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/Abstract: The development of solid-state proton conductors with high proton conductivity at low temperatures is crucial\
for the implementation of hydrogen-based technologies for portable and automotive applications. Here, we report on
the discovery of a new crystalline metal acid triphosphate, ZrHs(PO,); (ZP3), which exhibits record-high proton
conductivity of 0.5-3.1x 102 Scm " in the range 25-110°C in anhydrous conditions. This is the highest anhydrous proton
conductivity ever reported in a crystalline solid proton conductor in the range 25-110°C. Superprotonic conductivity in
ZP3 is enabled by extended defective frustrated hydrogen bond chains, where the protons are dynamically disordered
over two oxygen centers. The high proton conductivity and stability in anhydrous conditions make ZP3 an excellent
candidate for innovative applications in fuel cells without the need for complex water management systems, and in other

energy technologies requiring fast proton transfer.
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Introduction

Solid-state proton conductors (SSPCs) are ionic conductors
in which the diffusion of H* ions is responsible for charge
transfer. Depending on their physicochemical characteristics
and temperatures of operation, several classes of SSPCs can
be identified,! with important applications in a range of
hydrogen-based energy technologies.’!’ SSPCs with mini-
mum proton conductivity of 1072 Scm™" at low temperatures
(<£150°C) are in demand for the development of fuel cells
and other hydrogen-related technologies for portable and
automotive applications.’) Most of the low temperature
SSPCs are represented by perfluorosulfonated polymer
electrolytes such as Nafion.”) However, these polymer
electrolytes have high costs and require to be hydrated
(relative humidity, RH, >90%) to maintain high ionic
conductivities and prevent degradation.”! In particular, the
requirement for active humidification forces the implemen-
tation of complex water management systems, thus imposing
considerable limitations on the deployment of low-temper-
ature hydrogen technologies.”® As an alternative to per-

fluorosulfonated polymer electrolytes, phosphoric acid-
doped polybenzimidazole (PA-PBI) membranes are attract-
ing considerable attention for electrolyte applications in fuel
cells, as they can operate under anhydrous conditions.>”
However, the performances of PA-PBI membranes is
limited by their poor mechanical properties at the high
phosphoric acid-doping levels necessary to achieve desired
proton conductivities.”? Solid acids based on tetrahedral
oxyanion groups like CsH,PO, offer a further alternative to
polymer electrolytes as they exhibit anhydrous proton
conductivity at moderate temperatures (100-300°C), due to
a polymorphic phase transition to a highly conductive
superprotonic phase characterized by highly mobile disor-
dered protons.®™ Although these systems have shown good
performances in fuel cells, the use of solid acids as electro-
lytes has been hindered by their low ionic conductivity
below the phase transition, as well as the stability of the
superprotonic phase which only forms in a narrow temper-
ature range and often requires active humidification.* %!
Metal-organic frameworks (MOF) and covalent organic
framework (COF) proton conductors can exhibit proton

[*] Dr. S. Fop
The Chemistry Department, University of Aberdeen
Aberdeen AB24 3UE (UK)
and
ISIS Facility, Rutherford Appleton Laboratory
Harwell OX11 0QX (UK)
E-mail: sacha.fop1 @abdn.ac.uk

Prof. R. Vivani, Prof. A. Donnadio

Department of Pharmaceutical Sciences, University of Perugia

Via del Liceo 1, 06123 Perugia (ltaly)

and

CEMIN—Centro di Eccellenza Materiali Innovativi Nanostrutturali
per Applicazioni Chimiche, Fisiche e Biomediche, University of
Perugia

Via Elce di Sotto 8, 06123 Perugia (Italy)

E-mail: anna.donnadio@unipg.it

Angew. Chem. Int. Ed. 2023, 62, €202218421 (1 of 6)

Dr. S. Masci, Prof. M. Casciola

Department of Chemistry, Biology and Biotechnologies, University
of Perugia

Via Elce di Sotto 8, 06123 Perugia (ltaly)

[**]A previous version of this manuscript has been deposited on a
preprint server (https://doi.org/10.26434/chemrxiv-2022-2h4g1).

0 © 2023 The Authors. Angewandte Chemie International Edition
published by Wiley-VCH GmbH. This is an open access article under
the terms of the Creative Commons Attribution Non-Commercial
License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used
for commercial purposes.

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH


http://orcid.org/0000-0003-4168-6363
https://doi.org/10.26434/chemrxiv-2022-2h4g1
https://doi.org/10.1002/anie.202218421
https://doi.org/10.1002/ange.202218421
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.202218421&domain=pdf&date_stamp=2023-03-23

GDCh
~~

conductivity under anhydrous conditions when impregnated
with non-volatile acids (e.g., H,SO, and H;PO,) or conduct-
ing media (such as organic aryl molecules like triazole and
imidazole), although their conductivities and stability are
often inadequate for practical applications.'*! The devel-
opment of new SSPCs with good phase stability and high
conductivity in anhydrous conditions is still an open
challenge for scientists working on low and moderate
temperature fuel cells and hydrogen technologies.

Here, we report on the discovery of a new zirconium
acid triphosphate, ZrHs;(PO,); (ZP3), with record-high
proton conductivity of 0.5-3.1x10?Scm™ in the temper-
ature range 25-110°C in anhydrous conditions (RH<1%,
pH,0 <1072 atm). This value of anhydrous proton conduc-
tivity is unprecedent and comparable with benchmark
polymer electrolytes and MOF proton conductors operating
under high relative humidity. ZP3 does not exhibit any
phase transition and maintains high anhydrous proton
conductivity even at room temperature.

Results and Discussion

Zirconium hydrogen phosphates are a class of Zr'" solid
acids exhibiting various layered (a-Zr(HPO,),H,O, y-Zr-
(PO,)(H,PO,)-2H,0, 6-Zr(HPO,),-8 H,0) and three-dimen-
sional (t- and t-Zr(HPO,),) crystalline phases which can be
formed via control of the P:Zr molar ratio and of the
reaction medium and conditions."! ZP3 was precipitated by
reacting anhydrous ZrOCIl, with excess phosphoric acid
(initial P:Zr molar ratio of 25) at 85°C (see Supporting
Information for further experimental details). The images
from scanning electron microscopy (SEM) evidence a cubic-
like morphology of the obtained ZP3 crystals (Figure S1), in
contrast with the platelet-like shapes reported for layered a-
and y-zirconium phosphate.'**< Inductively coupled plasma
optical emission spectroscopy (ICP-OES) measurements
indicated a composition of P:Zr=2.98(5) in agreement with
the nominal P:Zr ratio of 3. Results from measurements of
NH; chemisorption were consistent with the presence of five
acidic hydrogen atoms belonging to three phosphate groups
(Table S1). Thermogravimetric (TGA) measurements until
full decomposition to the pyrophosphate ZrP,O; gave
weight losses consistent with a molecular mass of 375u
(Figure S2 and Figure S3), in agreement with the nominal
mass of 381 u for the chemical formula of ZP3. These results
confirmed that the composition of as prepared ZP3 is
ZrH(PO,);.

Figure 1a shows the X-ray powder diffraction pattern of
ZP3. The powder diffraction pattern could be indexed with
a trigonal unit cell with lattice parameters a=827325(3) A
and ¢=25.5433(2) A, with the most probable space group R-
3¢ (see Supporting Information). The crystal structure of
ZP3 was solved ab initio from powder X-ray diffraction
data. An initial structural model was determined using the
real space global optimization methods implemented in
FOX with the parallel tempering algorithm,[') and subse-
quently refined with the GSAS/EXPGUI software
package.'”! Rietveld refinement of the obtained structural
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Figure 1. a) Rietveld refinement fit to the powder X-ray diffraction data
of ZP3. The vertical marks indicate the calculated reflection positions.
b) Crystal structure of ZP3 showing the alternating layers of ZrOq
octahedra and PO, tetrahedra. c) View of the hydrogen bond network
connecting the non-bridging oxygen atoms of adjacent phosphate
groups.

model resulted in an excellent fit to the powder diffraction
data (Figure 1a), with good statistical factors and realistic
atomic parameters and distances (see Table S2 for the
detailed crystal data and Table S3 for selected bond lengths
and angles). The structure of ZP3 is composed of a three-
dimensional network of alternating layers of PO, tetrahedra
and ZrOg octahedra connected via corner sharing (Fig-
ure 1b).'"”) The phosphate units are constituted by two
oxygen atoms shared with two adjacent Zr atoms (O1) and
two non-bridging terminal oxygen atoms (O2), which are
available to form hydroxyl OH groups. Adjacent non-
bridging O2 atoms form a continuous network of equidistant
short hydrogen bonds O2—H--02 (2.756(2) and 2.762(2) A)
(Figure 1c). The solid-state *'P MAS NMR spectrum of ZP3
shows only one resonance at about —17 ppm, thus indicating
the presence of only one type of phosphate group (Fig-
ure S$4).'1 This implies that the five protons per formula
unit of ZP3 are delocalized on six crystallographically
equivalent non-coordinated oxygen atoms (two per
phosphate group), thus resulting in a partially protonated
phosphate group with average composition PO,(OHgs3),-
This creates a series of proton vacancies where a proton of
an adjacent OH group can jump on. Such a structural
network provides pathways for fast proton transport.[''>!*!
The proton conductivity of ZP3 was analyzed by AC
impedance spectroscopy. The conductivity measurements
were performed on a dense ZP3 pellet sample (/93 % of
the theoretical density, Figure S5) under anhydrous con-
ditions (RH<1%, pH,0<10*atm) in the temperature
range 25-120°C. Variable temperature X-ray diffraction and
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differential scanning calorimetry (DSC) measurements dem-
onstrated that ZP3 does not show any transition nor phase
degradation in this temperature range (Figure S6 and Fig-
ure S7). In addition, stability tests in a range of temperatures
and RH values demonstrated that the ZP3 phase is stable
over a large temperature window (0-120°C) in dry con-
ditions (Figure S8). This is in stark contrast with the super-
protonic phases of CsH,PO, and analogous solid acids which
are only stable in a narrow temperature range under dry
conditions.®"?) Complex impedance Z* (Nyquist) plots for
ZP3 are presented in Figure 2a. The impedance spectra of
ZP3 show a single straight-line response associated to the
electrolyte-electrode interface, with the intercept on the real
Z' axis corresponding to the resistance of the polycrystalline
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Figure 2. a) Complex impedance Z* (Nyquist) plots for ZP3 collected
under dry conditions (RH <<1%) at various temperatures. The
impedance spectra show a single straight-line response associated to
the electrolyte-electrode interface. b) Proton conductivity of ZP3
measured under anhydrous conditions. Data taken over two different
cooling and heating cycles is shown for comparison. c) Arrhenius plot
of the anhydrous proton conductivity of ZP3 compared with other
solid-state proton conducting materials. Colors represent different
conductor types. Gray, benchmark polymer electrolyte Nafion at 90%
RH. Yellow, zirconium phosphates under anhydrous/low humidity
conditions.”” Orange, zirconium phosphates with guest NH,*
cations.” Red, solid acids with tetrahedral oxyanion groups showing
superprotonic transitions.?® ' Blue, zirconium- and other metal-
phosphonates under highly humidified conditions (RH >909%).2
Green, proton conducting MOFs operating under anhydrous
conditions."” Pink, proton conducting MOFs operating under highly
humidified conditions (RH >90%).”"*! The conductivity of liquid
phosphoric acid H;PO, is also included for comparison.” See
Figure S11 for full list of compounds.
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sample. This behavior is common of materials with very
high proton conductivities and large characteristic
frequencies.”*"*!

The proton conductivity of ZP3 is presented in Fig-
ure 2b. No loss of proton conductivity was observed during
two cooling and heating cycles conducted over more than
120 hours, and no phase changes were detected from a
diffraction pattern collected post-conductivity measurements
(Figure S10), thus confirming the good stability of ZP3. Any
possible contribution of H;PO, (which could have been
formed at the grain boundary during the preparation of the
pellet sample) to the proton conductivity of ZP3 can be
excluded or estimated to be at most ~5 % (see Supporting
Information for further details). Therefore, the high ionic
conductivity of ZP3 can be ascribed to fast proton transport
within the bulk material. Under anhydrous conditions, ZP3
exhibits very high proton conductivity of 0.5-3.1x
102Scm™" and activation energy of 0.21(1) eV between 25
and 110°C (extracted from linear fit to the Arrhenius plot,
see Supporting Information), which are in the range of
superprotonic conductivity.”'?!l Zirconium phosphates like
a-Zr(HPO,),H,0, y-Zr(PO,)(H,PO,)2H,0, 1-Zr(HPO,),
and ZrP,O, are generally poor proton conductors with
conductivities in the range 10™-10~" Scm™" under anhydrous
conditions, rising to 107°-107 Scm™ at RH >90 %.["*>
Zirconium phosphonates have proton conductivities of 10~
102Scm™ at RH >90 %, although these values dramati-
cally drop to 107°-107°>Scm™ when RH is reduced.” The
high anhydrous superprotonic conductivity of ZP3 is a
unique and unprecedented characteristic among zirconium
phosphate and phosphonate materials.

As shown in the Arrhenius plots in Figure 2¢ (see also
Figure S11), ZP3 outperforms the conductivities of tradi-
tional oxyanion solid acids by 2 to 8 orders of magnitude in
the temperature range 25-110°C (see also Table S4). The
conductivity of ZP3 far exceeds the anhydrous proton
conductivity values recently reported for zirconium
phosphate crystals containing guest NH,™ cations (in the
range 107°-10°Scm™ between 90 and 230°C)™! and of
many anhydrous MOF proton conductors.'"? ZP3 exhibits
record-high conductivity when compared to oxyanion solid
acid conductors, and, to the best of our knowledge, the
highest anhydrous proton conductivity ever reported in a
crystalline solid proton conductor in the range 25-110°C.
The anhydrous proton conductivity of ZP3 is competitive
with the conductivities of benchmark polymer electrolyte
Nafion and of the best-performing MOF proton conduc-
tors operating under highly humidified conditions."”
Polymer electrolytes require active humidification to pre-
vent dehydration and maintain desirable conductivity
levels.F! Similarly, hydrated MOF proton conductors neces-
sitate high RH values or post-synthetic modifications in
order to introduce protonic defects and/or vehicular species
enabling adequate levels of proton conduction.'>*?"! In
contrast, ZP3 exhibits superprotonic conductivity due to fast
transport of native protonic defects under anhydrous
conditions. The anhydrous superprotonic conductivity and
good stability make ZP3 particularly interesting for applica-
tions in solid-state electrochemical hydrogen technologies
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operating at low/intermediate temperatures and without the
need of humidifcation.

To investigate the ionic conduction mechanism, the
energy landscape for a test H* was calculated by the bond-
valence sum energy (BVSE) method with the software
softBV,® using the structural model from Rietveld refine-
ment as input. This method has successfully been employed
for the determination of the ionic migration pathways and
mechanism in several types of solid ionic conductors,” as
well as for the identification of accurate lowest-energy
equilibrium proton positions in solid oxide proton
conductors.”™ Two lowest energy (0.0 eV absolute BVSE
minimum) equilibrium proton positions were identified at
Wyckoff position 36f, around the non-bridging O2 atoms of
the PO, tetrahedra (Figure 3a and Figure S12a). H1 is at (
~0.01, 0.5, =~0.99) and H2 at (=0.98, =0.79, ~0.74).
Protons are bistable on two off-centre sites between two O2
atoms which compete as hydrogen bond donor and acceptor
due to the short —02--O2— distance (Figure S12a).*31:31
The BVSE analysis shows low energy (<0.19 eV) connect-
ing isosurfaces across the H1 and H2 positions, indicating 1-
dimensional conduction pathways along the hydrogen bond
network (Figure 3a, compare with Figure 1c).

Proton migration follows a Grotthuss-like mechanism
composed by the rotation (~121°) of a proton from the
position H1 to H2 (or vice versa) and hopping onto an
adjacent O2 atom (Figure 3b). The H1-H2 rotation has the
higher activation barrier (S7) of 0.182 ¢V, a value which
agrees well with the experimental activation energy. Proton
hopping between two adjacent O2 atoms (52) has an almost
negligible activation energy (0.007 eV). Proton transfer in
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Figure 3. a) BVSE map for a test H" (isosurface levels are drawn at
<0.19 eV) showing 1-dimensional connectivity and indicating proton
conduction pathways along the terminal O2 oxygen atoms of adjacent
phosphate groups. Darker isosurface levels are drawn at 0.0 eV and
correspond to the equilibrium proton positions H1 and H2. b) BVSE
barrier and schematic of the proton diffusion mechanism, which is
composed by rotation from H1 to H2 (or vice versa) (51) and hopping
onto an adjacent terminal O2 atom (52). c) Proton migration network
within the ZP3 structure.
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ZP3 is fast thanks to the favorable hydrogen bond network,
where the protons are dynamically disordered over two
oxygen centers (with essentially equivalent —02--O2— dis-
tances) in a symmetric double potential well, and can easily
interchange their donor and acceptor sites along hydrogen-
bonded chains (Figure S12b).['*3% The configuration of the
hydrogen-bonded chains and the phosphate composition
PO,(OH,433), strongly suggest a high hydrogen bond net-
work frustration (an indirect indication for hydrogen bond
network frustration is the high hygroscopicity of ZP3,
because hydration is one way to reduce frustration).* The
hydrogen bond network is frustrated when there is an
imbalance of potential proton donors and acceptors. Hydro-
gen bond frustration plays a fundamental role in defining
the proton conducting properties of phosphoric acid H;PO,
(the compound with the highest intrinsic proton conductivity
in the liquid state) and phosphorous oxyacids in general.’”!
For example, while H;PO, [P(OH,s),] has a lower concen-
tration of proton defects than phosphinic acid H;PO, [PH,-
(OHys),)], the proton conductivity of phosphoric acid is
much higher due to the presence of high hydrogen bond
network frustration (three O—H donors and only one non-
protonated oxygen) and extended polarized hydrogen-
bonded chains.***! Hydrogen bond network frustration
induces cooperativity of proton transfer events and enables
fast depolarization of polarized hydrogen bond chains, thus
enabling high proton conductivity.”” Similarly to H;PO,,
ZP3 presents an extended network of defective hydrogen-
bonded chains where protons are frustrated running through
the entire crystal structure and enabling long-range corre-
lated fast proton motion (Figure 3c and Figure S13).¥
These findings are of strong fundamental relevance as they
evidence a conduction mechanism never seen before in a
solid acid. High proton conductivity in traditional solid acids
based on tetrahedral oxyanion groups is generally due to a
phase transition from an ordered low conducting phase (<
10°Scm™) to a high temperature (>150°C) disordered
superprotonic cubic phase.”'! For example, the ordered
phase of CsH,PO, has low hydrogen bond network
frustration (two hydrogen bond donor groups and two
hydrogen bond acceptors),!! thus resulting in limited proton
conductivity below the phase transition. Instead, our results
demonstrate that superprotonic conductivity in ZP3 is
enabled even at room temperature thanks to the presence of
defective hydrogen-bonded chains where protons are frus-
trated and require minimal activation energy for hopping.
Further neutron scattering experiments will be necessary to
confirm the mechanism of fast proton conduction.

Conclusion

In summary, we have synthesized and characterized a new
zirconium acid triphosphate, ZrHs(PO,); (ZP3), exhibiting
remarkable superprotonic conductivity under anhydrous
conditions. The fast proton transport is due to the particular
configuration and spatial orientation of extended hydrogen-
bonding chains where protons can readily diffuse. ZP3 is the
first example of a new class of SSPCs for electrolyte
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applications in fuel cells without the need of humidification,
thus greatly simplifying the fuel cell system, at a temperature
range useful for portable applications and transportation. It
is also worth noting that the superprotonic conductivity at
room temperature of ZP3 is at par with some of the best
solid-state lithium-ion conductors, implying that ZP3 could
also be employed for the development of innovative full
solid-state proton batteries,” and other energy or catalytic
technologies requiring fast proton transfer.
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