the experimental data, with R? values no
lower than 0.998 for any sample, see Table S1. The total
hydrogen uptakes that take into account both the excess
hydrogen uptake and the compressed bulk gas were then
estimated according to the fitting results. The total hydrogen
storage capacity of A60 at 77 K reached 6.36 wt% at 10 MPa
(Table 2), which is 2.5 times higher than the capacity of
PIM-1 alone and has great potential to meet the DoE hydro-
gen storage target (5.5 wt% for a complete system) (Target
Explanation Document 2017). The maximum theoretical
hydrogen capacities of A60 and M30 were predicted by our
model to be 9.35 and 7.23 wt%, respectively; see Fig. 9b and
Table S3. Interestingly, when comparing the total uptakes at
10 MPa, the trend follows the rule of mixtures well (Fig. 9b).
As the main driver of mass transport (pressure) increases,
the adsorption uptake begins to reflect the mixture of the two
components much more directly.

In addition to hydrogen uptake, the adsorbate density
is another important parameter as the nature of hydrogen
storage is about densification of hydrogen gas, and can be
determined from the high-pressure hydrogen isotherm fit-
ting. The adsorbed hydrogen densities in pure PIM-1 film,
AX21 and MIL-101 were estimated to be 0.10, 0.079 and
0.082 g cm~>, which put the density of the adsorbed hydro-
gen within the region of solid-like hydrogen (the mass den-
sity of solid hydrogen (Ting et al. 2015; Bahadur et al. 2017)
has been estimated at 0.086 g cm™>). This finding has been
supported by direct observation via in-situ inelastic neutron
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scattering (Thommes et al. 2015). The adsorbate densities
in the composites A20, A60, M20 and M30 fit well into
the solid-like density region. In the case of bulk hydrogen
gas at 77 K, volumetric densities of 0.080 or 0.11 g cm™
can be achieved by compressing the gas to pressures of 66
or 160 MPa, respectively, shown in Fig. S10. However,
160 MPa is technically not feasible. By applying our mate-
rials, the same high gravimetric hydrogen densities can be
obtained at much milder conditions (at up to 12 MPa and
77 K).

The volumetric hydrogen capacity of the PIM-1/AX21
and PIM-1/MIL-101 composite films and the volumetric
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experimental H, excess uptakes (symbols), fitting curves (solid lines),
and calculated total hydrogen uptakes (dashed lines), and f Total vol-
umetric hydrogen uptakes for PIM-1 film (orange circle), MIL-101
powder (green diamond), M10 (purple triangle), M20 (blue circle),
and M30 (red star). Filled and open symbols represent adsorption and
desorption branches, respectively. (Color figure online)

density of compressed hydrogen gas without any adsorbent
as a function of pressure at 77 K are illustrated in Fig. 8c,
f to compare with the volumetric density within the adsor-
bents. PIM-1/AX21 composites, Fig. 8c, achieve higher vol-
umetric capacities than similar PIM-1/MIL-101 composites,
Fig. 8f. The relative storage efficiency for a high-pressure
hydrogen tank either in the presence or in the absence of
the adsorbents can be obtained from these two figures. For
example, the use of pure PIM-1 film is beneficial over the
absence of any adsorbent up to a pressure of 5 MPa. Beyond
5 MPa, simple compression of hydrogen becomes more
advantageous since the volume displaced by the polymer
becomes important. The benefit of using PIM-1/MIL-101
composites appears to extend up to a pressure of ~8 MPa.
The volumetric storage density of A60 was superior to that
of compressed hydrogen at a pressure up to 17 MPa. PIM-1/
AX21 composites thus achieved high gravimetric and volu-
metric H, densities simultaneously.

Another important set of parameters that has not been
reported on porous polymer-based composites is hydrogen
adsorption kinetics, which is related to the charging time of
hydrogen on the composite system. Diffusion of hydrogen
gas molecules can be very slow in micropores, compared to
hydrogen adsorption and desorption. Therefore, diffusion of
hydrogen is the rate-limiting factor in hydrogen adsorption
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in micropores and in penetration of hydrogen through
membranes. Here, we have assessed hydrogen mass trans-
fer coefficients (MTC) at a constant temperature (77 K) to
provide a quantitative evaluation of the hydrogen adsorption
kinetics for the three types of composite membranes. The
mass transfer coefficients (MTC), k, in these materials were
investigated using the Linear Driving Force (LDF) model
(Glueckauf 1955). The higher the value of %, the faster the
diffusion of hydrogen gas in the solid. The LDF model has
been used extensively to evaluate macroscopic and non-equi-
librium diffusion for gas adsorptive processes (Glueckauf
1955). The LDF model, shown in Eq. 2, has been applied
to analyse the kinetics data for all high-pressure hydrogen
isotherm points, to extract the mass transfer coefficients of
hydrogen into PIM-1, AX21, MIL-101, A60 and M30 up to
12 MPa at 77 K.

For each pressure dosing step (on each H, adsorption iso-
therm), the LDF was fitted to the kinetic data, and then the
MTC, k, was determined from the individual fits. The model
was assessed by the adjusted R%, indicating a high-quality
fitting with R?>0.97 for all fittings. Figure 10 shows the
MTC as a function of pressure at 77 K for the PIM-1 film,
AX21, A60, MIL-101 and M30. The PIM-1 based compos-
ite showed type I isotherm for all isotherm steps and fast
hydrogen adsorption (equilibration) within 10 min, as shown
in Fig. S14. The MTC of AX21 and A30 decreased with
increasing pressure until the excess adsorption reached the

maximum uptake in the MTC range between 2 and 8 min~".

This is because hydrogen molecules diffuse quickly on the
surface of the pores at low pressure until the uptake reaches
a maximum. The MTC of the PIM-1 film showed a constant,
low value between 0.5 and 1 min~! at pressures below 6 MPa
and then increased slightly at higher pressure. The MTC of
A30 followed the same tendency as AX21 and indicated
the combined feature of PIM-1 and AX21. The MTC of the
composites and additives stabilised in the 2.7-3.1 min~!
range beyond 6 MPa. It is concluded that adding AX21 or
MIL-101 significantly increased the MTC of pure PIM-1
(Fig. 10 f), indicating the improvement of hydrogen adsorp-
tion kinetics by introducing AX21 and MIL-101 into the
PIM-1 matrix.

3 Conclusion

This study has provided a detailed assessment of the devel-
opment of porous polymer-based composite membranes for
mobile hydrogen storage applications. The adsorbent com-
posite membrane is advantageous over powders in terms
of both safety, handling and practical manufacturing. An
activated carbon, AX21, and a metal-organic framework,
MIL-101, have been successfully incorporated into PIM-1
matrices to form PIM-1/AX21 and PIM-1/MIL-101 com-
posite films of a range of filler compositions. The maximum
weight concentrations of AX21 and MIL-101 were 60 wt%

8 T 5 4 5 3
ot L, T T < E o~ * £ ~ >
c ~ < A s - S
= [ ~ . = 4 - - L. = = 44 - <
E 6 1!§ ~ : 2 € , Aia - o E e - - < >0
~ ] . L = S - R £ * * - =

- 5 s x 3] / = x 3 S * o =
2 ! s g ° S g L * s
© 4 [ 5 = ] a -

o 1 ' i e o 2 2 i r £ 24 1 *ortaat T
g 3 L T g ! Ladaam L, o 8 P
g 5] LB ' o = ' @
< 8 £ 14 X £11, 2
1 | L|>j ¥ | [, W ¥ o Wi
aj° b * c
04— T T T T T T 0+ T T T T T T 04— T r T T T T
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Pressure (MPa) Pressure (MPa) Pressure (MPa)
2.0 2 8 —— _8
—~ d] & ~7] + ~ S o erg erls PNt f
. - - - . E3 7 ~ ES ' 1= " AX21
£ 15 - -~ - = £ 6] o - s el 4 AB0
£ 151 , - s E f M o x61,% i * M30
= et = = * MIL-101
~ S < 51 * © C 5] gy .
- ! e - XN sz O -
£ 104 S 8y B s 8 R
© ] N ® ] * . . o~ = 44 T,
- T @ 31 re T 8 x * et L] "
o ) a O ! PR - 2 034 &£+ * e ;- § !'
Z Q= AR AP = B sov e,
g 051, L, 8 g2 p e S2(e et
< w2 4] w38
] Lo ;251'
0.0+— . . , , . . 0+ , , , . . . o -
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14 01234567 891011121314

Pressure (MPa)

Fig. 10 Hydrogen adsorption kinetic rate, k (symbols) and excess
hydrogen uptakes (dashed lines) as a function of pressure at 77 K on
a AX21, b A30, ¢ M30, d PIM-1 film, e MIL-101, and f kinetic rate

Pressure (MPa)

Pressure (MPa)

in one figure, indicating the improved MTC of the composites, A60
and M30, in comparison with the pure PIM-1 membrane
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and 40 wt%, respectively, which still allowed the preparation
of cohesive, mechanically stable and crack-free membranes.

The composite films, PIM-1/AX21 and PIM-1/MIL-
101, as well as PIM-1/PAF-1 from our previous study, have
been fully characterised to evaluate their porosity, hydrogen
storage properties and hydrogen adsorption kinetics. The
BET surface area and its directly linked hydrogen storage
properties all improve with increasing content of the nano-
porous fillers. However, among the three types of compos-
ites, PIM-1/MIL-101 presents the lowest hydrogen storage
capacity at 77 K, below what is predicted based on the
rule of mixtures, due to mass transfer limitations and pore
blocking in the composite films. Activated carbon (AX21)
containing composites show much better performances and
the surface area of PIM-1/AX21 is in agreement with linear
combinations of the surface area of their components, as
predicted by the rule of mixtures. Hydrogen storage proper-
ties of PIM-1/AX21 composites also follow this trend. The
total hydrogen storage capacity of A60 at 10 MPa and 77 K
reaches 6.36 wt%, which is 2.5 times higher than PIM-1
alone. The composite system shows great potential to meet
the US DOE target (5.5 wt% for a complete system) through
further development of the composite system and a system
engineering design. Additionally, for the use as a hydrogen
storage system in a fuel cell vehicle, the amount of hydrogen
which can be delivered to the fuel cell is the key parameter.
This usable capacity is defined as the amount of hydrogen
released between a maximum tank pressure and a minimum
back pressure for a fuel cell in a fuel cell vehicle (Schlichten-
mayer and Hirscher 2016). We analyse the usable capac-
ity for a hypothetic case of a maximum tank pressure of
5 MPa and a system back pressure of 0.1 MPa for PIM-1
film and A60 using the hydrogen adsorption experiment
and the mathematical fitting results. The PIM-1 film and
AG60 release 1.45 and 2.48 wt% hydrogen at 77 K between
0.1 MPa and 5 MPa, which are lower than the uptakes start-
ing from vacuum conditions. It also needs to be noted that
the usable capacities will be significantly improved if the
temperature inside the tank increases due to the unloading
process.

Kinetic studies of hydrogen adsorption on selected sam-
ples revealed that the addition of nanoporous additives sig-
nificantly enhanced hydrogen diffusion in pores. Of the three
types of fillers, composites with the activated carbon, AX21,
exhibit the best mechanical properties and the best hydrogen
storage properties from both low- and high- pressure hydro-
gen adsorption measurements.

We have clearly demonstrated that porous polymer-
based composite materials offer great potential for
hydrogen storage for mobile applications in a safer and
more practical manner, especially for applications which
requires a pressure up to 17 MPa. The hydrogen stor-
age capacity and kinetics are significantly improved by
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introducing nanoporous fillers with extra high surface
areas. Here, we have developed a comprehensive meth-
odology to evaluate the gas adsorption performances of
composite membranes, and we provide a strategy to select
materials to be used as nanoporous fillers in such compos-
ite systems. More broadly, this study offers new insights
into the design and characterisation of polymer-based
composite membranes for versatile applications including
gas adsorption and separation, carbon capture and utilisa-
tion, and waste gas treatment.

4 Experimental section
4.1 Materials

PIM-1 was prepared by adapting the synthesis method
previously published by Budd et al. (2004).

AX21 activated carbon was sourced from Anderson
Development Company Inc., Michigan, United States. It
is synthesised using petroleum coke as the carbon precur-
sor and activated through potassium hydroxide activation
at 973 K, a process patented by Standard Oil Company,
Ohio, United States.

The chromium terephthalate metal-organic framework
[Cr;O(OH)(H,0),(bdc);], MIL-101 (Cr), was prepared
following a published procedure (Jiang et al. 2012; Leng
et al. 2016).

Synthesis of PAF-1 and all analysis and data of PIM-1/
PAF-1 composites have been reported in our previous pub-
lication, which will be used as a benchmark in this work
(Rochat et al. 2017).

PIM-1 based AX21 and MIL-101 composites were
solvent cast using a previously described protocol (Rochat
et al. 2017). Briefly, the solution of PIM-1 and suspen-
sions of the fillers were prepared separately in chloroform
to form 2 wt% mixtures that were stirred for 24 h at room
temperature. After mixing the solutions with each other to
achieve the desired gravimetric proportions of filler and
PIM-1, the suspensions were stirred for another 24 h and
cast into a 6 cm glass Petri dish (for adsorption analysis)
and 20 cm Petri dish (for mechanical testing), covered and
left to slowly evaporate over two weeks. The detailed cal-
culation and the mass for membrane casting can be found
in the supplementary information. The formed compos-
ite films were then dried under vacuum at 353 K for 8 h.
Finally, the composite films were peeled off from the
Petri dish for measurement and testing. All samples were
degassed at 353 K for 8 h under a vacuum of 0.1 mPa in
order to remove moisture and adsorbed gases from the
surface before any gas adsorption measurement.
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4.2 Characterisation

Scanning electron microscopy (SEM) analysis of the sam-
ples to study their morphology was performed using a Field
Emission-SEM (FESEM), JEOL JSM-6301F. The samples
were coated with chromium via sputtering, using a Quorum
QI50TS. Cross-sections of membrane samples were pre-
pared by freeze fracturing after immersion in liquid nitro-
gen. The fractured samples were mounted on stubs using
two-side conductive carbon tape. Particle size was analysed
using ImagelJ software.

Surface areas were determined by BET analysis with N,
isotherms at 77 K using a Micrometritics 3Flex volumetric
gas sorption analyser (p/p, range used for the BET calcula-
tion: 0.05-0.3). Total pore volumes were calculated from the
nitrogen uptake at p/p,=0.97, and pore size distributions
were estimated using non-local density functional theory
(NLDFT) provided with the MicroActive data analysis soft-
ware using slit-pore model for N, at 77 K and CO, at 273 K.

The skeletal density, which is the volume of the sam-
ple excluding the space available for the probe gas divided
by the sample’s mass, was measured at room temperature
by a helium pycnometer (Micromeritics AccuPyc 1330,
Micromeritics Instrument Corporation, Norcross, GA,
USA). Prior to the pycnometry measurement, samples were
degassed for 8 h at 80 °C in a vacuum oven. The total pore
volume and the skeletal density were then used to determine
bulk density of materials using Eq. 1.

1
Poulk = 1—+V[ 1))

Pskeletal

where p, . is the bulk density of sample, g 17!; pujera is the
skeletal density measured from helium pycnometry, g 17';
and v, is the total pore volume determined from N, isotherm
at 77K, 1g7L.

CO, adsorption up to 2 MPa at 273 K was carried out on
an Intelligent Gravimetric Analyzer IGA-002) from Hiden
Isochema, Warrington, UK. The measured CO, isotherms
data were imported to the MicroActive data analysis soft-
ware (Micromeritics) for pore size distribution analysis
using the slit-pore model for CO, at 273 K (NLDFT).

Low-pressure hydrogen (up to 0.1 MPa) adsorption meas-
urements at 77 K were carried out using a 3Flex instrument
from Micromeritics. The high-pressure hydrogen isotherms
(up to 12 MPa) were collected at equilibrium in a Hiden
HTP-1 volumetric sorption analyser using a liquid nitrogen
immersion Dewar for temperature control (Hiden Isochema,
Warrington, UK). Prior to hydrogen uptake measurements,
the samples (~ 150 mg) were degassed in situ at 353 K for 8 h
under a vacuum of 0.1 mPa in order to remove moisture and
adsorbed gases from the surface. The hydrogen isotherms

are fully reproducible and reversible within +0.3% of meas-
ured amounts adsorbed. The nonlinear fitting and calcula-
tions were carried out using a Levenberg—Marquardt method
via OriginPro 2018. The isotherms were analysed and mod-
elled using our previously reported methodology (Rochat
et al. 2017; Sharpe et al. 2015) in order to estimate the total
hydrogen adsorption capacity and the adsorbed H, density,
which were listed in the supporting information, along with
details of the modelling.

The Hiden HTP-1 instrument also records the real-
time uptake, temperature and pressure of the sample while
acquiring hydrogen isotherms. The kinetics data—uptake
as a function of time- were used to calculate the hydrogen
adsorption kinetic parameter using the linear-driving force
(LDF) equation. The LDF model for adsorption is described
by Eq. 2 (Glueckauf 1955).

I’lr/ - I’ll

=1- —k')and? =1t —1
pag— exp( ) an | )

The boundary conditions can be described as:
(i) ng=n, att=t, yields % =0
i) ny=nyati— oo yieldsz%: —1

where n is amount adsorbed, mmol; t is time in min, 7, is the
initial hydrogen amount in mmol at t=t,; n, is the equilib-
rium amount, mmol; 7, is amount adsorbed in mmol at time
t" and k is the mass transfer coefficient (MTC) for the LDF
model, min~!. The fitting of the kinetic data was performed
using the non-linear fitting tool in Origin Pro 2018. This was
applied for every pressure dosing step in H, isotherms. The
examples of the first dosing step and the LDF fittings are
shown in Fig. S14. The hydrogen uptakes as a function of
time for all the isotherm points were recorded by the Hiden
HTP-1 instrument, shown in Figs. S11, S12 and S13.

Hydrogen gas used for all measurement is BIP PLUS
grade high-purity 99.999996% hydrogen from Air Prod-
ucts. The gas adsorption temperature was maintained at
77.4+0.1 K. The pressure was monitored with an accuracy
of £0.02%. Each gas dosing was followed by the equilibra-
tion time of at least 20 min. Helium gas used for pycnometer,
HTP-1 and 3Flex is Grade A helium from BOC.

4.3 Mechanical properties

Pure polymer films were manufactured by dissolving 1.22 g
PIM-1 in 40 ml chloroform and pouring the solution into
a large 20 cm Petri dish where it was left to evaporate for
48 h. To prepare composite films, the metal-organic frame-
work MIL-101 and activated carbon AX21 powders were
separately stirred with a small amount of chloroform for
24 h and added to PIM-1/chloroform solution to then be
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stirred for another 24 h in room temperature. Different
ratios of MIL-101: PIM-1 and AX21: PIM-1 mixtures were
prepared to obtain 10 wt%, 20 wt%, 30 wt%, 40 wt% and
50 wt% solutions. PIM-1/MIL-101 solutions were poured
into a Petri dish and left to evaporate for 48 h. PIM-1/AX21
films were left to evaporate in a closed desiccator for period
of 2 weeks. After evaporation, all films were dried under
vacuum at 353 K for 8 h to eliminate solvent residues. For
mechanical testing purposes, rectangular samples were cut
according to BS EN ISO 527-3:1996 standard (1/2 of Speci-
men type 2) (33). Preliminary tests were run to confirm that
the decreased dimensions of specimens did not influence
the mechanical characterisation results. The thickness of the
samples was assessed using a Mitutoyo 227-211 Absolute
Digimatic Micrometer with +0.001 mm measurement accu-
racy and measuring force adjustment.

Uniaxial tensile testing was performed on a Instron 3369
instrument with a 50 N static load cell and pneumatic clamps
with a quasi-static strain rate of 2 mm/min. Values of force
and clamps extension were recorded. Yielding and ultimate
stress and strains were calculated and Young’s moduli were
determined from the linear stress—strain curve. At least nine
samples were tested for pure PIM-1 and each composite film.
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