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Loureiroa,b**, Duncan P. Fagga,b,***
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University of Aveiro, 3810-193 Aveiro, Portugal.

b LASI – Intelligent Systems Associate Laboratory, 4800-058 Guimarães, Portugal.

c Research Institute for Physical Chemical Problems of the Belarusian State University, 220006, Minsk, 

Belarus.

Abstract
Two novel trivalent rare-earth mixed-anion phosphates, Y3H5P6O22 (YHPO) and Er3H5P6O22 

(EHPO), were synthesised using the thin layer technique (TLT) and processed into dense 

ceramic electrolytes via the cold sintering process (CSP). Structural characterisation by 

powder X-ray diffraction confirmed tetragonal symmetry for both compositions, with slight 

variations in lattice parameters consistent with ionic radius differences between Y3+ and Er3+. 

Chemical analysis and infrared spectroscopy verified the coexistence of orthophosphate 

(PO43-) and pyrophosphate (P2O74-) groups in a 1:1 molar ratio, forming hydrogen-bonded 

networks relevant to proton transport. The cold-sintered pellets exhibited high relative 

densities (>88 %) and preserved stoichiometry. Electrochemical impedance spectroscopy 

performed between 40 °C – 140 °C under controlled wet (pH2O = 0.033 atm) and low humidity 

(pH2O ~10-5 atm) nitrogen atmospheres revealed humidity-dependent proton conduction. 

Under wet conditions, two transport regimes were identified: a low-temperature vehicular 

mechanism associated with surface-adsorbed water and a higher-temperature thermally 

activated regime consistent with Grotthuss-type proton hopping. EHPO exhibited superior 

conductivity, reaching 1.47 x 10-4 S cm-1 at 140 °C, nearly one order of magnitude higher 

than YHPO. Under low humidity, both materials showed reduced conductivity and single 

Arrhenius-type behaviour with activation energies in the range of 50 kJ mol-1– 60 kJ mol-1, 

indicating dominant structural proton diffusion. The enhanced performance of EHPO is 

attributed to its slightly more compact lattice, promoting favourable hydrogen-bond 
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connectivity. These findings demonstrate the potential of trivalent rare-earth mixed 

phosphates as promising intermediate-temperature proton-conducting electrolytes.

Keywords: Trivalent Metal phosphate, protonic conductivity, cold sintering.

Corresponding authors: * selevich@bsu.by (Anatoly F. Selevich), ** 
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1. Introduction
Proton-conducting ceramic devices have gained attention as a promising solution for clean 

and efficient energy conversion. Compared to conventional polymeric devices, notable 

benefits included higher operating temperatures, higher power density, greater fuel flexibility 

and relevance to chemical production [1]. A key factor in the performance of these devices is 

the development of high-efficiency electrolytes capable of conducting protons effectively at 

temperatures in the 200 °C – 300 °C range, allowing such devices to be involved in 

electrochemical synthesis of products such as ammonia or synthetic hydrocarbons [1–3]. In 

this respect, Metal Phosphates (MPs) comprise an ample class of structurally versatile acidic 

solids, of low cost, easy preparation and suitable thermal stability. These materials can be 

compositionally tailored to permit fast protonic conduction by the formation of hydrogen 

bonding networks or insertion of proton carriers, making these electrolytes attractive choices. 

As such, significant efforts have been dedicated to the synthesis and characterisation of 

metal phosphate-based proton conductors [4]. Among these, zirconium phosphates stand 

out due to the ability of Zr(IV) and phosphate ions to form a diverse range of crystallographic 

structures – from one-dimensional chains to three-dimensional open frameworks that can 

expand their functionality for electrochemical applications [4–6]. In addition, their ease of 

processing, environmental friendliness, and low cost further enhance their appeal. In 

contrast, further tetravalent phosphates and pyrophosphates, such as those based on Ti and 

Sn, have received less study, largely due to their amorphous nature or tendency to become 

amorphous at operating temperatures [4,7,8]. Another standout metal phosphate material is 

that of the monovalent, CsH2PO4, compound that has shown strong performance as a 

superprotonic conducting electrolyte in both H2/O2 and direct methanol fuel cells operating 

around 240 °C. Moreover, combining CsH2PO4 with other materials allows for the 

customisation of composite electrolytes, enabling a wide range of compositions with tailored 

properties [4,9]. Nonetheless, the electrochemical window of CsH2PO4 is strongly limited by 

its decomposition at higher operating temperatures.

Recent advancements in metal phosphate proton conductors have increasingly focused on 

divalent and trivalent metal phosphates. These materials offer considerable structural 

versatility and adjustable conductivity [4]. However, they remain relatively understudied and 

further research is essential to fully evaluate their potential for application in low- and 

intermediate-temperature fuel cells. Among trivalent metal phosphates, the rare-earth 

phosphate family is particularly rich in structural diversity. The investigation of phase 
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equilibria in these systems has historically been complicated by the viscous, barely stirrable 

nature of the phosphoric acid melts formed during synthesis, which prevented reliable 

equilibrium determination by conventional physicochemical analysis [10]. To overcome this 

limitation, the Thin Layer Technique (TLT) was developed, in which the reactive mixture is 

spread as a thin layer of 2 mm – 5 mm thickness in a wide open crucible [10]. This geometry 

dramatically enhances the rate of evaporative dehydration and promotes rapid attainment of 

equilibrium without stirring, even in viscous or barely crystallising systems [10,11]. The TLT 

has since been applied systematically to the study of phase equilibria in these systems 

[10,11]. For the rare-earth series specifically, systematic investigation of phase equilibria in 

the Ln2O3–P2O5–H2O systems (Ln = La–Lu and Y) using the TLT has shown that a wide 

range of phosphate condensation states form sequentially as a function of temperature and 

water activity, from hydrated orthophosphates at low temperatures through diphosphates, 

triphosphates, tetraphosphates, polyphosphates and ultraphosphates at progressively higher 

temperatures [10,11]. A key finding of these studies is that, under TLT conditions with a 

moderate excess of phosphoric acid, the identity of the stable crystalline phase is determined 

primarily by temperature and relative humidity, and is virtually independent of the exact 

P2O5:RE2O3 ratio across the range (3–10):1 [10,11]. For the heavier rare-earth elements and 

yttrium, the diphosphate LnHP2O7 is the stable phase in the temperature range 

125 °C – 150 °C, and mixed-anion phases containing both orthophosphate and 

pyrophosphate units have been identified as stable intermediates in several of these systems 

[11].

In the present article, we, therefore, aim to introduce two new trivalent metal phosphates, 

Er3H5P6O22 (EHPO) and Y3H5P6O22 (YHPO). Here, Y3+ and Er3+ were specifically chosen due 

to their ability to form stable mixed-anion phases in the systematic TLT survey of the full 

lanthanide series [11]. Their placement in the crystallisation diagram is consistent with their 

ionic radius, with Y3+ (r(VIII) = 1.02 Å) and Er3+ (r(VIII) = 1.00 Å) being adjacent in the series [12]. 

These two elements, therefore, represent a closely matched pair within the heavy rare-earth 

group, differing by only ~2% in ionic radius, which makes them ideal candidates for a 

controlled comparison of the effect of lattice parameter variation on the hydrogen-bond 

network geometry and proton transport properties of the resulting mixed-anion phosphate 

phases. Nonetheless, although Y3+ and Er3+ have similar ionic radius, the Er material is likely 

to be more ionic with higher basicity than the Y-analogue, potentially affecting its affinity for 

protonic charge carriers. Hence, in this work, we explore these two compositions, and we 
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show how these materials can be synthesised by the thin layer technique (TLT) and 

processed into dense electrolyte materials by the cold sintering process (CSP). We then go 

on to examine the electrochemical performance of these materials as potential protonic 

electrolytes by performing electrochemical impedance spectroscopy (EIS) measurements in 

nitrogen atmospheres under different humidities (pH2O = 0.033 atm and pH2O ~10-5 atm).
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2. Experimental

2.1. Powder preparation and characterisation

The formation of Er3H5P6O22 and Y3H5P6O22 was established during the study of phase 

formation in systems RE2O3–P2O5–H2O (RE – Y, Er) using the thin layer technique (TLT). 

The TLT was developed previously to investigate phase equilibria in viscous, barely 

crystallising systems containing a volatile component (H2O, in this case) [10,11]. According 

to this technique, metal compounds react with phosphoric acid in a layer of 2-5 mm thickness 

of a solution or a flux. This peculiarity enhances the dehydration of the solution and promotes 

the quick attainment of the equilibria state without stirring.

The starting materials were Y(NO3)3·6H2O, Er(NO3)3·5H2O (Redkiymetall, Russia) and 

H3PO4 (85 %, Fine Chemicals, Belarus). All of them were reagent-grade products.

The initial homogeneous mixtures with molar ratios P2O5:RE2O3 = 4:1 were placed in wide 

quartz or glassy carbon crucibles and held under isothermal conditions at 150°C for 2 weeks. 

This ratio was selected on the basis of the systematic TLT phase-equilibrium studies of the 

Ln2O3–P2O5–H2O systems (Ln = La–Lu and Y) previously performed across the complete 

range of P2O5:Ln2O3 = (3–10):1 [10,11]. A key result of those studies is that, under TLT 

conditions, the identity of the stable crystalline phase is governed primarily by temperature 

and relative humidity, and is virtually independent of the exact P2O5:RE2O3 ratio across this 

range [10,11]. The 4:1 ratio was therefore chosen as the lower bound of the phosphate-rich 

regime validated for the heavier rare-earth systems, providing a twofold molar excess of 

phosphorus over the stoichiometric requirement of the target phase RE3H5P6O22 (formal 

P:RE = 2:1), while maintaining the acidic flux conditions necessary for the TLT to operate 

correctly. Next, the temperature was raised in a step mode with the step width of 25 °C up to 

125 °C – 150 °C. The phase formation process was controlled by periodically studying 

samples using optical microscopy, since the crystals of the target substance had a specific 

shape in the form of a bevelled prism. After intense crystallisation of the target compounds, 

the reaction mixtures were cooled. Crystalline phases were separated from the flux by 

washing with water using a glass filter and dried at room temperature.

Isolated compounds were identified by powder X-ray diffraction (PXRD), chemical analysis, 

quantitative thin-layer chromatography (QTLC) and thermal analysis. X-ray diffraction 

patterns were collected with a D8 ADVANCE powder diffractometer (Bruker AXS, Germany). 
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The CuKα radiation was selected by means of a Ni filter. The powder diffraction patterns ware 

scanned in a step mode in the angular range 10° ≤ 2θ ≤ 70°, with t = 5 s/step and 

Δ2θ = 0.02°. Analysis and indexing of the diffraction patterns were performed with the 

programs WinPLOTR [13] and DICVOL04 [14]. The specific density of phosphates was 

determined pycnometrically. Standard procedures were used for chemical analysis of 

compounds. Yttrium and erbium were determined by complexometric with EDTA, phosphorus 

by colourimetric as the yellow phospho-vanadomolybdate complex [15]. The phosphate 

anions were identified by QTLC [16]. Simultaneous thermal analysis (STA) within the 

temperature range of 20 °C – 1000 °C was carried out by using NETZSCH STA 449C Jupiter 

(Germany) analyser at a heating rate of 10 C min-1 in a nitrogen flow atmosphere.

2.2. Electrochemical cell fabrication and characterisation

Dense ceramic pellets were obtained by the cold sintering process (CSP) illustrated in Figure 

1 [17,18], where a slurry of the phosphates with water (80 wt% powder and 20 wt% deionized 

water) was held at 180ºC under 350 MPa of uniaxial pressure for 75 min. The geometric 

dimensions and final masses of the pellets were: YHPO (area = 0.801 cm2 and 

thickness = 0.220 cm, final mass = 0.507 g) and EHPO (area = 0.792 cm2 and 

thickness = 0.125 cm, final mass = 360 g). The density of the pellets was measured at room 

temperature by the geometric method. After cold sintering, the surface top view 

microstructure was analysed using a Tabletop Scanning Electron Microscope (SEM, Hitachi 

SU-70). Energy-dispersive X-ray spectroscopy (EDS, Brucker SCU) was used to quantify 

elemental composition.
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Figure 1 – Illustration of the cold sintering process, not to scale, where ‘A’ is the slurry to be pressed 

and ‘B’ are 0.15 mm thick Kapton discs.

Spectroscopic studies in the mid infrared (MIR) regions (400 cm−1 – 4000 cm−1) were carried 

out using a Fourier transform infrared (FT-IR) spectrometer Spectrum TWO LiTa (Perkin 

Elmer; L1600300). The attenuated total reflectance Fourier transform infrared (ATR-FTIR) 

technique was used. The spectra were collected after 10 scans at 4 cm−1 resolution.

Electrical characterisation of the prepared electrolytes was performed using AC 

Electrochemical Impedance Spectroscopy (EIS). Symmetrical cells were assembled by 

applying silver electrodes (RS PRO 186-3600) to both sides of the electrolyte pellets, followed 

by a curing step in a ventilated oven at 135 °C for 10 min. Electrochemical measurements 

were carried out using an Autolab PGSTAT302N frequency response analyser over a 

frequency range of 0.1 Hz to 1 MHz with a signal amplitude of 50 mV. The measurements 

were conducted under a pure nitrogen atmosphere (flow rate = 50 mL min-1) in two water 

vapour partial pressures to ensure both wet (pH2O = 0.033 atm) and low humidity (pH2O ~10-

5 atm) conditions. These levels of humidity were monitored by an online humidity sensor 

(JUMO). EIS measurements were collected at ~10 °C intervals across a temperature range 

of ~40 °C– 140°C, first in the direction of ascending temperature and subsequently in the 

direction of descending temperature. To ensure measurement stability and reproducibility, 

impedance spectra were recorded twice at each temperature point, allowing for a stabilisation 

period of 1 h between recordings. The impedance data were analysed with the complex 
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nonlinear least squares (CNLS) fit program Zview 3.0 (Scribner Associates Inc., Southern 

Pines, NC, USA).
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3. Results and discussion

3.1. Structural, thermal, and microstructural characterisation

Figure 2a and b depict the powder X-ray diffraction (PXRD) patterns of the EHPO and the 

YHPO compounds obtained after CSP, alongside with the simulated patterns obtained for 

the precursor salts: H3PO4 (PDF #00-025-0378), Er(NO3)3 (PDF #01-083-4956), and Y(NO3)3 

(PDF # 01-083-4951). Table S1 and Table S2 show the indexed PXRD data of EHPO and 

YHPO compounds, respectively. Only one solution, the tetragonal system, was found. Values 

of MN and FN criteria (M20/F20 = 89/96, F39 = 60 for Y3H5P6O22; M20/F20 = 81/104, F47 = 95 for 

Er3H5P6O22) indicate that a reliable result has been obtained [19,20]. The absence of any 

discernible main reflections attributable to the corresponding precursor salts phases confirms 

the absence of residual precursor impurities.

Figure 2 – Powder X-ray diffraction (PXRD) patterns obtained for the synthesised a) EHPO and b) 

YHPO compounds obtained after CSP, alongside with the simulated patterns obtained for the 

precursor salts: H3PO4, Er(NO3)3, and Y(NO3)3.

Table 1 gives the obtained main crystallographic data (system, lattice parameters, acell, ccell, 

and unit cell volume, Vcell) and the calculated (Dcalc) and measured (Dmeas) densities of the 

compounds. The determined unit cells enable the indexing of all the peaks in the Miller indices 

(hkl) from powder diffraction patterns in Table S1 and Table S2. All peaks were indexed to 

the Tetragonal system. Notably, the unit cell lattice volume was found to be higher in the case 

of the YHPO sample (Vcell = 852.95 Å3, compared to that of the EHPO sample 

(Vcell = 847.31 Å3), in agreement with the larger effective ionic radius for Y3+ vs. Er3+ [12]. The 

identical tetragonal indexing, the isoformular compositions, and this regular lattice contraction 

collectively suggest that EHPO and YHPO are isostructural. In these metal phosphates, the 
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observed differences in the relative intensities of certain reflections in between the two PXRD 

patterns (Figure 2a and b) are most likely attributed to preferred orientation effects arising 

during sample preparation for PXRD. Conversely, this difference in the lattice volume may 

play a crucial role in their electrical conductivity by influencing the geometry and dynamics of 

charge carrier transport pathways [4].

Table 1 – Main crystallographic data (system, lattice parameters, acell, ccell, and unit cell volume, Vcell) 

of the synthesised compounds.

Sample System a / Å c / Å Vcell / Å3 Dcalc / g/cm3 Dmeas / 
g/cm3 Z

YHPO Tetragonal 6.9490(3) 17.6634(7) 852.95 3.15 3.12 2
EHPO Tetragonal 6.9326(2) 17.6297(6) 847.31 4.10 4.06 2

In accordance with thin layer technique (TLT) data, colourless Y3H5P6O22 (YHPO) and light 

pink Er3H5(P6O22 (EHPO) crystallise in the temperature range of 125 – 150 °C. Their crystals 

are shaped like skewed prisms. The results of chemical analysis presented in Table 2 show 

that the studied phosphates contain metal and phosphorus in a molar ratio RE:P = 1:2. 

According to QTLC, the compounds are mixed-anion phosphates containing monophosphate 

and diphosphate anions in a molar ratio PO43-:P2O74- = 1:1, suggesting the general formula 

Y3H5(PO4)2(P2O7)2 (YHPO) and Er3H5(PO4)2(P2O7)2 (EHPO).

Table 2 – Results of chemical analysis of synthesised compounds.

Sample YHPO EHPO
Elements Y P Y:P Er P Er:P
Found, mass. 
%

33.11  0.0
4 22.82  0.08 1:1.98 48.12  0.09 17.73  0.07 1:1.99

Calc, mass. % 32.98 22.95 1:2 48.03 17.79 1:2

Simultaneous thermal analysis (STA) data, obtained up to 1000 °C, for the EHPO and the 

YHPO powder samples are given in Figure 3a and b, respectively. As seen from the 

thermogravimetric analysis (TGA) curves, both compounds only show a minor weight loss of 

less than 0.5 wt% up to ~400 °C. This is accompanied by two small endothermic differential 

scanning calorimetry (DSC) peaks: the first one at the temperature of around 100 °C, which 

is likely due to the release of physiosorbed water on the powder surface [21,22], and the 

second one at around 250 °C – 270 °C, which may be due to the first step of the loss of 

crystallisation water [22]. This is followed by a large endothermic peak that is observed in the 

DSC curves of both samples, which coincides with the onset of thermal decomposition from 
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the TGA curves (~394.5 °C for EHPO and ~412.0 °C for YHPO). This strong event that 

occurs in the temperature range of ~400 – 600  C (DSC) can be ascribed to the complete 

dehydration process, where both metal phosphates decompose, losing constitutional water 

[21,22]. In accordance with PXRD data from Figure 4, the final products of decomposition are 

mixtures of the corresponding tetragonal monophosphates, ErPO4 (PDF #00-009-0383) and 

YPO4 (PDF #01-091-4482), and monoclinic polyphosphates, Er(PO3)3 (PDF #05-001-0191) 

and Y(PO3)3 (PDF #05-001-0300), where these compounds start to crystallise at around 

800 °C, corresponding to the exothermic DSC peaks observed above this temperature.

Figure 3 – Simultaneous thermal analysis (STA) data of a) EHPO and b) YHPO.

The FTIR spectra of the EHPO and the YHPO powders are shown in Figure 5, revealing key 

vibrational features associated with phosphate (PO43-) and pyrophosphate (P2O74-) groups 

that are relevant to proton transport. Particular attention is given to the P–O and P–O–P 

stretching modes, which dominate the spectral region between ~1200 cm-1 and ~700 cm-1 

[22–26]. This region is characterised by a series of broad and intense absorption bands, 

reflecting the complex vibrational behaviour of the phosphate framework. The PO43- groups 

features only terminal P–O bonds, whereas the P2O74- groups comprise both terminal P–O 

bonds and characteristic bridging P–O–P bonds. Specifically, the bands at ~739 cm-1 and 

~900 cm-1 are attributed to the symmetric (s) and asymmetric (as) stretching vibration of P–

O–P bridges, respectively [23–25]. The peaks at ~993 cm-1 and ~1190 cm-1 can be assigned 

to the symmetric and asymmetric stretching modes of P–O bonds, respectively [23–25]. 

Additionally, a weak peak at ~1050 cm-1 may be associated with the asymmetric P=O 

stretching vibration, as(P=O) [26].
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Figure 4 – Powder X-ray diffraction (PXRD) patterns obtained for the a) EHPO and b) YHPO 

compounds obtained after STA measurements up to 1000 °C.

The significant intensity of these features indicates that these groups are structurally 

dominant, in line with the results of chemical analysis and QTLC data for the synthesised 

metal phosphates. Meanwhile, the pronounced broadness of these peaks suggests a 

diversity of local bonding environments, likely arising from distortions or disorder within the 

crystal lattice [22]. Hydrogen bonding and partial protonation can also be visualised by the 

small absorbance around 1650 cm-1, which is an indication of P–O–H deformation mode, and 

also by the broad absorption band from 2500 cm-1 to 3500 cm-1, which originates from the 

vibration of O–H bond (PO–H or HO–H) [23]. These structural effects are often correlated 

with enhanced proton mobility, as they contribute to the formation of a dynamic hydrogen-

bond network [4,6,27,28]. In addition, these features are more pronounced in the EHPO 

sample, a factor that may have an impact on the electrochemical behaviour. Finally, below 

~700 cm-1, additional bands are observed that correspond to bending modes, such as δ(P–

O–P) and δ(O–P–O), as well as symmetric stretching of metal-oxygen bonds, s(M–O) 

[25,29], which in our work involves the rare-earth metal cations, Er3+ and Y3+.
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Figure 5 – a) Fourier transform infrared spectroscopy (FTIR) spectra of the EHPO and the YHPO 

powders after CSP; b) magnification within the 1400 cm-1– 400 cm-1 regions.

Figure 6 illustrates the microstructure of the samples produced after cold sintering under 

identical conditions. All samples exhibit highly dense microstructures, in agreement with their 

measured relative densities of >88 %. Distinct bimodal grain size distributions can be 

observed varying between approximately 4 m and 35 m for YHPO and 0.8 m and 5 m 

for EHPO (higher magnification images are shown in Figure S1). The origin of the bimodal 

crystallite size distribution observed by SEM is not fully understood at this stage. We note 

that the TLT synthesis produces crystals under conditions of progressive dehydration and 

stepwise temperature increase, which may favour successive crystallisation events. The 

RE:P proportion after cold sintering, listed in Table 3 for both samples, is also in good 

agreement with the RE:P proportion of 1:2 quantified by chemical analysis, showing that the 

base compositions are not notably altered by the cold sintering process.

a) b)
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Figure 6 – Scanning electron microscopy (SEM) images obtained after cold sintering for a) EHPO and 

b) YHPO samples.

Table 3 – RE:P (RE – Y, Er) proportion obtained from Energy-dispersive X-ray spectroscopy (EDS) 

analysis of the cold sintered pellets.

Formula EHPO YHPO
Elements Er P Er:P Y P Y:P

Atomic % 11.14  2.2
4 20.64  0.80 1:1.9 8.74  1.25 20.16  0.99 1:2.3

3.2. The effect of composition and humidity on the conductivity

The two metal phosphates were characterised by electrochemical impedance spectroscopy 

(EIS) to assess their electrical properties. Figure 7 depicts examples of the impedance 

spectra collected in low humidity (pH2O ~10-5 atm) and wet (pH2O = 0.033 atm) N2 at 50 °C for 

both compositions. These spectra are representative of the entire studied temperature range 

(40 – 140 °C). In general, the data can be noted to be composed of a depressed semicircle 

occurring in the high-frequency region and a low-frequency tail. However, in the case of 

YHPO measured in wet conditions, an additional depressed semicircle occurring at 

intermediate frequencies is visible. Therefore, the impedance responses were fitted with two 

or three parallel R||CPE terms in series (Figure 7), respectively. Here, R is a resistance (Ω) 

and CPE is a constant phase element, defined as

𝑍CPE = 𝑄―1(i𝜔)―𝑛 (1)

ω is the angular frequency, and Q and n are the usual parameters characterising the pseudo-

capacitance and the exponent, respectively. The effective capacitance was calculated by,

𝐶 = (𝑅𝑄)1 𝑛(𝑅)―1 (2)

where Q and n are the usual parameters characterising the pseudo-capacitance [30,31].

The high-frequency semicircle presents a capacitance in the range of ~10-12 – 10-11 F cm-1, 

characteristic of a bulk response (Cbulk) [30,31]. In the case of YHPO measured in wet 

conditions, the middle-frequency semicircle presents a capacitance of ~10-8 F cm-1, which is 

characteristic of a grain boundary response (Cg.b.) [30,31]. On the contrary, the grain 

boundary semicircle is absent in the EHPO both in wet and in low humidity conditions. This 

phenomenon can be attributed to the short-circuiting of the grain boundaries: i.e., if the grain 

boundaries become highly conductive, possibly due to additional conduction pathways such 
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as parallel grain boundaries, they may not present a distinct impedance response [18,32]. In 

both cases, the low-frequency tail can be ascribed to the polarisation resistance, with an 

estimated capacitance (Cpol) higher than 10-6 F cm-2 [30,31].

Figure 7 – Electrochemical impedance spectroscopy (EIS) plots obtained at ~ 50 °C (heating cycle) 

in low humidity (pH2O ~10-5 atm) N2 for a) EHPO and b) YHPO; and in wet (pH2O = 0.033 atm) N2 for c) 

EHPO and d) YHPO.

The quality of the CNLS fits was assessed by the pseudo-χ2 criterion, with representative 

values obtained at ~50 °C (heating cycle) ranging from 10-6 – 10-4 across all samples and 

atmospheric conditions (Figure 7). The corresponding relative residuals plots are shown in 

Figure 8, where both the real (Δreal) and imaginary (Δimag) components remain within ±6% 

across the measured frequency range. The Kramers–Kronig (KK) validation yielded values 

of χ2 ≤ 10-5 across all conditions, confirming acceptable quality for the experimental data [33].
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Figure 8 – Residuals plots plots obtained from the EIS data at ~ 50 °C (heating cycle) in low humidity 

(pH2O ~10-5 atm) N2 for a) EHPO and b) YHPO; and in wet (pH2O = 0.033 atm) N2 for c) EHPO and d) 

YHPO.

Figure 9 shows the temperature dependence of the total conductivity (bulk and grain 

boundary) obtained for both samples in both wet (pH2O = 0.033 atm) and low humidity 

(pH2O ~10-5 atm) conditions. There are two noted regimes in wet conditions. The first occurs 

below ~100 °C, where the total conductivity decreases with increasing temperature. This 

regime is typical of a vehicular transport mechanism, where a physiosorbed water layer can 

promote the stabilisation of hydronium ions (H3O+) [34]. These protonated aqueous species 

provide a parallel, inter-grain pathway for fast protonic conduction along with the bulk 

conduction path [35,36]. As such, the impedance spectra do not resolve distinct bulk and 

grain-boundary semicircles. This is attributed to the exceptionally high proton conductivity 

along grain surfaces in the presence of adsorbed water, which renders the grain-boundary 

impedance contribution negligibly small relative to the bulk response and therefore 

indistinguishable in the complex impedance plane. In this regime, the total conductivity 
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slightly decreases with increasing temperature, possibly due to the loss or rearrangement of 

weakly bound surface water molecules as temperature increases. This progressive water 

loss reduces the availability of mobile proton carriers (e.g., H3O+) and weakens the 

connectivity of the hydrogen-bond network at the grain boundaries [34], leading to a 

temporary decline in conductivity until 100 °C.

Figure 9 – The temperature dependence of the total conductivity obtained for the EHPO and the 

YHPO samples.

Conversely, as the temperature rises above ~100 °C, the total conductivity adopts a thermally 

activated behaviour, with a positive activation energy (Ea, Table 4). In this regime, the low 

temperature, vehicular-type, transport is expected to diminish due to dehydration of the 

physiosorbed water layer (Figure 3), and instead a new, thermally activated, conduction 

process, such as the Grotthuss-type mechanism becomes dominant [3,18,22,36]. This 

mechanism involves proton transfer along continuous hydrogen-bond networks within the 

phosphate lattice. The activation energy (Ea) noted in this temperature regime for both 

samples (Table 4) is consistent with this type of mechanism under high relative humidities 

[34,37]. Therefore, the crossover between these two regimes at ~100 °C is likely to reflect a 

transition from the dominance of a water-assisted surface conduction to intrinsic structural 

diffusion.
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Table 4 – Activation energy (Ea / kJ mol-1) values obtained for the EHPO and the YHPO samples.

Wet (pH2O = 0.033 atm, 
T > 100 °C)

Dry (pH2O = 10-5 atm, all T range)Sample

Heating Cooling Heating Cooling
EHPO 18.47  0.93 31.80  1.54 55.12  1.37 58.48  0.76
YHPO 22.09  1.13 12.24  0.91 61.46  0.47 62.02  0.41

The significant scatter of the experimental points in Figure 9 at low temperatures under wet 

conditions, and the hysteresis between the heating and cooling runs in this regime, are a 

direct consequence of the mechanistic transition described above. In the temperature range 

below ~100 °C, the total conductivity is governed by the vehicular transport mechanism, 

which depends sensitively on the amount of adsorbed surface water. During the heating run, 

adsorbed water is progressively lost as temperature increases, gradually depleting the 

vehicular carrier concentration. During the subsequent cooling run, re-adsorption of water 

from the wet atmosphere occurs at a finite rate governed by the kinetics of surface adsorption, 

which does not precisely mirror the desorption process, eventually resulting in the observed 

hysteresis [18]. Above ~100 °C, where the Grotthuss-type structural diffusion mechanism 

dominates and the conductivity is no longer dependent on adsorbed water, the heating and 

cooling runs converge, and the scatter is correspondingly reduced.

Under these wet conditions, the total conductivity at ~140 °C reaches 1.47 x 10-4 S cm-1 for 

EHPO, which is nearly an order of magnitude higher than that of YHPO (3.37 x 10-5 S cm-1) 

(Figure 9). Structurally, YHPO is characterised by a larger lattice parameter compared to 

EHPO (Table 1). While we might expect that an expanded lattice would provide greater 

spatial freedom for proton transport, the increased lattice volume also would lead to longer 

O–O distances, particularly between hydrogen-bonded phosphate units [4,38]. Such 

extended O–O distances have been reported to potentially weaken the hydrogen bonding 

network in similar materials, reducing the likelihood of continuous proton-transfer pathways 

[4,38]. In contrast, EHPO exhibits a more compact unit cell (Table 1), which may help to 

maintain optimal O–O distances to support continuous and flexible hydrogen bonding [27,39], 

leading to the observed higher conduction of this composition. This balance can potentially 

promote the formation of dynamic hydrogen-bond networks with sufficient disorder and 

reorganisation ability, both of which are essential features of the Grotthuss mechanism [40].
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Importantly, under low humidity conditions, the total conductivity of both metal phosphate 

compositions is shown to decrease sharply, reflecting the strong dependence of their protonic 

transport on environmental water content. At ~140 °C, the total conductivity drops to 

3.91 x 10-5 S cm-1 for EHPO and 1.62 x 10-6 S cm-1 for YHPO (both values being 

approximately one order of magnitude lower than their counterparts under wet conditions, 

Figure 9). Moreover, in low humidity conditions, the temperature dependence of the total 

conductivity becomes more uniform, i.e., both materials exhibit a continuous Arrhenius-type 

behaviour across the measured range (Figure 9), with a single activation energy (Ea) for 

protonic transport, as reported in Table 4. This contrasts with the behaviour under wet 

conditions, where two Ea regimes were observed, outlining the likely coexistence of different 

conduction pathways (e.g., water-assisted vs. lattice-limited). The higher Ea values observed 

in low humidity (all in the range of ~50 – 60 kJ mol-1, Table 4) further support the notion that 

proton transport dominates the total conductivity under both humidities, but under lower pH2O 

values, it involves a higher energy barrier. In such cases, it seems reasonable to assume that 

a more significant part of the total conductivity is due to structural diffusion of protons within 

the bulk path in drier conditions, and where the significant drop in conductivity between wet 

and low humidity (Figure 9), is due to a depletion in the number of protonic carriers [35,36]. 

This is corroborated with the FTIR spectra obtained after EIS measurements in low humidity 

conditions (Figure 10). Here, the absorbance bands related to hydrogen bonding that were 

clearly observed in the spectra obtained after CSP (Figure 5), e.g., at 1650 cm-1 and from 

2500 cm-1 to 3500 cm-1, are now negligible, therefore, emphasising the role of water in 

protonation of the materials.
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Figure 10 – a) Fourier transform infrared spectroscopy (FTIR) spectra of the EHPO and the YHPO 

powders after EIS alongside with the data obtained after CSP from Figure 5 in low humidity conditions 

(pH2O ~10-5 atm); b) magnification within the 1400 cm-1– 400 cm-1 regions.

In the metal phosphate structures of YHPO and EHPO, both the orthophosphate (PO43-) and 

the pyrophosphate (P2O74-) groups can retain protons as part of the crystal lattice. The PO43- 

units can provide proton donor/acceptor groups (such as P–OH bonds), giving rise to small 

cavities where the lattice water is located. Although this water can form hydrogen bonds with 

the P–OH groups, an extended interlayer hydrogen bond network is unlikely under drier 

conditions. Therefore, it is more probable that a strong hydrogen-bond network is generated 

locally, particularly under conditions of low humidity [4,6,27]. In this regard, Ludueña et al. 

[28] proposed a carrier-mediated Grotthuss mechanism, in which water bridges the H-bond 

percolation path, complementing Grotthuss proton hopping between phosphonic acid groups. 

In this case, the Grotthuss-style hopping is supported by the short-distance transport of 

hydronium ions to neighbouring PO43- tetrahedra. In contrast, the long-range transport of 

excess protons should be hindered by the low humidity [28].

Considering the P2O74- groups, with their bridging oxygen atoms in P–O–P bonds, these 

could also enable longer-range connectivity and support the formation of extended proton-

conducting pathways across the crystal lattice [41,42]. This could be particularly relevant in 

the drier environments, where vehicular transport (i.e., H3O+-mediated movement) is unlikely. 

In such cases, structural diffusion would become the dominant mechanism, and the presence 

of P2O74- groups could ensure that protons are not isolated to local regions like in the P–OH 

groups, but may move through a percolating, continuous network. Another possibility is that 

both metal phosphates may retain some residual water as a result of condensation reactions 
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[43–45]. In such a case, condensation products (P–O–P) may coexist with a certain amount 

of hydronium ions (H3O+), albeit not of a concentration to be observable in the results of 

Figure 10.

Further studies are, thus, necessary to shed more light on this discussion, as this possible 

multiple functionality may be the reason for proton conductivity to persist even in very low 

humidity conditions, albeit at lower magnitudes. Notably, the difference in conductivity 

between samples becomes more pronounced under low humidity, where EHPO maintains a 

relatively higher conductivity in the whole temperature range (Figure 9). Again, this may 

emphasise the role of lattice volume in the formation of hydrogen bonding. In particular, the 

smaller lattice parameter of this sample may yield better-connected hydrogen-bond networks 

[4,38] and, thus, more efficient proton transport.

Finally, the FTIR spectra recorded after the EIS measurements (Figure 10) also reveals 

partial attenuation of bands in the 650 cm-1 – 450 cm-1 regions, which are assigned to 

bending vibrations of terminal PO3 groups [25]. This change is tentatively attributed to partial 

condensation of P–OH groups within the phosphate network during the thermal and humidity 

cycling of the impedance measurements, consistent with the dynamic participation of the 

hydrogen-bond network in proton transport discussed above. Nonetheless, the post-

measurement PXRD patterns (Figure S2) confirm that the bulk crystal structure is preserved, 

indicating that this reorganisation is confined to the local hydrogen-bonding environment of 

the phosphate groups rather than representing a phase transformation.
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Conclusions
Two new trivalent rare-earth mixed orthophosphate–pyrophosphate compounds, 

Y3H5(PO4)2(P2O7)2 (YHPO) and Er3H5(PO4)2(P2O7)2 (EHPO) were successfully synthesised 

by the thin layer technique and densified using the cold sintering process, yielding highly 

compact ceramic electrolytes without significant compositional alteration. Both materials 

crystallise in the tetragonal system and contain mixed phosphate anions that support 

hydrogen bonding and proton mobility.

Electrochemical analysis demonstrated clear humidity-dependent proton transport 

behaviour. Under wet conditions, conductivity is enhanced by surface-assisted vehicular 

transport below ~100 °C, followed by thermally activated Grotthuss-type structural diffusion 

at higher temperatures. Under low humidity, conductivity decreases significantly and exhibits 

a single Arrhenius behaviour with higher activation energies, indicating dominant bulk 

structural diffusion with limited contribution from water-mediated pathways.

Among the two compositions, EHPO consistently exhibited superior conductivity, particularly 

under wet conditions, reaching 1.47 x 10-4 S cm-1 at 140 °C. The improved performance is 

attributed to its slightly smaller lattice volume, which likely favours stronger and more 

continuous hydrogen-bond networks, facilitating long-range proton transport. However, the 

performance exhibited by the EHPO compounds is notably superior to that reported for the 

well-established superprotonic conductor CsH2PO4, which exhibits a total conductivity of the 

order of 10-5 S cm-1 under significantly higher water vapour partial pressures (pH2O ~10-1 atm) 

[9,18,46], highlighting the promising performance of these mixed rare-earth phosphates as 

intermediate-temperature proton-conducting electrolytes.

The present study establishes the synthesis, structural characterisation and initial 

electrochemical performance of EHPO and YHPO as a foundation for future development. 

Overall, this work highlights the structural and functional relevance of mixed-anion rare-earth 

phosphates and demonstrates that subtle crystallographic differences can significantly 

influence proton conduction. These materials represent promising candidates for further 

development as intermediate-temperature proton-conducting electrolytes, particularly where 

moderate humidity conditions can be maintained. Key targets for subsequent work include 

determination of the thermal expansion coefficients of both compounds to assess 

thermomechanical compatibility with electrode materials, fabrication and testing of complete 

electrochemical devices, and long-term stability evaluation under sustained operation. The 
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structural integrity of both materials after the impedance measurements conducted here has 

been confirmed by post-measurement PXRD, providing an encouraging preliminary 

indication of stability under the conditions employed.
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