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ABSTRACT

Proton exchange membrane fuel cells (PEMFCs) are an attractive green technology for energy
production. However, one of their mayor drawbacks is the instability of the electrolytes under
working conditions (i.e., temperature and humidity). Some Metal-Organic Frameworks (MOFs)

have recently emerged as promising alternative electrolyte materials due to their higher stability



(compared with the organic polymers, currently used as electrolyte), proton conductivity and
outstanding porosity and versatility. Here, we present the ionic exchange in a microporous
zirconium phosphonate UPG-1 as an efficient strategy to enhance its conductivity and cyclability.
Thus, labile protons of the hybrid structure were successfully replaced by different alkali cations
(Li", Na" and K), leading to two magnitude orders higher proton conductivity than the pristine
UPG-1 (up to 2.3-102 S-cm™!, which is comparable with those of the commercial electrolytes).
Further, proton conductivity was strongly influenced by the MOF hydrophilicity and the
polarization strength of cation, as suggested by molecular simulation. Finally, a mixed matrix
membrane containing the best performing material (the potassium exchanged one) was

successfully prepared, showing moderate proton conductivity (up to 8.51 102 S-cm™).

Introduction

The urgent fight against pollutants emission and global warming requires from the development
of green technologies. Fuel cells (FCs) and, more precisely, proton exchange membrane fuel cells
(PEMFCs), are an attractive technology to produce electricity by exclusively using carbon-free
fuels (e.g. H2).! A FC is basically constituted by an anode, a cathode, current collectors and an
electrolyte. In brief, H» is oxidized into H' (in the anode), passing through the electrolyte to the
cathode, where the reduction of Oz into H2O takes place. During this process, a current of e is
generated from the cathode to the anode. The high specific energy and the generation of just water
as sub-product make PEMFCs one of the most promising systems for electric vehicles.* Despite
relevant advances in PEMFC components (i.e., electrolyte, electrodes and current collectors),>”’
the development of efficient electrolyte material is still a challenge,® !> due mainly to the

instability under the operational conditions (temperature, humidity) of the current commercial



electrolytes (i.e. organic polymers such as Nafion®!3).!* In this line, an ideal electrolyte should
present: 1) a high proton conductivity (>102 S-cm™"), which could be associated with the presence
of a flexible hydrogen-bond network, the possibility of molecular reorientation and/or a driving
force (usually a concentration gradient), insuring an efficient proton transport with a low activation
energy (E.); i1); a good thermal and chemical stability under the working conditions (temperature
= 50-100°C with relative humidity-RH% up to 95%); ii1) chemical compatibility with the other FC
components (e.g. electrodes); and iv) easy and low-cost scale-up and manufacturing as

membranes.

Among the large variety of electrolyte materials (e.g., polymers such as the benchmarked
Nafion®,'? zeolites,' perovskites,'¢ polyoxometalates!’ or covalent organic frameworks),'® metal-
organic frameworks (MOFs) have been recently proposed as promising electrolytes in
PEMFCs. 1141924 MOFs are porous crystalline hybrid materials built up from inorganic subunits
(atoms, clusters, chains, etc) and organic polydentate linkers (carboxylates, azolates,
phosphonates, etc) that combine an exceptional regular porosity (up to Sger= 7800 m?-g!') with a
large chemical tuneability and structural versatility.>>*® Three different strategies have been
reported to synthesized either MOFs or MOF-composites with high proton conductivity,?”?®
including: 1) intrinsically conductive MOF structures based on organic polycomplexant ligands
bearing labile protons (phosphonate, sulfonate, carboxylate) functionalized or not with additional
groups (e.g. -SOsH, -NHa, -OH, -CO,H) able to modify the pKa values of the material;**=* i) the
insertion within the MOF porosity of proton carrier species (e.g., H2SO4, H3PO4, imidazole, 1H-

1,2,4-triazole, lysine, ionic liquids);?*3>#!

and iii) the exchange of labile protons present in the
structure by other cationic species (organic or inorganic), with the aim to enhance the proton

conductivity.*” Among the large panel of MOFs (1% strategy), phosphonate-based structures appear



to be excellent electrolyte candidates since they combine the presence of a larger number of labile
protons (vs. carboxylate- or sulfonate-MOFs), associated with good conductivity, and with a higher
stability.*’ Despite their a priori well-adapted properties, phosphonate-MOFs (P-MOFs) have been
less explored as proton conductors than the carboxylate-based ones. The low commercial
availability and poor solubility of the ligands, together with their difficult structural elucidation
have limited the number of available P-MOFs (P-MOFs vs. carboxylate-MOFs =~ 1:12; according
to Web of Science). Further, the de novo synthesis approach often requires of time-consuming
trial-and-error process, making more attractive (faster and easier) the two other post-synthetic
strategies. In this sense, many guest molecules have been encapsulated into MOFs to enhance the
proton conductivity of materials (2" strategy). In contrast, to the best of our knowledge, there is
only one report dealing with the 3™ ionic-exchange strategy. This recent work presents a new rare
earth-based phosphonate MOF and its post-synthetic modification by exchanging labile H" by K*
(denoted 1K_Eu), leading to an remarkable increase on its proton conductivity (from 1.24-10 to
1.89-10" S-cm! at 94 °C and 98% RH) and confirming this approach as highly promising.*?
However, the toxicity and cost of rare earth precursors (2.4 and 20 k€ per kg for the Y and Eu salt,
respectively; intraperitoneal lethal dose-LDso (guinea pig) YCls= 85 mg-kg') strongly limit the

use of 1K Eu material at industrial scale.

Manufacturing MOFs as MMMs by using different polymers is a commonly applied method for
different applications.**#¢ In particular, the specific shaping of the conducting materials into
membranes is a crucial step to integrate the electrolyte into the final PEMFC device, allowing the
transport of the H' through the membrane from the anode to the cathode. There are some examples
in the literature reporting the use of a MMMs incorporating pure MOFs*’* and guest@MOF

composites as electrolyte for PEMFCs, exhibiting in all the cases promising conductivity values



(up t0 2.3:102 S-cm™! for a NH3@Zn-MOF composite in a Nafion-based membrane).>* However,
and even though the relevance of this topic, no MMMs containing P-MOFs have been described

so far.

Taking into account the above mentioned, we present here the post-synthetic modification by ionic
exchange of the robust microporous zirconium phosphonate UPG-1 (UPG stands for University
of Perugia).’! UPG-1 or Zr[Hasttbmp]>- 10H,O (Hettbmp = 2,4,6-tris(4-(phosphonomethyl)phenyl)-
1,3,5-triazine) was selected since: i) its recently proven proton conductivity (5.1-10* S-cm™),2*
associated to its trigonal structure based on 1D chains of Zr(IV) octahedra connected by PO3;C
tetrahedra from the ligand, which exhibits one uncoordinated -POsH> and two coordinated -POs;H
groups, leading to eight uncoordinated —OH moieties per unit formula that establish efficient
proton conducting pathways; ii) high thermal, chemical and mechanical stability (up to 450 °C, in
aqueous solution and under pressure) compatible with the PEMFCs operational conditions; iii) its
high 1D porosity with diameters of 5 and 10 A allows a good proton transport, as well as the
insertion of additional proton carriers (e.g., water, lysine) and; 1v) the low toxic and cost of the
UPG-1 components. In this line, we have recently reported the insertion of the proton carrier amino
acid lysine into UPG-1 porosity as an easy way to improve its proton cyclability, although not the
intrinsic proton conductivity.?* Thus, we propose here to go a step further, not only enhancing the
material cyclability, but also improving the proton conductive properties of UPG-1 by replacing
labile protons of the ligand by alkali cations (i.e. Li", Na", K"). Thus, both experimental and
simulation techniques were applied in an attempt to understand the conductive properties of the
solids. The best performing MOF sample in terms of conductivity (2.3-102 S-cm™) was finally
shaped as an proton conductive MMM using a sulfonated polysulfone (SPSU) polymer,

characterizing both their thermal stability by TGA and proton conductive properties by IS. The



sulfonate polysulfone polymer (SPSU) was selected as a polymeric support due to its polymeric

hydrophilic nature, its proton conductivity, and its previously reported shaping into membranes.>

Experimental Methods

Synthetic Procedure:

Synthesis of [Zr(Httbmp):]-10H>0 (UPG-1):

UPG-1 as well as its corresponding organic linker (i.e., 2,4,6-tris[4-(phosphonomethyl)phenyl]-
1,3,5-triazine; Hettbmp) were synthesized according to the reported procedure with slight
modifications.?* Briefly, ZrOCl,-8H,0 (0.2852 g, 0.887 mmol) was dissolved in 16.1 mL of a 2.9
M HF solution in a 103 mL Teflon-lined autoclave reactor. Then, to this solution, 11.5 mL of
methanol, 23 mL of distilled water and 0.5428 g of Hettbmp (0.918 mmol) were added. The
reactive mixture was stirred at ambient temperature for 5 min and then, transferred to an oven
where the reaction took place at 80 °C for 48 h. The resulting white powder was first washed with
distilled water, then with a distilled water/methanol (3:1) mixture and finally with methanol,

collecting the solid by filtration and drying at ambient temperature.

lonic Exchange:

For all the samples the experimental procedure was the same. 300 mg (0.2364 mmol) of activated
UPG-1 (150 °C under primary vacuum for 5 h) were suspended in 47.28 mL of a 0.05M ethanolic

solution of MOH (M = Li, Na, K; 10 eq.). The suspensions were stirred (400 rpm) at room



temperature for 48h. Then, the exchanged samples were recovered by filtration, washed with

ethanol and dried under air. Yield = 90%

Synthesis of Sulfonated Polysulfone:

SPSU was synthesized according to published data®® and Fig. S1. Briefly, polysulfone Udel®
(PSU, 22000 g mol!, 5,00 g) was dissolved in 1,2-dichloroethane (DCE, 30 mL) under inert
atmosphere at ambient temperature. Subsequently, the sulfonating agent (trimethylsilyl
chlorosulfonate-TMSC, previously dissolved in DCE) was added dropwise and maintained for 24
h (PSU:TMSCS molar ratio 1:1). Sulfonation reaction of PSU was performed using TMSCS since
a previous work reported a lower degradation of the polymer chains.>? The resulting polymer was
precipitated in a 0.1 M solution of NaOH and dried under vacuum at 60 °C. Then, the polymer was

immersed in a 1 M HCI solution at 60 °C for 24 h to replace Na" by H".

Membrane Preparation:

SPSU (0.9 g) and K@UPG-1 (2 wt.%) were dissolved in 12 mL of N,N-dimethylformamide
(DMF) under stirring for 24 h at room temperature. The mixture was filtered and, finally, casted
onto a flat glass plate and dried in an oven to obtain the membrane. The thickness of the resulting

membranes (denoted as K@UPG-1_SPSU) was around 50 um (as determined by SEM).

General Instrumentation:

Powder X-ray diffraction (PXRD) patterns were collected from 3 to 35° (260) using a step size of

0.02° and 2.5 s per step in continuous mode in an Empyream PANALYTICAL diffractometer,



equipped with a PIXcel3D detector and with a copper radiation source (Cu Ka, A =1.5406 A),
operating at 45 kV and 40 mA. Thermogravimetric analysis (TGA) of M@UPG-1 powders were
carried out using a SDT Q-600 thermobalance (TA instruments) under air flow (100 mL min ')
with a heating rate of 5 °C min~! between room temperature and 800 °C. In the case of SPSU a
Pyris TGA1 instrument from Perkin-Elmer was used and the experiments were carried out under
air atmosphere at a rate of 10 °C min ™' heating from 40 to 600 °C. Fourier transformed infrared
(FTIR) spectra were collected in the 4000 to 400 cm ™! range using a Thermo Nicolet 6700 FTIR
with attenuated total reflectance (ATR) accessory instrument (Thermo scientific, USA). Elemental
analyses from light elements were carried out in a Flash 2000 analyzer from Thermo Scientific.
Zr, P, Li, Na and K were measured by induced coupled plasma atomic emission spectroscopy
(ICP-OES) wusing a 2300DV spectrometer from PerkinElmer. X-ray energy dispersive
spectroscopy (XEDS) measurements of the pellets were carried out in a Hitachi TM-1000 tabletop
SEM. The morphology of membranes was characterized by field emission scanning electron
microscopy (FE-SEM) using a FEI TENEO-LoVac equipped with an energy-dispersive detector
(EDS-EDAX). SEM images were recorded operating at 5-10 kV. Polymers were analyzed by
proton nuclear magnetic resonance spectroscopy (*H-NMR). Spectra were registered at 300 MHz
on a Bruker Avance DPX-300 spectrometer using DMF-d; and dimethyl sulfoxide (DMSO-ds) as

the solvents. TMS was used as the internal reference.

Proton Conductivity:

Proton conductivities (6) of M@UPG-1 and membranes was investigated by impedance

spectroscopy (IS). M@UPG-1 was prepared on compacted pellets of crystalline powders (uniaxial



pressure = 49 MPa and then, isostatic pressure = 60 MPa; ~6 mm diameter) sputtered with gold
(by sputtering in a Leica EM ACE 200 instrument) to make the ion-blocking electrodes. Their
apparent densities were calculated, taking into account their weight and geometric dimensions (i.e.,
diameter and thickness). The electrical measurements of the MOF were performed on a parallel-
plate capacitor configuration under air atmosphere. Measurements were carried out using an
Impedance/Gain-Phase Analyzer SI 1260 (Solartron, UK), applying a 100 mV amplitude signal in
the in the 107'-107 Hz frequency range. For the membrane’s electrochemical characterization,
proton conductivity was measured using, additionally to the impedance analyzer, an interface
(Solartron 1287). Measurements were carried out in the range of frequency from 10 to 10 Hz
applying 10 mV amplitude sinusoidal wave perturbation. Measurements at different temperatures
(30-90 °C) and relative humidity values (RH) of 70 and 90% were performed in a programmable
climatic chamber (BINDER, UK). In order to ensure the reproducibility of all measurements, a
dwell time of 15 min was defined for the system to reach stable conditions. By using this method,
the RH and temperature could be controlled up to =1 % and £1 °C, respectively. Measurements
were carried out in the range of frequency from 10 to 10° Hz applying 10 mV amplitude
sinusoidal wave perturbation. Measurements at temperature range (from 40 to 90 °C) at 90% RH

were performed. Impedance data analysis was performed using the ZView2 program.>*

The o (in S cm™) was calculated by the following equation (Equation 1):

l
o= XA (1)

where [ and A4 are the thickness (cm) and the area (cm?) of the pellets, respectively. R is the ohmic
resistance (Ohm) obtained from the intersection of the in Nyquist plot of the impedance curve with

axis of the real component of the impedance.



The activation energy was estimated using the following equation (Equation 2), employed for non-

Arrhenius polymeric ion conductors

—6§™")
o = 0, exp (rrl), @

where oy is the prefactor, T is the absolute temperature, & is the Boltzmann constant, E,/*7 is the
pseudoactivation energy and 79 is related in polymers to glass transition temperature at which the
“free” volume disappears or at which configuration free entropy becomes zero. This system could

be also related to that temperature in which molecular water motions cease.
Molecular Simulations:

In order to determine the organization of the water molecules and alkali cations in the structure,
Monte Carlo simulations were performed. Prior to these calculations, the UPG-1 structures have
been built by considering the experimental dry structure?* in which some cations replace hydrogen
(by taking into account the experimental content). Then, three models were obtained with charges
depending on the nature (and therefore the amount) of the compensating cations (i.e. Li", Na" and
K™). Partial charges (Fig. S2-4) for the different solids were extracted using the gEq methodology
based on electronegativity equalization approach and then combined with Universal Force Field
(UFF)> for Lennard Jones parameters for solids and mixed with TIP4P-2005°¢ for water
molecules. Regarding the cations, the partial charges were fixed at +1 and UFF force field was
also used for Lennard Jones parameters. Then, configurations were extracted from Monte Carlo
calculations performed at P/Po=1 (where Py is the liquefaction pressure for water). Monte Carlo
calculations®’ were then performed at 300 K to determine the saturation loading in water molecules

inside the UPG-1 structures containing the different cations and to extract the plausible

10



configurations of water clusters inside the pores. 100x10° steps for equilibration and 10x10° steps
of production were considered. The electrostatic interactions were calculated by Ewald
summation, while the short-range contributions corresponding to Lennard Jones parameters were
computed by applying the Lorentz-Berthelot rules applied on UFF force field parameters for UPG-
1 atoms. The simulations were conducted using the different simulated structures considering
multicells (corresponding to 1x1x6 unit cells), which is consistent with a cut-off distance for

Lennard Jones interactions equal to 12 A.

Results and Discussion:

The labile protons of the UPG-1 material were successfully replaced by Li*, Na" or K* using a
simple and efficient impregnation method, suspending the pristine powdered material in different
ethanolic solutions of the corresponding metal hydroxides (Scheme 1). The UPG-1 structure was
preserved in all the cases, as supported by PXRD (Fig. S5). Upon the cation exchange, the intensity
of some reflections is nevertheless modified, which may be related with the different pore content
due to the presence of the cations. Note here that the cation exchanged samples did not show any
accessible porosity to Na, as previously reported for the pristine UPG-1 due to a low affinity for

the adsorbent.”!
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MOH, EtOH

>

R.T.48 h

M@UPG-1
M* = Li*, Na*, K*

Scheme 1: Synthetic procedure of the ionic exchanged UPG-1 samples

Table 1: Experimental molecular formula for the ion exchanged samples together with the water

adsorption enthalpy and water content estimated from molecular simulations.

Experimental

Simulated data*

Material Water Water Water adsorption
Formula molecules per molecules enthalpy
m.c.** per m.c.** (kJ-molY)*
Li@UPG-1 | Lisss@Zr(Hi.76ttbmp)2.16 934 940 -130
Na@UPG-1 | Nasss@Zr(Hi21ttbmp)i 95 940 912 -130
K@UPG-1 | K4s@Zr(Hieittbmp)z.12 1062 840 -104

*Calculated from Monte Carlo simulations. **m.c. corresponds to a multi-cell of 1x1x6 u.c. used

for simulation.

Extracted from the elemental composition analysis (ICP-OES Zr, P and Li/Na/K), a partial

exchange of the H' from the free phosphonic acid groups of the material was calculated (around 5

over the 8 available protons were replaced, Table 1). Considering these experimental values,

molecular calculations were carried out to gain some insights about the potential interactions

between the cations and the hybrid network (Figs. S6-8). From simulation, the main interactions

are established between the phosphonic group and the benzene rings of the MOF and the
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monovalent cations. In agreement to this, FTIR spectra (Fig. S9) present a shift to lower
wavenumber of some stretching bands (P=0 and P-O at around 1250 and 1182 cm™), being more
important with the mass increasing of the exchanged cation (Li<Na<K, Fig. S9). For instance, in
the case of K@UPG-1 sample, the band at 1250 cm™! was shifted up to 1240 cm™!. The effect of
the effective ionic exchange can be also evidenced in other less affected spectroscopic bands, that
correspond to the vibrations of the aromatic rings from the MOF linker (between 1625 and 1500

cm™).

Considering the strong impact of the water content on the final ion conductivity, the influence of
the cation exchange on the water adsorption in UPG-1 was evaluated by both experimental (TGA)
and simulation (Monte Carlo) techniques (Table 1). Prior to the TGA, the samples were kept under
a controlled atmosphere (RH = 70% overnight) in order to homogenize and compare the exchanged
UPG-1 solids. Thus, the ionic exchanged samples present a higher water content than the pristine
UPG-1 (780 water molecules in the multicell-m.c. for the UPG-1 calculated by TGA, see Table 1
and Fig. S10). These values of the exchanged solids were compared with those obtained from
simulation at saturation, being in very good agreement, except for K@UPG-1. The slightly higher
experimental amount of water (vs. simulation) could be explained by the different considered
conditions (i.e. saturation in simulation and 70% RH in experiments). Thus, one could hypothesize
a complete saturation of the pores in K@UPG-1 at 70% RH, being the water excess probably
located on the particles outer surface. In addition, only one configuration of the K™ distribution has
been investigated by molecular simulations, impacting on the hydration around the cations.
Further, it should be mentioned that the two types of pores (5 and 10 A; Fig. S11) present in the
UPG-1 possess a different hydration behavior,* probably also affecting the cation location and

material hydration.
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Considering the already proven proton conductivity of the UPG-1 (5.1:10* S-cm™! at 90% RH and
70 °C),>* the exchanged materials were tested as protonic conductors. After press-molding the
powdered samples as 6 mm-diameter cylindrical-like pellets, their crystalline structural integrity
was confirmed by PXRD (Fig. S12) and their protonic conductivity tested by impedance
spectroscopy under different conditions of temperature and RH (see Experimental Methods for
further details). For RH < 50% the conductivity is less than 10° S-cm™ and measurements are
unstable over the whole frequency range. For all the samples, the conductivity increases with the
increasing of RH. The results further revealed the importance of water molecules as proton carriers
in proton conductivity. Typical impedance datasets of the Na@UPG-1 sample are displayed in the
Figure 1. At high frequency, the data show a slightly distorted semicircle with an associated
capacitance of 6.5 pF-cm’! that was, therefore, attributed to the bulk resistance of the sample. Also,
an inclined spike with an associated capacitance of 0.2 pF-cm can be observed in the low
frequency region, which indicates a partial-blocking electrode response consistent with proton
migration. There are two defined regions in the frequency dependent conductivity (the plateau at
high frequencies and the dispersion at low frequencies). The plateau corresponds to constant
conductivity associated with the bulk conductivity of the sample, as extracted from the intersection
of the semicircle in the Z’ axis of the Nyquist plots at low frequencies. Similar behavior is observed
for the rest of cation exchanged samples, although the conductivity values slightly changes from
one sample to another. The one with the highest conductivity is K sample while the Li sample has

the lowest value.
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Figure 1: Impedance data set of Na@UPG-1 at 70% RH and 30 °C
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As expected, the conductivity is strongly dependent on temperature (Fig S13-S16) and RH (Fig
S17) for all the samples. In Figure 2 the evolution of conductivity with the temperature for the
three exchange samples is displayed, summarizing the above results. At 70% RH, the Nyquist plots
from the show a single semicircle, attributed to the bulk resistance of the solids. Additionally, at
temperatures higher than 60°C, a second depressed semicircle appears in the K@UPG-1 sample at
intermediate frequencies, overlapping with a third one at lower frequencies (Fig. S18). When
increasing the RH to 90%, the plots significantly change, showing one depressed semicircle that
is not completely closed at higher frequencies. Also, a second depressed semicircle appears at
intermediate frequencies for the Na and K samples, overlapping with a third one at lower
frequencies (Figs. S15-16). This new contribution (at 90% RH for Na and at both 70 and 90% RH
for the K) could be associated to an extrinsic transport through MOF intergrain region, as
previously described by Tominaka and Cheetham.>® These observations suggest an extrinsic
contribution from the water on the interparticle surface, and not only an intrinsic one corresponding
to the protons of the framework and/or in the micropores; also supporting the previous hypothesis
concerning the presence of water on the K@UPG-1 surface (TGA data Table 1). In general, the
proton conductivity increases around one order of magnitude when passing from 70 to 90% RH
(Table S1 and Fig. S12). Interestingly, the exchanged samples showed a conductivity significantly
higher than the pristine UPG-1, reaching up to 2 orders of magnitude higher values (i.e. from the
5.1-10* S-cm™' magnitude previously reported for UPG-1%* to 2.3-10% S-cm™ for K@UPG-1 at
90% RH and 90 °C). Although the Li and Na samples also led to enhanced proton conductivities
(2.65-103 and 9.57-107 S-cm™!, respectively), K@UPG-1 was the best performing solid. This
could be rationalized by considering that the proton conductivity is related with the water content

and its mobility. The higher water amount of the exchanged samples compared to the pristine
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UPG-1 (Table 1) might justify the higher conductivity values reached for the M@UPG-1 samples.
On the other hand, and according with the polarization strength of the different cations
(Li*™>Na"™>K"), the solvation state of the different cations in the MOF was estimated by Monte
Carlo simulation. The lower solvation state (840 water molecules per m.c., Table 1) of K@UPG-
1 compared to the Li and Na solids (940 and 912 water molecules per m.c., respectively, Table 1)
might favor a higher water mobility, also supporting the best proton conductivity of K sample. In
addition, considering a single configuration of the cations location, it was observed that the K*
cations are more affected by the hydration. Indeed, more K cations are less interacting with the
framework at the hydrated state compared to the dry state (see Fig. S8; shorter distances
highlighted in pink). This suggests that hydration favors the cations location in the center of pores,
enhancing the proton conductivity. Such a behavior is less evidenced in the simulations performed

for Li and Na@UPG-1 (see Fig. S6 and S7).
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Figure 2: Evolution of conductivity with temperature for the three exchanged samples (left) and

for the K@UPG-1 after different cycles at 90% RH.
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Additionally, the hydrophobic/hydrophilic balance of the materials, impacting on the proton
conductive pathways,?* was assessed by theoretically estimating the water adsorption enthalpies.
Considering the liquefaction enthalpy of water (-40 kJ-mol™!), all the modified materials can be
considered as hydrophilic (AH4s > -40 kJ-mol!, Table 1), in contrast with the hydrophobic
character of the pristine UPG-1 (AHu4s = -23.8 kJ-mol™!). In the case of the UPG-1, it was found
that the proton conductive pathways were mainly based on the H-bonds existing between the water
molecules preferentially located in the large pores (10 A), being the framework not strongly
involved in the conduction process.?* In contrast, for the exchanged samples (extracted from the
GCMC simulations, Fig. S19-21), the water molecules are present in both pores of the structure (5
and 10 A), interacting with both the cations and other water molecules (Fig. S22-24), establishing
more efficient proton conductive pathways along the 1D channels. Conductive pathways can be
determined from snapshots extracted from Monte Carlo simulations and they illustrate the
implications of both cations and water molecules in the diffusion mechanisms (Fig S21-S23) as
represented by interaction distances ranging around 2 A. Such a combination of charge carriers
can explain the enhancement of the conductivity measurements. As previously mentioned, the fact
that the cations K" are less polarizing compared to Li* and Na* can justify higher experimental
conductivity measurements. In addition, one could suggest that the ionic conductivity is here
mainly dominated by the proton conduction, as supported i) the large number of proton carriers
(water molecules) when compared with the inserted cations (water:cation ratio 4:1; Table 1), i)
the increase of the conductivity with the RH%; and iii) preliminary molecular dynamics
simulations, showing that the diffusion of the extra-framework cations is slightly limited to close

environments.
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In order to shed some light to the ion conduction mechanism, the activation energy of the process
was estimated. From the Figure 2, it is clear that the samples do not present an Arrhenius behavior.
Pseudo-activation energies (E,) were calculated by fitting the conductivity data to the Vogel-
Tamman-Fulcher (VTF) equation (Fig. S25),°° a widely use approximation for non-Arrhenius
polymeric ion conductors.®® Although not fully understood yet, this non-Arrhenius behavior has
been already described for other MOF structures.’!> The obtained values of the pseudo-activation
energies from the VTF adjustment (Table S2) were in the range attributed to a Grotthuss
mechanism (charge carrier transported by water molecules; <0.5 eV),* which involves proton
mobility through H-bonding from one carrier to another with a reorientation between one carrier
and the next one.®"*%* The slightly higher E, values in the exchanged samples compared to the
pristine one (0.02 eV)** could be explained by the presence of the cations within the pores,
interacting with the water molecules. Between the samples, the tendency of the £, might be related

with the solvation degree of each cation (similarly than previously discussed for the conductivity,

Table 1), where the less solvated cation is associated with the lower E..

One could also compare the here obtained values of conductivity with those of other pure
phosphonate-based MOFs (Table S3). P-MOFs usually present conductivity values ranging from
10°to 102 S-cm™!. 24426570 Only three P-MOF structures exhibit similar (PCMOF2;,,’!; 102 S-cm’
1 or slightly higher (1K_Eu*? and Gd2(Hsnmp)2;7* 10! S-cm™) conductivity values than K@UPG-
1 (10 S-cm™). However, the PCMOF21» and 1K_Eu solids did not present any cyclability
features, and the structural integrity of the 1K Eu was not evaluated. Also, the K-exchanged
1K _Eu and the Gd2(Hsnmp): present a higher cost and toxic character, making K@UPG-1 a very
promising green, cheaper and efficient proton conductor. Finally, considering the best conductivity

values of the K@UPG-1, cyclability tests were carried out to evaluate its stability under the best
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working conditions (RH = 90%). Upon three cycles at 90 °C (Table S4), the K@UPG-1 not only
kept intact its proton conductivity but also retained its crystalline structure (evaluated by PXRD,
Fig. S26) and composition (analyzed by SEM-EDX, Table S5) up to six cycles. Additionally, the
thermal stability of the K@UPG-1 crystalline structure has been evaluated by PXRD, evidencing
that the structure was perfectly kept up to 100 °C, similarly to the original UPG-1 material (Fig.

S27).

With the aim to improve the mechanical stability of the future electrolyte material while adapting
it to a future practical FC device, a MMM was prepared based on a SPSU 2 wt.% containing
K@UPG-1 (denoted as K@QUPG-1_SPSU). The homogeneous distribution of the MOF particles
within the MMM (~50 um-thickness) was confirmed by SEM (see both flat and transversal views
of the membrane; Figures 3 and S28). The sulfonation reaction of PSU was successfully confirmed
by means of *H-NMR spectroscopy (Fig. $29). Comparing the *H-NMR spectra of PSU and SPSU
in the range of chemical shifts corresponding to the aromatic protons (6.40 ppm & < 8.40 ppm),
SPSU showed a shift (6 = 7.71 ppm, Fig. S29b) of the peak associated with the H4' protons, which
were adjacent to the attached sulfonic groups.*® The degree of sulfonation (DS), estimated using
the Kopf equation,® was 100% (i.e., the polymer presents one sulfonic group per monomer). This
fact might ensure a high contribution of the SPSU on the final proton conductivity of the MMM.
TGA of SPSU (Fig. S30) shows three different of weight losses. The first one, between 50and 250
°C, was related to the departure of the adsorbed water. The second step, between 250and 450 °C,
was attributed to the sulfonic groups decomposition. The third thermal degradation, above 450 °C,
was assigned to the degradation of the polymeric backbone. Thus, the thermal stability of the
polymer was estimated to around 250°C, being largely above the temperatures used on the

conductivity measurements (100 °C under air atmosphere).
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Figure 3: Image of the K@QUPG-1_SPSU membrane

The proton conductivity of SPSU and K@UPG-1_SPSU were determined at different
temperatures (from 40 °C to 90 °C) and 90% RH. As expected, the conductivity increases with the
temperature (Fig. S31-34), reaching the maximum value at 90% RH and 80 °C for both membranes

(9.57 102 and 8.51 10 S-cm™* for SPSU and K@UPG-1_SPSU, respectively; see Figure 4).
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Figure 4: Evolution of the proton conductivity with temperature for SPSU and KQUPG-1_SPSU

MMMs

The conductivity value obtained at high temperature for the MMM (80°C; Figure 4) is within the
range of the pure SPSU membrane, meanwhile its conductivity increases at lower temperatures.
On the other hand, the increase of the conductivity, as well as the change of the slope of the pure
polymeric membrane at high temperature (> 60°C; Figure 4), are probably associated with an
important hydration of the membrane due to its high sulfonic groups content, changing its proton
conduction mechanism. In this sense, a higher content of sulfonic groups (DS) in a SPSU is
associated to an important water absorption capacity (WU%), as reported by Martos et al.>? In this
work, the authors found a WU% at RT higher than 60% for SPSU with a DS of 77%. Although
this hydration effect could lead to the membrane degradation, the incorporation of the MOF not
only increases the conductivity at low temperatures but also enhances the membrane stability at

high temperatures (as observed in the evolution of the proton conductivity with temperature and
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macroscopically in absence of particle disaggregation). A similar behavior was previously
described; both Morlanes et al. and Herrero et al. reported SPSU systems with different additives
(i.e. SiOz, SiO2/phosphomolybdic, or layered double hydroxide at different proportions),”"
evidencing that an optimal percentage of nanoparticles can improve the proton conductivity of the

membrane by reducing its water uptake and then, enhancing its stability.

In order to compare the conductivity mechanisms of the K@QUPG-1 pellet and its K@UPG-1-
SPSU membrane, the activation energy of the process was estimated for the MMM by fitting the
conductivity data to the VTF equation (Fig. S34 and Table S6). Similarly to the value previously
estimated for K@QUPG-1 pellet, the E, for K@UPG-1-SPSU was in the range of the Grotthuss
mechanism. However, the difference between the pellet and the membrane values (0.059 and 0.004
eV, respectively) suggests a different conduction mechanism, as expected after the addition of the

SPSU to shape the membrane.

On the whole, these preliminary data reveal that K@QUPG-1_SPSU MMM exhibits a good proton
conductivity with enhanced stability when compared with the pure SPSU membrane alone. Further
optimization of the MOF loading in the membrane might lead to a higher proton conductivity,
encouraging us to continue working on this approach in order to nearly use KQUPG-1_SPSU

electrolytes in more efficient PEMs.

Conclusion

The ionic exchange of some labile protons (ca. 5 over 8 labile protons) from the UPG-1 by Li”,
Na" or K" was successfully achieved using a simple and fast wet method. The exchanged materials
exhibited a water affinity higher than the pristine UPG-1, leading to enhanced conductivity values.

Interestingly, the proton conductivity of the K-exchanged solid increased up to two magnitude
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orders when compared with the pristine UPG-1 (from 5-10* S-cm! to 2.3-102 S-cm™), being
among the highest reported values for phosphonate-MOFs. Further, its cyclability was assessed
during three consecutive cycles, making the K@UPG-1 solid very promising as PEMFC
electrolyte. Also, the successful loading of the K@UPG-1 into a MMM based on a sulfonated
polysulfone led to a moderate proton conductivity (8.51 102 S-cm™). Preliminary results
demonstrated that the composites present a better mechanical stability than pressed powders, and
enhanced properties (conductivity and stability) than membranes by incorporating just a 2 wt.%
of MOF. Despite the moderate proton conductivity when compared with the literature or with the
pristine material, the ion exchange strategy followed by the MMM shaping with proton
conductivity values near to 10> S-cm™ was carried out successfully. This strategy, combined with
an optimization of the MOF loading into the membrane to reach higher conductivity values (>10

2 S-ecm!) could guarantee the applications of these MOFs for fuel cell applications.
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