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It is about the progress in metal phosphate structural chemistry focused on proton conductivity properties. Attention
is paid to structure—property relationships, which ultimately determine the potential use of metal phosphates and
derivatives in devices relying on proton conduction. The origin of their conducting properties, including both intrinsic
and extrinsic conductivity, is rationalized in terms of distinctive structural features and the presence of specific

proton carriers or the factors involved in the formation of extended hydrogen-bond networks.

metal phosphate proton conductivity H-bond network proton carriers super protonic

metal pyrophosphate

| 1. Introduction

Metal phosphates (MPs) comprise an ample class of structurally versatile acidic sol-ids, with outstanding
performances in a wide variety of applications, such as catalysts L& fuel cells &8 patteries [, biomedical &,
and so on. Depending on the metal/phosphate combinations and the synthetic methodologies, MP solids can be
prepared in a vast diver-sity of crystalline forms, from 3D open-frameworks, through layered networks, to 1D
polymeric structures. The advantages of these solids are, among others, their low cost and easy prepara-tion,
hydrophilic and thermally stability and structural designability to a certain extent. Additionally, their structures are
amenable to post-synthesis modifications, including the incorporation of ionic or neutral species that significantly
affect their functionality and other important properties, such as the formation of hydrogen bonding networks or

inser-tion of proton carriers.

Determining proton conduction mechanisms is key to designing proton conductor materials (Figure 1). Thus, if a
vehicle-type mechanism is needed, proton-containing counter ions, such as hydronium ions, NH4*, protonated
amine groups, and protonated organic molecules in general, should be incorporated into the structure. Additionally,
the immobilization of specific functional groups and the corresponding counter ions onto the framework could be
required. On the other hand, solids exhibiting proton transport by a Grotthuss-type mecha-nism basically consist of
continuous H-bond networks that favour H* conduction with low activation energy (Ea). A main drawback for the
latter materials is that, above certain temperatures, breaking of the H-bond networks can result, accompanied by
the release of water molecules, which makes the construction of permanent H-bonding networks with hydrophilic

channels or exploring new alternative conductive media necessary 2.
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Figure 1. Examples of proton transport in phosphate-containing materials: (a) structural reorientation-mediated

proton transfer. Zn (magenta), P (orange), O (red) and H (pale pink). (b) hopping through H-bond networks, and (c)
carrier-mediated proton conduction. Zn (magenta), Zr (green), Cu (cyan), Cl (light green), P (orange), O (red), N

(blue) and H (pale pink) atoms.

Additionally, an extrinsic proton conduction, associated with surface proton transport, can also result from specific
chemical modification and/or induced morphological changes, for example, with formation of nanoplatelets or
nanorods particles LI, Water molecules act both in the formation H-bonding networks inside the framework and
as proton carriers. Moreover, other guest species, including organic moieties, can be inserted in their structure
following different strategies, such as intercalation 221311141 template 15118 and post-synthesis adsorption [LA1E]
(191 Accordingly, proton transport in MPs results from the interplay between water/guest molecules and the
hydrophilic network/framework walls in specific ways. Thus, in metal phosphates, such as CsH,PO, 29 or
CaHPO,-2H,0 [21 the proton-transfer mechanism involves not only the jump of H* but also the free rotation of the

phosphate groups. In other cases, such as for KH,PO, the proton-transfer mechanism behavior is by defects [22].

It is about the state of the art on proton conductive metal phosphates with special attention to the last two decades
of developments. A review of publication trends, from the CAS SciFinder" database, is given in Figure 2, which
confirms the increasing interest in this topic during this period. The focus is placed on updating recent advances in
proton conductors based on tetravalent metal phosphates/pyrophosphates and superprotonic Cs,HPO,4. In
addition, the design and development of new proton carrier systems relying on divalent and trivalent metal

phosphates are also revised.
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Figure 2. Publications on metal phosphates and pyrophosphate proton conductors over time.

| 2. Super Protonic Metal(l) Phosphates

Solid acid proton conductors, with stoichiometry M'HyXO, (M'=Cs, Rb; X =S, P, Se; y = 1, 2), have received much
attention because they exhibit exceptional proton transport properties and can be used as electrolytes in fuel cells
operated at intermediate temperatures (120-300 °C). The fundamental characteristics of these materials are the
phase transition that occurs in response to heating, cooling or application of pressure {231 accompanied by an
increase in proton conductivity of several orders of magnitude—referred to as super protonic conductivity (Figure
3).
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Figure 3. The characteristic high and low temperature proton conductivity and the corresponding structures for
CsH,PO,, adapted from [6124],

This property has been associated with the delocalization of hydrogen bonds [24. For CsH,PO,, a proton
conductivity of 6 x 1072 S-cm™! was measured above 230 °C corresponding to the super protonic cubic (Pm-3m)
phase 22 while it drastically drops in the low temperature phases. Recently, from an ab initio molecular dynamics
simulation study of the solid acids CsHSeO,, CsHSO, and CsH,PQ,, it was concluded that efficient long-range
proton transfer in the high temperature (HT) phases is enabled by the interplay of high proton-transfer rates and

frequent anion reorientation.

In these compounds, proton conduction follows a Grotthuss mechanism with proton transfer being associated with
structural reorientation (281, The super protonic conductor CsH,PO, is stable under humidified conditions (P, =
0.4 atm) [ put it dehydrates to CsPOg, via the transient phase Cs,H,P,0;, at 230-260 °C, according to the
relationship log(Pyzo/atm) = 6.11(+0.82) — 3.63(£0.42) x 1000/(T geny/K) (7],

Several studies [€l28129] have shown that CsH,PO, can be employed as the electrolyte in fuel cells with good long-
term stability. Thus, a continuous, stable power generation for both H,/O, and direct methanol fuel cells operated at

~240 °C was demonstrated for this electrolyte when stabilized with water partial pressures of ~0.3-0.4 atm. In fact,
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high performances, corresponding to single cell peak power densities of 415 mW-cm™2, was achieved for a

humidified H,/O, system provided with a CsH,PO, electrolyte membrane of only 25 um in thickness 39,

CsH,PO, composites based on organic additives have been also intensively investigated. Various strategies,
including salt modification by cation and anion substitution 321331341 and mixing with oxide materials [B2I381371(38]
[391401141] or organic additives (2214214311441 have been explored to improve the solid acid performance. The
preparation of these derivatives and composites involved different synthesis techniques, such as sol-gel,
impregnation, thin-casting and electrospinning, depending on the state of the precursor materials and the desired

product €,

| 3. Divalent Metal Phosphates

Divalent transition metal phosphates show a great structural versatility, from 1D polymeric topologies through
layered framework to 3D open-framework structures. Most of these solids are synthetized in the presence of
organic molecules, which are retained as protonated guest species (amines, iminazole derivatives and so on.),
thus, compensating the anionic charge of the inorganic framework. This is formed by the metal ion, mainly in
octahedral or tetrahedral coordination environments, linked to the phosphate groups with different protonated
degrees (H,PO,). The presence of the latter makes possible the formation of effective and extensive hydrogen
bond networks with participation of water molecules. In addition, protonated guest species and water itself can act

as proton carriers, thus, boosting proton conduction 1213](24]

A 1D zinc phosphate-based proton conductor, [Zn3(H,PO4)6(H,0)3](BTA) (BTA = 1,2,3-benzotriazole) has been
reported 3! that exhibits high proton conductivity, 8 x 102 S-cm™! in anhydrous glassy-state (120 °C). The glassy-
state, developed via melt-quenching, was suggested to induce isotropic disordered domains that enhanced H*
dynamics and conductive interfaces. In fact, the capability of the glassy-state material as an electrolyte was found

suitable for the rechargeable all-solid-state H* battery operated in a wide range of temperatures from 25 to 110 °C.

As an example of 2D metal phosphate water-assisted proton conductors, (Co,H1gN5) [Mny(HPO4)3](H50), displayed
a proton conductivity of 1.64 x 1072 S-cm™ under 99% RH at 20 °C. This proton conductivity was attributed to the
formation of dense H-bond networks in the lattice, composed of Mn3O;3 units-containing anionic layers 48, which

provide efficient proton-transfer pathways for a Grotthuss-type proton transport at high RH.

Several 3D open-framework M(ll) phosphates have been reported 2447 which consist of [CoPOgl,~ or
[Zn,(HPO,),(H,P0O,),]% anionic frameworks that contain organic charge-compensating ions in their internal
cavities. (C,N,H1g)g5C0OPO,4 exhibited negligible conductivity in anhydrous conditions; however, it displayed a
relatively high water-mediated proton conductivity 2.05 x 1073 S.cm™ at 56 °C and 98% RH. On the other hand,
the solid NMe,4-Zn[HPO4][H,PO4] experiences a structural transformation from monoclinic (a) to orthorhombic ()
upon heating at 149 °C. Both polymorphs contain 12-membered rings composed of tetrahedral Zn?* ions linked to

protonated phosphate groups without changing Zn-O-P connectivity (Figure 4).
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Figure 4. Irreversible structural transformation in NMe,Zn[HPO,][H,PO,], adapted from 7. N (sky-blue), O (red),
Zn (magenta), P (orange), C (grey) and H (pale pink) atoms.

The a phase transforms into the  phase at high humidity and temperatures above 60 °C, and then reaches a
proton conductivity of 1.30 x 1072 S.cm™ at 98% RH, a behaviour that might be attributed to the participation of
adsorbed water molecules in creating H-bonding networks with effective pathways for proton conduction. The
conductivity drastically decreases at 65 °C. In anhydrous conditions, the o phase exhibited a proton conductivity of

~10™* S.cm™! at 160 °C, similar values were found for other reported zinc phosphates at temperatures between
130 and 190 °C [12]148][49],

| 4. Trivalent Metal Phosphates

A few examples of phosphate-based proton conductors of other trivalent metals do exist. Among them, two Fe(lll)
phosphates, 1D (C4H;5N,); s[Fe,(OH)(H,PO,)(HPO,),(PO,)]-0.5H,0 131 and 3D open-framework iron(lll)
phosphate (NH3(CHy)3NH3)s[Fe,(OH)3(HPO,),(PO,)s]-4H,0 BY have been reported. Both compounds contain
Fe, O, tetramers as a common structural feature. The 1D solid is composed of chains of tetramers bridged by
PO, groups and having terminal H,PO,” and HPO,2" groups 1, while piperazinium cations and water molecules
are disorderly situated in between chains. This arrangement gives rise to extended hydrogen bonding interactions
and hence proton conducting pathways. The proton conductivity measured at 40 °C and 99% RH was 5.14 x 107
S-.cm™, and it was maintained upon dispersion of this solid in PVDF 3], In the case of the 3D solid, infinite chains
of interconnected tetramers are interlinked, in turn by phosphate groups that generate large tunnels (Figure 5).
The diprotonated 1,3-diaminopropane and water molecules, localized inside tunnels, form an extended hydrogen
bond network with the P—OH groups pointing toward cavities. These interactions favour proton hopping, the
measured proton conductivity being of 8.0 x 10™* S-cm™2, at 44 °C and 99% RH, and with an E, of 0.32 eV [32],
Furthermore, the proton conductivity of this compound increased up to 5 x 1072 S-cm™ at 40 °C upon exposure to
aqua-ammonia vapors from 1 M NH3-H,O solution. This result confirms this treatment as an effective way of

enhancing proton conductivity, which has been elsewhere demonstrated for the case of coordination polymers [52]
[54],
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Figure 5. Open-framework structure of (NH3(CH2)3NH3)2[Fes(OH)3(HPO4)2(PO4)3]-4H20 showing guest species

inside channels and H-bond interactions. Fe (green), O (red), P (orange), and C (grey) atoms.

Other trivalent metal phosphates have been reported, for example, BPOy (55 ang CePOy B8l The former exhibited
a proton conductivity of 7.9 x 102 S.cm™! as self-supported electrolyte and 4.5 x 1072 S-cm™ as (PBI)-4BPOy
composite membrane, measured at 150 °C and 5% RH, but structure/conductivity correlations were not

established because of its amorphous nature.

There are only a few examples of metal(lll) pyrophosphates displaying proton conductivity. Among them is the
open framework magnesium aluminophosphate MgAIP,07(OH)(H20), (JU102) B2, |ts structure is composed of
tetrahedral AI** and octahedral Mg?* ions coordinated by pyrophosphate ions. This connectivity results in an open
framework with unidirectional 8-ring channels. The proton conduction properties originate from the existence of an
H-bond network in which coordinated water molecules participate. Thus, the proton conductivity measured at 55 °C
on water-immersed samples was 3.86 x 10* S-cm™, which raised to 1.19 x 10~ S-cm™! when calcined at 250 °C
and measured at the same conditions, while the E; value hardly changed from 0.16 to 0.2 eV. This behaviour was
explained as being due to a dehydration—rehydration process that enhances proton conductivity by altering the H-

bonding network and the pathway of proton transfer.

Another example of 3D open framework metal(lll) pyrophosphate is the compound NH4TiP207 58] The structure of
this solid is composed of negatively charged [TiP4O12] layers, forming one-dimensional six-membered ring

channels, where the NH4" ions are located. Its proton conductivity increased from 10® S.cm™ under anhydrous
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conditions to 1072 S-cm™! at full-hydration conditions and 84 °C. The low E, value, 0.17 eV, characteristic of a
Grotthuss-type proton-transfer mechanism, was associated with the role played by the NH,* ions in the channels
as proton donors and promoters of proton migration. A drop in proton conductivity was observed when the triclinic
TiP,0- phase formed by thermal decomposition of NH,TiP,0 58],

| 5. Tetravalent Metal Phosphates and Pyrophosphates
5.1. Zirconium Phosphates

The prototype of layered metal(lV) phosphates is zirconium hydrogen phosphate, which presents mainly three
topologies, known as the forms a: Zr(HPO,4),-H,0 (a-ZrP), y: Zr(PO,4)(0O,P(0OH),) 2H,0 (y-ZrP), and A: (Zr(PO,4)XY,
X= halides, OH", HSO,", and Y=DMTHUS, H,0, and so on) (A-ZrP). a-ZrP is the most thermal and hydrolytically
stable phase and, thus, the most studied compound following the pioneering works by Giulio Alberti and Abraham
Clearfield groups [B2[601[61],

In the structure of a-ZrP, planar Zr atoms are coordinated by the three oxygen atoms of HO-PO3™ groups, while the
P-OH bond points toward the interlayer space giving rise to small cavities, where the lattice water is located.
Although this water forms hydrogen bonds with P-OH groups, an extended interlayer hydrogen bond network is
absent in this structure 9, On the other hand, the structure of y-ZrP consists of a biplanar Zr atomic system
connected through bridge PO,3~ groups, while the externally located H,PO,  groups complete the octahedral
coordination of the Zr atoms.

Due to the higher stability of the a form, proton conductivity studies have been conducted mainly with this phase.
Typical values of 107°-10™* S-cm™ have been determined at RT and 90% RH with activation energy (E,) ranging
between 0.26 (90% RH) and 0.52 eV (5% RH). This conductivity originates from surface transport and is
dominated by surface hydration since the long distance between adjacent P-OH groups hinders proton diffusion
along the internal layer surface 62,

The great versatility of zirconium phosphate preparation under numerous experimental conditions, has been
exploited to synthesize various novel derivatives, which displayed remarkable proton conductivity properties. Two
examples are layered (NH,),[ZrF,(HPO,),] 3 and the 3D open framework zirconium phosphate
(NH,)s5[Zr3(OH)3F(PO,4),(HPO,)] ¢4, In both structures, the participation of NH,* ions in the formation of extended
hydrogen-bond networks (Figure 6) resulted in proton conductivities of 1.45 x 1072 S-cm™ (at 90 °C and 95% RH)
and 4.41 x 1072 S.cm™ (at 60 °C and 98% RH), respectively. From the E, values found, 0.19 and 0.33 eV,

respectively, a Grotthuss-type proton-transfer mechanism was inferred for these materials.

https://encyclopedia.pub/entry/19849 8/20



Metal Phosphates and Pyrophosphates as Proton Conductors | Encyclopedia.pub

0Zr
op
®0
ON
OH

Figure 6. Layered structure of compound (NHa)2[ZrF2(HPO4),] and possible proton-transfer pathways (adapted
from (63,

A one-dimensional zirconium phosphate, (NHg)3Zr(H23P04)3, consisting of anionic [Zr(H2/3PO4)3]n3n chains
bonded to charge-compensating NH4" ions was reported 5] In this structure, the phosphates groups are
disorderly protonated, while NH4" ions occupy ordered positions in between adjacent chains (Figure 7). This
arrangement generates H-bonding infinite chains of acid—base pairs (N-H---O-P) that lead to a high proton
conductivity in anhydrous state of 1.45 x 10~ S-cm™, at 180 °C. This material also showed a remarkable high

performance in PEMFC and DMFC under operation conditions.
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Figure 7. Views of chain packing and H-bond network (dashed grey lines) in compound (NHg)3Zr(Hz/3P0Oa4)3
(adapted from (62,

5.2. Titanium and Tin(IV) Phosphates.

Structurally, titanium(lV) phosphates are more diverse than ZrP, given that structures containing an oxo/hydroxyl
ligand or mixed-valence (Ti"/Ti") titanium ions have been reported. In addition to the zirconium phosphate
analogues, a- 68 and y-TiP 67 two more other layered titanium phosphates, TiO(OH)(H2PO4)-2H20 681 and
TioO3(H2PO4)2-2H2,0  are known  [69, Furthermore, the  mixed-valence titanium  phosphate
Ti"Ti'V(HPO4)4-C2N2Hg-HoO contains microporous channels 22, where monoprotonated ethylenediamine and
lattice water are accommodated, which favours its transformation into a porous phase, Tio(HPO4)4, at 600 °C with a

3D structure similar to that of T-Zr(HPO4), L2,

The crystal structure of two other open-frameworks TioO(PO4)2-2H20 polymorphs (p-TiP and 1t-TiP) has been
reported (72731 Fibrous p-TiP and Tt-TiP crystallize in triclinic and monoclinic unit cells, respectively, and are
composed of TiOg and TiO4(H20)» octahedra bridged through the orthophosphate groups (Figure 8). This type of
connectivity creates two types of 1D channels running parallel to the direction of the fibre growth [Z2)[z3)74] 31p
MAS-NMR spectroscopy studies revealed that i-TiP has capability of adsorbing superficially protonated phosphate
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species (H3PO4/H,PO,/HPO,%), which affects the proton conductivity properties as confirmed by AC impedance

measurements.

Figure 8. Structure of Ti,O(PO,),-2H,0, a fibrous compound with capability of enhancing surface proton transport

by H3PO, impregnation (adapted from 4],

The isomorphous series of layered a-metal(1V) phosphates [M(IV) = Zr, Ti, Sn) showed appreciable differences
in the hydrogen bond interaction of the lattice water with the layers, associated with a variable layer corrugation
degree along the series; a-TiP and a-SnP displaying H-bonds stronger than the prototype a-ZrP 2l which, in turn,

might have significant implications in making internal surfaces accessible to proton conduction paths.

Recent studies carried out on a nanolayered y-type tin phosphate, Sn(HPO,),-3H,0, have revealed that this
solid could be obtained in a water-delaminated form, which showed a high proton conductivity of ~1 x 1072 S.cm™t
at 100 °C and 95% RH. This high value was attributed to strong H-bonds between water and the SnP layers, in
combination with a high surface area of 223 m2.g™1 e

Other tetravalent phosphates such as silicophosphates with POH groups have received attention as proton-
conducting electrolytes 2 but its solid-state structural characterization is elusive, at least, under conditions similar

to those used in operating fuel cells 8],

5.3. Tetravalent Pyrophosphates.

Tetravalent metal pyrophosphates (MP,0O7; M = Sn, Ce, Ti, Zr), in particular tin(IV) derivatives, combine high
thermal stability (T 3 400 °C) with conductivities of 107°~1072 S-cm™ in the temperature range of 100-300 °C,
under anhydrous or low humidity conditions [Z2BYIELBABI] The origin of this proton conductivity was initially
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explained because of protons being incorporated into the framework, formed by metal(lV) octahedra and corner-

sharing phosphate tetrahedral, after interaction with water vapor.

Defect sites, such as electron holes B4 and oxygen vacancies are believed to favour proton generation 2],
These protons may occupy hydrogen-bonding interstitial sites on either the M—O-P or the P-O-P bonds, thus,
generating a hopping proton transport between these sites 81871 |n support of this, IH NMR studies revealed two
signals corresponding to hydrogen-bonded interstitial protons at phosphate tetrahedral and metal octahedral sites
in In®*-doped SnP,0-. Furthermore, indium doping seemed not to affect the proton conduction occurring by a

hopping mechanism between octahedral and tetrahedral sites.

Thus, the increased proton conductivity is instead attributable to increased proton concentration B8, The
strategy of dopant insertion into the M(IV) pyrophosphate has been further extended to include other dopant
divalent and trivalent metal ions, such as Mg?*, Al®*, Sb3*, Sc3*, and Ga3*, with a maximum conductivity of 0.195
S-cm™! being reported for Ing;Sng oP,0; B, However, recent studies on metal doped and undoped SnP,0-
suggested that it is in co-precipitated phosphorous-rich amorphous phases where the proton conductivity mostly

resides, while the crystalline phase exhibit a very low conductivity (~1078 S-cm™! at 150-300 °C) 29,

Low crystallinity titanium pyrophosphates also exhibit high proton conductivity 21l Values of 0.0019-0.0044
S-cm™, at 100 °C and 100% RH were reported for these compounds. The proton conduction is attributable to the
presence of H,PO, and HPO,2~ species, demonstrated by 3P MAS NMR and FTIR, and it occurs through a
water-facilitated Grotthuss-type proton transport mechanism. Titanium phosphates are also prone to be
functionalized with phosphonates groups. Thus, mixed titanium phosphate/phosphonates,
Ti(HPO4)1 0o(O3PCgH4SO3H) 85(0H)g 30-nH,0 22 displayed an exceptional proton conductivity of 0.1 S-cm™ at
100 °C.

A structurally different proton-conductor metal pyrophosphate is the mixed template-containing vanadium nickel
pyrophosphate, (CgH14N2)[NiV,0gHg(P207),]-:2H,0 (Figure 9). Its crystal structure is composed of octahedrally
coordinated V(IV) and Ni(ll) interconnected through bridging pyrophosphate groups, thus creating a 3D framework
of [NiV,0gHs(P,07),]%~ unit charged-compensated by protonated DABCO molecules. Hydrogen-bonding networks
inside 3D channels facilitate the proton transport, and thus this material exhibits a remarkable proton conductivity

of 2.0 x 1072 S.cm™ at 60 °C and 100% RH through a Grotthuss-type proton-transfer mechanism (E, = 0.38 eV)
(93],
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Figure 9. (a) View, along b-axis, of the chain packing and (b) 3D-framework of compound (NHy)3Zr(H3P04)3, with
H-bond network (dashed blue lines) highlighted (adapted from 23],
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