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ABSTRACT: The development of solid-state proton conductors with high proton conductivity at low temperature is crucial 
for the implementation of hydrogen-based technologies for portable and automotive applications. Here, we report on the 
discovery of a new crystalline tetravalent metal acid triphosphate, ZrH5(PO4)3 (ZP3), which exhibits record-high proton 

conductivity of  3.0 x 10-2 S cm-1 at 110 °C in anhydrous conditions. Structural characterization and bond-valence sum 
energy (BVSE) calculations reveal the pathways and mechanism of proton transport. Extended defective hydrogen bond 
chains, where the protons are dynamically disordered over two oxygen centers, enable fast ionic diffusion with minimal 
activation energy for proton hopping.

Solid-state proton conductors (SSPCs) are ionic conduc-
tors 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, 1 with important ap-
plications in a range of hydrogen-based energy technolo-
gies. 2 SSPCs with target proton conductivity (10-2 S cm-

1) at low temperatures, such as polymer electrolyte proton 
conductors, can be used for the development of fuel cells 
operating at ≤ 150 °C, thus unlocking the utilization of hy-
drogen for portable and automotive applications. 3 How-
ever, polymer electrolytes such as Nafion or other per-
fluorosulfonated membranes have high costs, show poor 
mechanical and chemical stability and require to be hy-
drated (relative humidity, RH, > 90%) to maintain high 
ionic conductivities. 4 Solid acids based on tetrahedral ox-
yanion groups like CsH2PO4 offer an alternative to poly-
mer electrolytes as they exhibit high proton conductivity at 
moderate temperatures (100 – 300 °C), due to a polymor-
phic phase transition to a highly conductive superprotonic 
phase characterized by highly mobile disordered protons. 
5, 6 Although these systems have shown good perfor-
mances in fuel cells, the use of solid acids as electrolytes 
has been hindered by their low ionic conductivity below 
the phase transition, as well as the stability of the super-
protonic phase which requires active humidification. 2e, 7, 8 
Metal-organic frameworks (MOF) proton conductors can 

exhibit proton conductivity under anhydrous conditions 
when impregnated with non-volatile acids (e.g., H2SO4 
and H3PO4) or conducting media (such as organic aryl 
molecules like triazole and imidazole), although their con-
ductivities and stability are often inadequate for practical 
applications. 9, 10 The development of new SSPCs with 
good phase stability and high conductivity in anhydrous 
conditions, which would avoid the implementation of com-
plex water management systems and allow the use of op-
eration temperatures ≥ 100 °C to improve the electrodes 
efficiency, 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, ZrH5(PO4)3 (ZP3), with record-high proton 

conductivity of  3.0 x 10-2 S cm-1 at 110 °C in anhydrous 
conditions (relative humidity RH << 1%, pH2O << 10-2 
atm). This value of anhydrous proton conductivity is un-
precedent and comparable with benchmark polymer elec-
trolytes and MOF proton conductors operating under high 
relative humidity. ZP3 does not exhibit any phase transi-
tion and maintains high proton conductivity even at room 
temperature.   

Zirconium hydrogen phosphates are a class of  Zr(IV) 
solid acids exhibiting various layered (α-Zr(HPO4)2·H2O, 
γ-Zr(PO4)(H2PO4)·2H2O, θ-Zr(HPO4)2·8H2O) and three-
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dimensional (τ- and τ’-Zr(HPO4)2) crystalline phases 
which can be formed via control of the P:Zr molar ratio 
and of the reaction medium and conditions. 11 ZP3 was 
precipitated by reacting anhydrous ZrOCl2 with excess 
phosphoric acid (initial P:Zr molar ratio of 25) at 85 °C 
(see Supplementary 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 α- and γ-zirconium phos-
phate. 11a, 11c   

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 NH3 chemisorption 
were consistent with the presence of five acidic hydrogen 
atoms belonging to three phosphate groups. Thermograv-
imetric (TGA) measurements until full decomposition to 
the pyrophosphate ZrP2O7 gave weight losses consistent 
with a molecular mass of 375 u (Figure S2), 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 ZrH5(PO4)3. 

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 = 8.27325(3) 
Å and c = 25.5433(2) Å, with the most probable space 

group R3̅c (see Supplementary 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 imple-
mented in FOX with the parallel tempering algorithm, 12 
and subsequently refined with the GSAS/EXPGUI soft-
ware package. 13 Rietveld refinement of the obtained 
structural 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 
S1 for the detailed crystal data and Table S2 for selected 
bond distances and angles). The structure of ZP3 is com-
posed of a three-dimensional network of alternating layers 
of PO4 tetrahedra and ZrO6 octahedra connected via cor-
ner sharing (Figure 1b). The phosphate units are consti-
tuted 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. Ad-
jacent non-bridging O2 atoms form a continuous network 
of equidistant short hydrogen bonds O2–H···O2 (2.756(2) 
and 2.762(2) Å)  (Figure 1c). The solid-state 31P MAS-
NMR spectrum of ZP3 shows only one resonance at 
about -17 ppm, thus indicating the presence of only one 
type of phosphate group (Figure S3).14 This implies that 
the five protons per formula unit of ZP3 are delocalized on 
six crystallographically equivalent non-coordinated oxy-
gen atoms (two per phosphate group), thus resulting in a 
partially protonated phosphate group with average com-
position PO2(OH0.833)2. This creates a series of proton va-
cancies where a proton of an adjacent OH group can jump 
on. Such a structural network provides pathways for fast 
proton transport. 8b, 15   

 

 

Figure 1. (a) Rietveld refinement fit to the powder X-ray 
diffraction data of ZP3. The vertical marks indicate the cal-
culated reflection positions. (b) Crystal structure of ZP3 
showing the alternating layers of ZrO6 octahedra and PO4 
tetrahedra. (c) View of the hydrogen-bond network con-
necting the non-bridging oxygen atoms of adjacent phos-
phate groups.  

 

The proton conductivity of ZP3 was analyzed by AC im-
pedance spectroscopy. The conductivity measurements 

were performed on a dense ZP3 pellet sample ( 93% of 
the theoretical density) under anhydrous conditions (RH 
<< 1%, pH2O << 10-2 atm) in the temperature range 25 – 
120 °C. Stability tests in a range of temperatures and RH 
values demonstrated that in dry conditions the ZP3 phase 
is stable over a large temperature window (0 – 120 °C) 
(Figure S4). This is in stark contrast with the superprotonic 
phase of CsH2PO4, which is only stable in a narrow tem-
perature range under dry conditions. 6, 7, 8, 16  The proton 
conductivity of ZP3 is presented in Figure 2a. No loss of 
proton conductivity was observed during two cooling and 
heating cycles conducted over several hours, and no 
phase changes were detected from a diffraction pattern 
collected post-conductivity measurements (Figure S5), 
thus confirming the good stability of ZP3. Any possible 
contribution of H3PO4 (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  
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Figure 2. (a) Proton conductivity of ZP3 measured under 
anhydrous conditions (relative humidity RH << 1%, pH2O 
<< 10-2 atm). Data taken over two different cooling and 
heating cycles is shown for comparison. (b) Arrhenius plot 
of the proton conductivity of ZP3 in anhydrous conditions 
compared with the conductivities of: Nafion at 90% RH 19; 
solid acids CsH2PO4 (CDP), (CsH2PO4)0.93(H3PO4)0.07 
(CDP07) and Cs7(H4PO4)(H2PO4)8 (CPP) (data above 130 
°C recorded under active humidification, pH2O > 0.47 atm) 
8; metal-organic frameworks: H2SO4-impregnated Cr(III) 
terephthalate (MIL-101, anhydrous) 9b, imidazole-loaded 
tetrahedral polymide (Td-PPI, anhydrous) 9c, hydroqui-
none-loaded [Zn3(tz)2(bdc)2]n (FJU-31, anhydrous) 9e, 
UiO-66-type decorated with sulfonic acid groups (UiO-66, 
RH 90%) 17a, β-PCMOF21/2 doped with triazole (PCM, RH 
90%) 20c; zirconium phosphate with guest NH4

+ cations 
(NH4)3[Zr(H2/3PO4)3] (ZP-NH, anhydrous) 18a.    

 

or estimated to be at most  5% (see Supplementary In-
formation for further details). Therefore, the high ionic 
conductivity of ZP3 can be ascribed to fast proton 
transport within the bulk material. Under anhydrous con-

ditions, ZP3 exhibits very high proton conductivity of  0.5 
– 3.0 x 10-2 S cm-1 and activation energy of 0.21(1) eV 
between 25 and 110 °C, which are in the range of super-
protonic conductivity 6, 8, 17. The conductivity of ZP3 far ex-
ceeds the anhydrous proton conductivity values recently 
reported for zirconium phosphate crystals containing 
guest NH4

+ cations (in the range 10-5 – 10-3 S cm-1 be-
tween 90 and 230 °C). 18 As shown in the Arrhenius plots 
in Figure 2b, the conductivity of ZP3 is comparable with 
the conductivity of the benchmark polymer electrolyte 

conductor Nafion 19 and of some of the best-performing 
MOF proton conductors operating under humidified con-
ditions. 17a, 20 The proton conductivity of ZP3 is also 2 – 5 
orders of magnitudes higher than the conductivity of 
CsH2PO4-type solid acid conductors. 6, 8 One of the main 
drawbacks of polymer electrolytes and CsH2PO4-type 
solid acids is that they require active humidification to pre-
vent dehydration and maintain desirable conductivity lev-
els, or stabilize the highly conducting superprotonic 
phase.4, 7, 8 Similarly, MOF proton conductors necessitate 
high RH values or post-synthetic modifications in order to 
introduce protonic defects and/or vehicular species ena-
bling adequate levels of proton conductivity.9, 20  In con-
trast, ZP3 exhibits superprotonic conductivity due to fast 
transport of native protonic defects under anhydrous con-
ditions. The high anhydrous proton conductivity, and good 
stability also in alcoholic solutions (Figure S4b), make 
ZP3 particularly interesting for applications in solid-state 
electrochemical hydrogen devices operating at low/inter-
mediate temperatures and without the need of humid-
ifcation.    

To investigate the ionic conduction mechanism, the en-
ergy landscape for a test H+ was calculated by the bond-
valence sum energy (BVSE) method with the software 
softBV, 21 using the structural model from Rietveld refine-
ment as input. This method has successfully been em-
ployed for the determination of the ionic migration path-
ways and mechanism in several types of solid ionic con-
ductors. 22 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 PO4 tetrahedra (Figure 3a and Figure S6a). 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 –O2···O2– distance (Figure 
S6a). 18b, 23, 24   The BVSE analysis shows low energy (< 
0.19 eV) connecting isosurfaces across the H1 and H2 
positions, indicating 1-dimensional conduction pathways 
along the hydrogen-bond network (Figure 3a).   

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 ad-
jacent O2 atom (Figure 3b). The H1-H2 rotation has the 
higher activation barrier (S1) of 0.182 eV, a value which 
agrees well with the experimental activation energy. Pro-
ton hopping between two adjacent O2 atoms (S2) has an 
almost negligible activation energy (0.007 eV). Proton 
transfer in ZP3 is fast thanks to the favorable hydrogen-
bond network, where the hydrogen atoms are dynamically 
disordered over two oxygen centres in a symmetric dou-
ble potential well and can easily interchange their donor 
and acceptor sites (Figure S6b). 1a, 24 In addition, the par-
ticular configuration (six equivalent oxygen sites that are 
available for five protons) and spatial orientation of the de-
fective 1-dimensional hydrogen bonding arrays create a 
network of continuous Grotthuss chains running through 
the entire crystal structure and enabling long-range corre-
lated fast proton motion (Figure 3c). 25 Further neutron  
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Figure 3. (a) BVSE map for a test H+ (isosurface levels 
are drawn at < 0.19 eV) showing 1-dimensional connec-
tivity 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 corre-
sponds to the equilibrium proton positions H1 and H2. (b) 
BVSE barrier and schematic of the proton diffusion mech-
anism, which is composed by rotation from H1 to H2 (or 
vice versa) (S1) and hopping onto an adjacent terminal 
O2 atom (S2). (c) Proton migration network within the ZP3 
structure.  

 

scattering experiments will be necessary to confirm the 
mechanism of fast proton conduction.  

In summary, we have synthesized and characterized a 
new zirconium acid triphosphate, ZrH5(PO4)3 (ZP3), ex-
hibiting remarkable superprotonic conductivity under an-
hydrous conditions. The fast proton transport is due to the 
particular configuration and spatial orientation of ex-
tended hydrogen-bonding chains where protons can 
readily diffuse. Similar high proton conductivity in anhy-
drous conditions is observed in the newly synthesized 
M(IV) related phase TiH5(PO4)3 (Figure S7). These results 
demonstrate that these solid acids constitute a new class 
of SSPCs with potential applications in low/intermediate 
temperature hydrogen technologies without the require-
ment of complex water management systems, as well as 
for the development of solid-state proton batteries.   
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Experimental methods – Further details  

Synthesis: Samples of ZrH5(PO4)3 (ZP3) were synthesized by precipitation reaction from ZrOCl2
.8H2O 

(Sigma-Aldrich, 98%) and melted H3PO4 (Sigma-Aldrich, crystalline ≥ 99.999% trace metals basis). 

ZrOCl2.8H2O was dehydrated at 110°C prior to its use. A stoichiometric quantity of ZrOCl2 was added to 

melted H3PO4 (initial P:Zr molar ratio of 25) under stirring in an open vessel at 85 °C. Full precipitation 

of a white sample occurred after 1 hour. The mixture was kept under stirring at 85 °C for 48 hours. The 

resultant solid was isolated by centrifugation, washed with acetone (Sigma-Aldrich, ACS grade ≥ 99.5%) 

several times (ca. 5 times) in order to remove any excess of phosphoric acid, and finally dried under N2. 

After synthesis, the samples were stored under vacuum in the presence of P2O5.  

Sample analysis: Zirconium and phosphorus contents were obtained by inductively coupled plasma-op-

tical emission spectrophotometry (ICP-OES) using a Varian Liberty Series II instrument working in axial 

geometry, after the mineralization of the sample with hydrofluoric acid. Thermogravimetric (TGA) meas-

urements were performed on heating the sample using a Netzsch STA490C thermoanalyzer under a 50 

mL min−1 air flux with a heating rate of 1 °C min−1. Field emission-scanning electron microscopy (FE-SEM) 

images were collected with a LEO 1525 ZEISS instrument working with an acceleration voltage of 15 kV. 

Measurements of NH3 chemisorption were conducted by contacting a weighted amount of ZP3 with a 

known volume of NH3 in an evacuated volumetric flask at constant temperature of 25 °C. The system 

was equilibrated for 24 hours. The final partial pressure of NH3 in the flask and weight of the ZP3 sample 

were then used  to determine the amount of chemisorbed NH3 and thus the number of moles of acidic 

hydrogen atoms. Solid-state 31P MAS-NMR spectra of ZP3 were obtained with a Varian 400 MHz spec-

trometer at a resonance frequency of 161.97 MHz, employing H3PO4 (85% wt.) as external reference   

Structure determination and refinement: Powder X-ray diffraction (XRD) patterns for structure determi-

nation and Rietveld refinement were collected using a PANalytical X’PERT PRO diffractometer with a Cu 

Kα tube (operating at 40 kV and 40 mA) and a PW3050 goniometer equipped with an X’Celerator 

detector. The powder sample was  carefully side-loaded onto an aluminum sample holder in order to 

minimize any preferential orientations of the microcrystals. XRD data were recorded in the range 10° < 

2θ < 140°, with a step size of 0.02°. 

The crystal structure of ZP3 was solved ab initio from powder X-ray diffraction data. Indexing of the XRD 

pattern was performed using both TREOR90 and the DICVOL06 programs 1, 2. The indexing procedure 

gave a trigonal unit cell with lattice parameters a = 8.27325 (3) Å and c = 25.5433 (2) Å. Analysis of the 

indexed pattern clearly revealed the presence of the following limiting reflection conditions: hkl: -h + k 

+ l = 3n; hhl: l = 3n; hh̅l: l = 2n, which suggested R3̅c as the probable space group. The space group was 

assigned using the CHECKCELL program. The number of formula units contained in the elementary cell 

(Z) were calculated from the measured sample density (using a solid pycnometer with CCl4 as reference 

fluid), according to the relation: 
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ρ = 
Z ∙ m

NA ∙ V
 

where ρ is the density, m is molecular mass, NA is the Avogadro’s constant and V is the unit cell volume. 

This gave Z = 6. An initial structural model was determined using the real space global optimization 

methods implemented in FOX with the parallel tempering algorithm 3, and subsequently refined with 

the GSAS/EXPGUI software package 4, 5. For the Rietveld refinement, the background was fitted with a 

six-term cosine Fourier series, combined with approximately 50 experimental points, and peak shapes 

were modelled using a corrected pseudo-Voigt function to take into account the asymmetry at the low 

angle region. The final refinements were perfomed on all parameters, including fractional atomic 

coordinates, isotropic displacement parameters, unit cell parameters, zero-shift, background/profile 

coefficients, and yelded good agreement factors.  

Bond-valence site energy analysis: Bond-valence site energy (BVSE) calculations were performed with 

the softBV program 6, 7, using the structural model from Rietveld refinement as input. Bond-valence site 

energy landscapes for the interaction of test H+ ion were calculated for a dense grid of points with a 

resolution of 0.05 Å. Energy minimum equilibrium sites and diffusion pathways were identified with 

regions of low bond-valence site energy by direct visualization of the isosurfaces and by examination of 

the calculated energy profiles.  

Impedance spectroscopy: The conductivity of ZP3 was measured by AC impedance spectroscopy, with a 

Solartron 1260 impedance/gain analyzer in the frequency range 10 Hz – 1 MHz with an applied alternat-

ing oltage of 0.1 V. Measurements were carried out on a dense pellet ( 93% of the theoretical density) 

of approximately  1 mm thickness and  10 mm diameter prepared by pressing  200 mg of sample at 

40 kN cm-2. Electrodes were applied by coating both surfaces of the pellet with platinum black (Merck). 

Measurements were conducted employing an in-house developed stainless steel sealed cell constituted 

by a sample compartment connected to a water-filled sink, allowing accurate control of the temperature 

and of the relative humidity (RH) (see ref. 8 for details of the cell). Anhydrous conditions (RH << 1%, 

pH2O << 10-2 atm) at the sample were obtained by emptying the water sink and filling the compartment 

with N2 at 3 °C. Data were taken on heating from 25 to 120 °C in  10 °C steps, with equilibration time 

of 4 hours at each step. After a first set of measurements, a second set of measurements was taken after 

cooling and equilibration of the sample at 60 °C for 24 hours.  

Determination of H3PO4: In order to check any possible contribution of H3PO4 (which could have been 

formed at the grain boundary during the preparation of the pellet sample) to the proton conductivity, a 

ZP3 pellet was ground and the obtained powder was thoroughly washed with anhydrous acetone. The 

amount of phosphoric acid released (determined by ICP-OES) was 3.4 mg per g of ZP3, corresponding to 

4.5 x 10-3 mL of phosphoric acid (ρ25 °C = 1.88 g cm-3) per 1 mL of ZP3. Therefore, considering that the 

pellet relative density is lower than 1, the H3PO4 volume fraction in the ZP3 pellet (xH3PO4
) is at most 4.5 

x 10-3. The maximum contribution of phosphoric acid to the pellet conductivity (σH3PO4 MAX) is given by 

the product: xH3PO4
· σH3PO4

. If it is assumed that the conductivity of free H3PO4 in the pellet is the same 

as that in liquid H3PO4, then σH3PO4
 = 0.127 S cm-1 at 60°C 9, therefore σH3PO4 MAX = 6 x 10-4 S cm-1. This 

value corresponds to  5% of the pellet conductivity at 60°C and constitutes the upper limit of any 
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possible contribution of H3PO4 to the proton conductivity of ZP3. This value also suggests that if the 

conductivity of ZP3 was purely due to the presence of H3PO4, then it should be inferred that the conduc-

tivity of H3PO4 adsorbed at the grain boundaries of the ZP3 crystals is higher than the conductivity of 

liquid H3PO4 by a factor of 20. This is clearly unrealistic and indicates that the high ionic conductivity of 

ZP3 is due to fast proton transport within the bulk material.  
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Figure S1. SEM micrograph of as-prepared ZP3 crystals. ZP3 presents crystals with cubic-like morphol-

ogy and dimensions of about 5 – 10 μm. 
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Figure S2. Results from thermogravimetric analysis (TGA) on ZP3.  

Heating ZP3 up to 1200°C leads to the formation of cubic ZrP2O7, which also implies the formation of 

water and P2O5 according to the reaction: 

ZrH5(PO4)3 → ZrP2O7 + 0.5 P2O5 + 2.5 H2O 

The weight loss predicted on the basis of the loss of water and the sublimation of P2O5 (30.44%) fairly 

agrees with the observed weight loss (29.14%). In particular, the sample undergoes a first weight loss 

between 180 and 300°C, which can be ascribed to the condensation of the P–OH groups and the con-

comitant loss of 1.9 moles of H2O, leading to the formation of ZrP2O7 and P2O5. This is followed by a 

second loss in the range 300 – 550 °C and by a slow downward drift up to 1200 °C due to the loss of the 

residual water (0.6 moles) and the slow sublimation of P2O5.   
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Table S1.  Crystal data and refined atomic parameters from Rietveld fit of the high-resolution X-ray dif-

fraction data of ZP3 collected at room temperature (25 °C). All atoms were refined with isotropic dis-

placement parameters, Uiso (Å2). 

Formula ZrH5(PO4)3  

Crystal system Trigonal 

Space group R3̅c (No. 167) 

Z 6 

ρ 2.51 g cm-3 

Unit cell parameters  

 a (Å) 8.27299(4) 

 c (Å) 25.5426(2) 

 V (Å3) 1513.98(1) 

Atomic parameters   

Zr1  6b   (0,0,0) Uiso  0.0139(2) 

P1 18e   (x,0, ¼) x 0.6687(3) 

  Uiso 0.0355(5) 

O1 36f  (x,y,z) x 0.5108(4) 

  y 0.8902(4) 

  z 0.2130(1) 

  Uiso 0.026(1) 

O2 36f  (x,y,z) x 0.7193(6) 

  y 0.8754(5) 

  z 0.2815(1) 

  Uiso 0.072(2) 

Statistics  

 χ2  2.6 

 Rp   0.084 

 Rwp   0.110 

 RF2  0.103 
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Table S2.  Selected bond lengths and angles for ZP3.  

 

Bond (Å) 

Zr1–O1  2.059(3) 

P1–O1  1.496(3) 

P1–O2  1.525(4) 

O2···O2  2.756(2) 

 2.762(2) 

O2–H1a 1.100(1) 

O2–H2a 1.050(1) 

Angle (°) 

O1–Zr1–O1  91.1(1) 

 180 

 88.9(1) 

O1–P1–O1  112.5(3) 

O1–P1–O2 112.3(2) 

 107.7(2) 

O2–P1–O2  104.2(3) 

 
a Obtained from the BVSE calculations. 
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Figure S3. Solid-state 31P MAS NMR spectrum of ZP3 with an illustration showing the local coordination 

of the phosphate group. The semi filled grey spheres represent partially occupied hydrogen sites. The 
31P MAS NMR spectra of α-Zr(HPO4)2·H2O (α-ZP) and γ-Zr(PO4)(H2PO4)·2H2O (γ-ZP), with the relative local 

phosphate coordinations, are also shown for comparison (data taken from ref. 10).  

The spectrum of ZP3 shows a single sharp resonance, demonstrating the presence of a single type of 

phosphate group 10, 11. This is analogous to the case of α-ZP, which presents a single PO3(OH) group, and 

in contrast with γ-ZP, which shows two resonances for the two chemically distinct PO2(OH)2 and PO4 

groups. In solid acid zirconium phosphates, substitution of Zr by H in the local coordination of the phos-

phate groups causes a downfield shift of about 10 ppm in the 31P chemical shift due to a decrease in the 

P–O bond strength 10. Therefore, in α-ZP the PO3(OH) signal is at ca. -19 ppm, while in γ-ZP the PO2(OH)2 

signal is at ca. -9 ppm and the PO4 signal at ca. -29 ppm. The sharp resonance in the spectrum of ZP3 is 

at ca. -17 ppm, somehow in between what expected for the presence of PO3(OH) or PO2(OH)2 groups. 

Combined with the existence of a single type of phosphate group, this evidences that in ZP3 the five 

protons per formula unit are delocalized on six equivalent non-coordinated oxygen atoms (two per phos-

phate group), resulting in a defective phosphate group PO2(OH0.83)2.  
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Figure S4. (a) Phase diagram for ZP3. The phase stability was identified by maintaining the sample at 

controlled temperatures and RH values in sealed containers for 144 hours (6 days). ZP3 converts into 

crystalline α-Zr(HPO4)2·H2O (α-ZP) when exposed to humid environments at high temperatures, while it 

transforms into pyrophosphate ZrP2O7 (ZPO) in dry conditions above 130 °C. (b) Phase stability diagram 

of ZPR in solutions of MeOH in H2O. ZP3 is stable in anhydrous alcoholic solutions below 100 °C. ZP3 

converts into amorphous α-ZP at higher temperatures and concentrations of water.   
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Figure S5. X-ray diffraction patterns of as prepared ZP3 and after the impedance spectroscopy measure-

ments. No changes or parasitic phases are detectable from the diffraction pattern collected post-con-

ductivity measurements, thus confirming the good stability of ZP3. 
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Figure S6. (a) Bond-valence site energy isosurfaces showing the lowest energy equilibrium proton posi-

tions H1 and H2 (isosurface levels are drawn at 0.0 eV). Protons are bistable on two off-centre sites 

between two O2 atoms which compete as hydrogen bond donor and acceptor. Crystallographycally, the 

individual H1 and H2 sites must be partially occupied with g(H1, H2) = 0.41667. (b) Representation of 

the symmetric double potential well resulting from the disordered proton configuration over two oxy-

gen O2 centers. Protons transfer between two adjacent O2 atoms is favored due to the low activation 

energy (0.007 eV) for donor/acceptor interchange in the hydrogen bond 12, 13.   
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Figure S7. Arrhenius plot of the conductivity of TiH5(PO4)3 (TP3) compared with the conductivity of ZP3. Darker 

filled symbols are the data taken after a second cooling and heating cycle.    
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