International Journal of Hydrogen Energy 56 (2024) 1249-1256

Contents lists available at ScienceDirect

International Journal of

International Journal of Hydrogen Energy

journal homepage: www.elsevier.com/locate/he

ELSEVIER

Check for

Improved performance of lanthanide-doped UIO-66/Nafion hybrid proton  [%&s
exchange membrane for water electrolyzer

Qiancan Wang ", Dongchen Shen ™", Zhengkai Tu®"", Song Li*™ "

@ Department of New Energy and Science Engineering, School of Energy and Power Engineering, Huazhong University of Science and Technology, Wuhan, 430074, China
b China-EU Institute for Clean and Renewable Energy, Huazhong University of Science and Technology, Wuhan 430074, China

ARTICLE INFO ABSTRACT

Keywords:

Metal-organic frameworks
Proton exchange membrane
Proton conductivity

Water electrolysis

Incorporating metal-organic frameworks (MOFs) especially the ones with protic functional groups into proton
exchange membrane (PEM) can effectively improve its proton conductivity. Lanthanide MOFs (Ln-MOFs) have
been recognized as more potential candidates exhibiting proton dissociation capability. However, the perfor-
mance of PEM upon integrating Ln-MOFs in water electrolyzer has yet to be investigated. In this study, Nafion
composites with different loadings of lanthanide Ce-UiO-66 were prepared, characterized and tested by
comparing with the non-lanthanide Zr-UiO-66. It was revealed that the proton conductivity of Ce-UiO-66/Nafion
composite membrane was higher than pristine Nafion and Zr-UiO-66/Nafion membrane, which was attributed to
the fact that the Ce-UiO-66 doping contributed to the construction of the hydrogen-bonded network to enhance
the proton conductivity. At 3 wt% Ce-UiO-66 doping, the proton conductivity of the composite membrane can
reach 124.45 mS/cm, which is significantly improved by 17 % compared with Zr-UiO-66/Nafion. Such a trend is
mainly contributed by the lower proton affinity and proton transfer capability of Ce atoms in Ce-UiO-66, and the
higher number of water molecules around Ce atoms favors the reduced tortuosity of the proton conduction

pathway in membranes. Single electrolytic cell tests demonstrated the enhancement of electrolysis efficiency

upon Ce-UiO-66 doping was improved from 58.77 % to 65.37 % at a current density of 2 A cm™~.
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1. Introduction

Proton exchange membrane water electrolysis (PEMWE) driven by
renewable power is one of the most promising hydrogen production
technology owing to its low carbon footprint, high efficiency, quick
response and high compatibility with intermittent renewable energy
[1-4]. As the core component of the electrolyzer, proton exchange
membrane (PEM) [5-7] plays the role of conducting protons, isolating
gases and supporting catalysts, and its stability and proton conductivity
directly affect the performance of the PEMWE. Currently, the commer-
cialized perfluorosulfonic acid (PFSA) PEM membranes such as Nafion
and Dow exhibit good mechanical properties and proton conductivity
but high cost [8]. In order to further improve its stability and proton
conductivity, many strategies such as crosslinking, hybridization and
nanoparticle doping have been employed to modify PEM. It is found that
nanoparticle doping can regulate the flexibility and hydrophilicity of the

composite membrane polymer [9]. Conventional nanoparticles, such as
SiO5 [10] and TiO9 [11,12], have been used as dopants in composite
membranes, and it has been experimentally demonstrated that doping
them into Nafion membranes improves the water absorption capacity
[13]. However, the ultra-low proton conductivity of these inorganic
nanoparticles causes a decreased proton conductivity of PEM.
Nevertheless, doping proton-conducting functional materials (e.g.
hydroxide [14], covalent organic frameworks [15]) can significantly
enhance the performance of PEM, among which, metal-organic frame-
works (MOFs) [16,17] composed of metal clusters and organic ligands
featured with high specific surface area, high porosity, adjustable pore
structure and functional ligands have become promising candidates. The
abundant functional ligands and pore structures of MOFs provide more
opportunities for proton conduction. Many studies have reported that
doping MOFs into PEM are beneficial to the proton conduction. Don-
nadio et al. [18] found that the proton conductivity of Nafion
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Fig. 1. (a) Schematic preparation process of the composite membrane; (b) preparation of membrane electrodes and assembly process of electrolyzer.

membranes doped with 2 wt% UiO-66 was increased by 30 % from 127
mS/cm to 165 mS/cm (at 80 °C, 95%RH), which was ascribed to the
modified structural features that favors the proton transport. The com-
posite membranes prepared with MIL-101(Cr) [19,20], MOF-801(Zr)
[21], ZIF-8 [22] also exhibited enhanced proton conductivity, and
their activation energies (E,) were all decreased compared with pristine
PEMs. This is probably due to the incorporation of MOFs contributing to
the establishment of hydrogen-bonded networks in the PEM, which
provide additional channels for proton transfer. The doping of MOFs
also imposes a positive impact on the thermal stability of PEM [23,24]. It
was found that the thermal stability of composite membranes were
significantly improved after doping ZIF-8, and the desulfonation tem-
perature increased from 340 to 360 °C, which was ascribed to the strong
interaction between the imidazole ligand of ZIF-8 and the sulfonic acid
group of the Nafion matrix [25].

Recently, the high proton conductivity of lanthanide MOFs (Ln-
MOFs) has attracted growing attention [26]. A variety of Ln-MOFs were
prepared to explore their applications in proton conduction, such as {H
[(N(CH3)4)2][Gd3(NIPA)e]}-3H20 [27]1(71.2 mS/cm at 75 °C and 98%
RH), {[Tbs4 (TTHA)2 (H20)4]-7H20};, [281(25.7 mS/cm at 60 °C and
98%RH), and ([Sm(HsC2P207) (H20)2]-TEG [29](91.7 mS/cm at 60 °C
and 100%RH). It is revealed that lanthanide atoms of Ln-MOFs are prone
to coordinate with water molecules at high coordination number, which
facilitates the construction of hydrogen-bonded networks for proton
conduction, endowing Ln-MOFs with excellent proton conductivity
[26]. In addition, Ln-MOFs also exhibit outstanding water stability
owing to the formation of stronger metal-ligand bonds in the presence of
lanthanide atoms with higher charge densities, thus avoiding hydrolysis
reactions [30]. The high proton conductivity and water stability enable
Ln-MOFs potential PEM dopants. However, the proton conduction and
hydrogen production performance of Ln-MOF doped PEM has yet to be
elucidated.

In this work, in order to demonstrate the merits of Ln-MOFs for
PEMWE, cerium-based Ui0-66 (Ce-UiO-66) with mild synthesis condi-
tions [31] and proton conduction potential [32] was chosen. For com-
parison, its non-lanthanide counterpart, i.e., zirconium-based UiO-66
(Zr-Ui0-66) with high water stability [33] was also investigated. The
two MOFs (i.e. Ce-UiO-66 and Zr-UiO-66) possess exactly identical to-
pology and ligand except for the metal cluster. Both Ce-UiO-66 and
Zr-UiO-66 of varying loadings were doped into Nafion. The prepared
PEMs of Ce-UiO-66/Nafion and Zr-UiO-66/Nafion were characterized
and tested, respectively. The microscopic mechanism of the improved
proton conductivity of Ce-UiO-66/Nafion was further revealed by
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molecular simulations. The two membranes were also assembled into
membrane electrode assembly (MEA) and tested in a PEM electrolyzer to
assess their hydrogen production performance. In this work, we
explored the proton conduction performance of two proton exchange
membranes doped with Ce-UiO-66 and Zr-UiO-66, respectively, and
revealed the mechanism of improved proton conduction of
Ce-UiO-66/Nafion, which was further demonstrated by the enhanced
water electrolysis performance.

2. Methodology
2.1. Materials

Cerium ammonium nitrate (Ce(NH4)2(NOs)e, analytically pure),
acetic acid (CH3COOH, analytically pure), N,N-dimethylformamide
(DMF, analytically pure), anhydrous ethanol (CH3CH2OH, analytically
pure), and acetone (CHsOCHgs, analytically pure) were purchased from
Shanghai Sinopharm Chemical Reagent Co. Zirconium chloride (ZrCly,
98 %, hafnium chloride <2 %), Nafion solution (D520CS, 5 wt%),
acetonitrile (CH3CN, chromatographic grade), terephthalic acid
(CgHgO4, 99 %) were purchased from Shanghai Aladdin Biochemical
Technology Co. Iridium oxide catalyst (85 %) was purchased from
Shaanxi Coal Industry Chemical Technology Research Institute Co.
Platinum-carbon catalyst (60 % Pt) was purchased from Kunming
Guiyan Catalyst Co. The deionized water was homemade in the labo-
ratory. The above reagents were not treated before use.

2.2. Synthesis of Ce-UiO-66 and Zr-UiO-66

The preparation of Ce-UiO-66 was carried out according to the
literature [34].180 ml acetonitrile and 5.32 g terephthalic acid were
added to a round-bottomed flask, respectively followed by heating in an
oil bath at 100 °C with thorough stirring. Then 60 ml aqueous solution of
cerium ammonium nitrate (0.533 mol/L) were added to the flask and
continued to stir at 100 °C for 2 h. After the mixture was cooled down to
room temperature, the solids were separated by centrifugation, and then
washed repeatedly with DMF and acetone. Finally, they were dried in an
oven at 70 °C to obtain Ce-UiO-66.

Zr-UiO-66 was synthesized according to the literature [35]. First,
0.080 g (0.343 mmol) of ZrCl,4 and 30 equivalents of acetic acid (10.29
mmol) were dissolved in 20 ml of DMF and dispersed homogeneously by
ultrasonication. 0.057 g (0.343 mmol) of terephthalic acid were added
to the solution and stirred to dissolve. The mixture was poured into a
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Fig. 2. (a) XRD patterns of Ce-UiO-66 and Zr-UiO-66; SEM images of (b) Ce-UiO-66, (c) Zr-UiO-66; (d) nitrogen adsorption isotherms of Ce-UiO-66 and Zr-UiO-66.

Teflon lined reactor and placed in an oven at 120 °C for 24 h. After the
reactor was cooled to room temperature, the solid was separated by
centrifugation and washed with ethanol. Zr-UiO-66 was obtained after
vacuum drying.

2.3. Preparation of composite membranes and the membrane electrode
assemblies

The composite membranes were prepared by casting method as
demonstrated in Fig. 1. First, remove all solvents of Nafion solution at
80 °C and then add an equal amount of DMF to dissolve the resulting
membrane to obtain Nafion solution with DMF as solvent. Ce-UiO-66
was dispersed in the Nafion solution in DMF by stirring and ultra-
sonication. The dispersion was poured into a mold, and heated up to
80 °C, then further dried in a vacuum oven at 140 °C to completely
remove the solvents. Ce-UiO-66/Nafion membranes were named as Ce-
n, where n presents the mass percentage of Ce-UiO-66 and n = 1, 3, 5.

Similarly, Zr-UiO-66/Nafion membranes were named as Zr-1, Zr-3 and
Zr-5, respectively. Membrane electrode assemblies (MEA) based on
MOEF/Nafion composite membrane were prepared by catalyst spraying
method using automatic spray coating equipment (Anliu Tech. Co.). The
activated area of MEA was 5 x 5 cm? and the catalyst loadings were 2
mgy,/cm? for the anode and 1 mgp,/cm? for the cathode, respectively.
Titanium felts were used as the gas diffusion layer on both sides, and
titanium bipolar plates with 1 mm fluid channels were employed.

2.4. Characterization

Powder X-ray diffraction (PXRD) was performed using an Empyrean
instrument with a scanning range of 20 = 5°-50°. Field Emission
Scanning Electron Microscopy (SEM) was recorded with a Nova Nano-
SEM 450. The FT-IR spectrum was obtained using Nicolet iSS0R. The
specific surface area and water vapor adsorption isotherms of the sam-
ples were obtained using a physical adsorption analyzer (Autosorb iQ2).

Fig. 3. SEM images of (a) Nafion, (b) Ce —3, (¢) Zr —3; (d) distribution of Ce elements in Ce-3 from EDS.
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Fig. 4. TGA curves of (a) Ce-UiO-66 composite membranes and Ce-UiO-66; (b) Zr-UiO-66 composite membranes and Zr-UiO-66; DTG curves of (c) Ce-UiO-66
composite membranes and Ce-UiO-66; (d) Zr-UiO-66 composite membranes and Zr-UiO-66.

Thermogravimetric analysis was carried out on a Diamond thermo-
gravimetric/differential thermal analysis (TG/DTA) using a heating
rate of 20 °C/min under flowing nitrogen. The mechanical property was
performed by electronic universal testing machine (CMT4104, Shenzhen
Xinsansi Material Testing Co.). The water absorption and swelling test
was performed at 80 °C to simulate the actual operating environment.
The membrane was placed in ultrapure water and kept at 80 °C for 24 h
to measure the changes in weight and size using electronic micro-
balance and optical microscope. The proton conductivity was tested
by electrochemical impedance spectroscopy through CHI660E manu-
factured by Shanghai Chenhua Instrument Co. Ltd. with the frequency
range of 1 MHz-1 Hz. The electrolyzer test was powered by a DC power
supply, and the test was performed with a unilateral water supply to
anode, with an inlet temperature of 80 °C at a flow rate of 25 ml/min.

2.5. GCMC simulations

The water adsorption behaviors of Ce-UiO-66 and Zr-UiO-66 were
predicted by the lattice grand canonical Monte Carlo (GCMC) simulation
[36]. Lennard-Jones (LJ) parameters of MOFs were derived from the
universal force field (UFF) [37], and the atomic charges of MOFs were
obtained from the density-derived electrostatic and chemical charge
(DDEC) method by density functional theory [38] using VASP, while the
force field parameters of Tip4p model [39] were utilized for water
molecules. Considering the water-water interaction, the water mole-
cules were described as the coarse-grained monatomic water (mW)
water model [40], a single site interacting through anisotropic
short-ranged potentials in lattice GCMC. 2 x 10% cycles were performed
to obtain a convergence of the amount of adsorbed water, including 1 x
108 cycles for equilibration and 1 x 108 cycles for production.

For the sake of probing the distribution of water molecules in UiO-
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66, the radial distribution function (RDF, g(r)) between metal-water
pairs was calculated by Ref. [41]:

v _m
Ng drridr

g(r)

where the np is the average number of particles at the distance between r
and r + dr, while Np and V represent the number of particles in the
system and the total volume of the system, respectively.

3. Results and discussion

In order to validate the identity of the prepared Ce-UiO-66 and Zr-
UiO-66, powder X-ray diffraction (PXRD) analysis was performed as
shown in Fig. 2a. In the PXRD patterns, the characteristic peaks of Ce-
Ui0-66 and Zr-UiO-66 are in good agreement with the simulated re-
sults, indicating the good crystallinity and the successful synthesis of Ce-
UiO-66 and Zr-UiO-66. The morphology of two MOFs from SEM in
Fig. 2b—c demonstrate that Ce-UiO-66 exhibits relatively homogeneous
polyhedral particles with diameter of 100-200 nm, which is consistent
with literature [31]. Zr-UiO-66 exhibits a typical octahedral particle of
about 200 nm [35]. Nitrogen adsorption test (Fig. 2d) showed that the
specific surface area and total pore volume of Ce-UiO-66 are 1033.910
m2/g and 0.497 cm3/g (P/Py = 0.90), which are lower than those of
Zr-Ui0-66 (1295.340 m?/g, 0.577 cm®/g). Such a trend is in agreement
with previous studies [34,35], which is possibly ascribed to the heavier
atomic mass of Ce, leading to the reduced surface area per unit mass.

After doping with Nafion, almost no remarkable characteristic peaks
of UiO-66 were observed in the XRD patterns of composite membranes
(Fig. S1). The FT-IR spectra of composite membranes in Fig. S2
demonstrate no formation of chemical bond between UiO-66 and
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Fig. 5. Proton conductivity of Nafion and composite membranes at 80 °C and
90 %RH, and the photos of the corresponding membranes were on the
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Nafion, which is confirmed by XPS analysis (Fig. S3) The distribution of
MOFs in the membrane was inspected by SEM. It is found that mem-
brane surface was overall smooth without obvious ripples (Fig. 3). MOF
particles in the Zr-UiO-66 doped membrane were uniformly dispersed
(Fig. S4), and the amount increased significantly with the increase of the
doping ratio. The Ce-UiO-66 doped composite membranes have similar
surface morphology with Nafion, and it is difficult to directly observe
the presence of Ce-UiO-66 (Fig. 3b) which is probably due to the smaller
size of Ce-UiO-66 particles or its deep distribution in the membrane.
Therefore, according to energy dispersive spectrum (EDS) in Fig. 3d, Ce
elements of Ce-UiO-66 are uniformly distributed in the membrane,
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validating the well dispersion of Ce-UiO-66 particles in the composite
membrane.

High thermal stability of doped PEM is a required for its application
in electrolysis. TG-DTA analysis of Fig. 4 manifest that the composite
membranes exhibit similar thermal stability with pristine Nafion mem-
brane. The thermal degradation can mainly be divided into three steps
[42]. At the temperature below 300 °C, the weight loss is mainly from
the evaporation of water and residual solvent in the membrane. At the
temperature of 300-420 °C, the weight loss is caused by the decompo-
sition of sulfonate groups in the chain of Nafion. When the temperature
increases above 420 °C, the backbone of Nafion began to decompose.
The decomposition temperature of the Nafion backbone rises from
460 °C to 480 °C with increasing doping with Ce-UiO-66, and to 490 °C
with Zr-UiO-66, indicating the improved thermal stability of composite
membranes.

As the key evaluation criteria of PEM, proton conductivity was tested
at 80 °C and 90 % RH to simulate the real working condition in the
electrolyzer (Fig. 5). It is observed that all doped membranes exhibit
higher proton conductivity than pristine one. Among all membranes, Ce-
UiO-66 doped membrane at a loading of 3 wt% (Ce-3) exhibits the
highest proton conductivity of 124.45 mS/cm, followed by the ones with
the MOF loadings of 1 wt% and 5 wt%. In comparison, Zr-UiO-66 doped
membrane at a loading of 1 wt% shows the highest proton conductivity
of 110.42 mS/cm followed by the ones with MOF loadings of 3 wt% and
5 wt%. The proton conductivity of Ce-UiO-66 doped membrane was
increased by 28 % compared with pristine Nafion. In previous studies,
the enhanced proton conductivity of MOF doped membrane was
commonly ascribed to its increased water uptake upon MOF doping,
which favors the proton transfer via Vehicle mechanism owing to the
formation of hydrogen-bonded network by more water molecules in the
membranes [43,44]. On the contrary, the reduced water uptake of MOF
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doped membrane was also observed in Hf-MOF-801 doped Nafion
membranes [21]. Nevertheless, the increased proton conductivity of the
Hf-MOF-801 doped membrane was still observed, which may be due to
the unsaturated sites and hydrophilic units in the MOF framework that
contribute to the formation of hydrogen-bonded network.

In order to understand the mechanism of the enhanced proton con-
ductivity of Ce-UiO-66 doped membrane in this work, the water uptake
of the composite membranes was firstly tested at 80 °C (Fig. 6a). It is
surprising that all the UiO-66 doped membranes exhibit lower water
uptake than pristine Nafion membrane, indicating that the doped UiO-
66 is not beneficial for the water uptake of composite membranes.
Moreover, the water uptakes of Ce-UiO-66 doped membranes is gener-
ally lower than Zr-UiO-66 doped ones, which may be ascribed to the
lower water adsorption capacity of Ce-UiO-66 at high humidity from
experiments (Fig. 6b). Besides, the larger atomic mass of Ce than Zr is
also contributed to the decreased water uptake percentage of Ce-UiO-66
doped membranes. In addition, the overall water uptakes of hybrid
membranes decrease with the increased MOF loading, which may be
mainly contributed by the fact that the increased weight from absorbed
water is lower than that from doped MOFs. In the other hand, the
swelling ratios of hybrid membranes are significantly reduced compared
with the pristine Nafion, similar to previous report [45], in which it was
ascribed to the reduces the free volume of membrane owing to the
interaction between UiO-66 and Nafion. Besides, the rigidity of UiO-66
may impose constraints on the swelling behaviors of Nafion as well.

Regardless of the decreased water uptakes, the proton conductivity
of the composite membranes was improved upon UiO-66 loading, to
further explore such a phenomenon, GCMC simulations were performed
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to investigate the water adsorption behaviors of Ce-UiO-66 and Zr-UiO-
66 (Fig. 6b). GCMC simulations demonstrates the lower water uptake of
Ce-UiO-66 than Zr-Ui0-66, which may be ascribed to the lower surface
area and pore volume of Ce-UiO-66 that restricts its water uptake.
Nevertheless, Ce-UiO-66 doped membranes exhibit higher proton con-
ductivity than Zr-UiO-66 doped ones. Density functional theory calcu-
lations in previous work have shown that the proton affinity of Ce node
is significantly lower than Zr node, indicating that the presence of Ce
atoms facilitates the release of proton from its hydroxyl group, thus
favoring proton conduction [46]. The average number of water mole-
cules surrounding Ce and Zr atoms of UiO-66 obtained by RDF from
GCMC simulations (Fig. 6¢) revealed that the number of water molecules
surrounding Ce is nearly twice of that nearby Zr, implicating the higher
proton transfer capability of Ce nodes towards surrounding water mol-
ecules, directly improving the proton conductivity of membranes. Be-
sides, the aggregated water molecules nearby Ce may favors the
connectivity of proton conducting pathway and reduce its tortuosity
[18].

Finally, the hydrogen production performance of MEA based on Ce-
UiO-66 doped membrane was tested in electrolyzer (Fig. 7a) and
compared with the one based on pristine Nafion. According to the po-
larization curves, the voltage of the electrolyzer based on MEA con-
sisting of Ce-UiO-66 doped membrane is consistently lower, implicating
its low electric resistance. At the low current density of 1 A cm™2, the
voltage of Ce-3-based MEA is 0.13 V higher than the one based on
pristine Nafion. At the current density of 2 A cm™2, the voltage differ-
ence of the two electrolyzers increases to 0.26 V. The electrolysis effi-
ciency was further calculated based on the thermo-neutral voltage (Vi



Q. Wang et al.

= 1.48 V) [47] according to the polarization curves. Generally, the
electrolysis efficiency decreased with the current density. At the current
density of 2 A cm™2, the electrolysis efficiency of electrolyzer using
Ce-3-based MEA is 65.37 %, which is 6.59 % higher than that of the
electrolyzer using Nafion-based MEA. Such results demonstrate that the
doping of Ce-UiO-66 effectively improves the proton conductivity of the
membrane, which favors the reduction of the ohmic overpotential of the
system, ultimately leading to improved electrolysis efficiency.

4. Conclusion

In this study, in order to investigate the effect of lanthanide-based
MOF doping on the proton conductivity and hydrogen production per-
formance of proton exchange membrane, Ce-UiO-66/Nafion and Zr-
UiO-66/Nafion hybrid membrane at varying loadings were prepared,
characterized and tested. It is revealed that UiO-66/Nafion hybrid
membrane exhibited increased thermal stability, decreased swelling
ratio and water uptakes compared with pristine membrane. Regardless
of the lower water uptake, Ce-UiO-66/Nafion hybrid membrane
exhibited significantly higher proton conductivity than Zr-UiO-66/
Nafion. The proton conductivity of membrane with 3 wt% Ce-UiO-66
reached 124.45 mS/cm which is 28.63 % higher than Nafion. Based
on the GCMC simulation, the enhanced proton conductivity can be
ascribed to the lower proton affinity of Ce atoms that favors the proton
dissociation of -OH groups. Besides, the increased number of water
molecules surrounding Ce atoms compared with Zr also benefits the
connectivity of proton transfer pathways in Ce-UiO-66/Nafion hybrid
membrane. Moreover, the electrolysis efficiency of the electrolyzer
using Ce-UiO-66/Nafion based MEA is increased by 6.59 % compared
with pristine Nafion. This work provides insight into the mechanism of
enhanced proton conductivity of Ln-MOF doped membrane and dem-
onstrates the application potential of MOF/Nafion membrane for
hydrogen production by water electrolyzer. It should be noted that
although the proton conductivity of Ce-UiO-66/Nafion hybrid mem-
brane reported in this work is not sufficiently high compared to other
reported results. This work will inspire further exploration of high-
performance Ln-MOF-doped PEM. In theory, Ln-MOFs with both high
water uptake and high proton conductivity may endow PEM with better
proton transfer performance, which requires investigation. Thus, the
findings from this work may also provide guidelines to the development
of high-performing Ln-MOFs based PEM for hydrogen production, and
the mechanism of the improved proton conductivity may be extended to
other Ln-MOFs based membranes.
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