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ABSTRACT 

Impedance spectroscopy measurements at different temperatures in humid conditions 

were performed in different mixed acid salts based on phosphates of CsH2PO4. In these 

compounds a superprotonic phase transition is observed, accompanied by a 

morphological phase transition with the increase on the temperature, (monoclinic (low 

temperature) to cubic phase (high temperature)). In this work, the influence of the Ba, Rb, 

W, Mo and S on the conductivity, diffusivity and free charge density of the compounds 

is studied. The partial substitution of Cs by Rb shows the highest conductivity, and in the 

case of Ba and S the conductivity is significant at low temperatures. The conductivity, the 

diffusivity of the protons, the free protonic charge density, and the static permittivity were 

calculated using the electrode polarization (EP) model, considering a Cole-Cole function 

for the permittivity. It is observed a growth in conductivity when the high-temperature 

phase is reached for most samples. When the phase changes a decrease in the activation 

energy takes place, in agreement with an order-disorder protonic transition type. This 

study provides with a new paradigm to design heterogeneous solid electrolytes to be used 

in electrochemical devices, including fuel cells and supercapacitors. 

 

1. INTRODUCTION 

Nowadays, the common used solid electrolytes are based on polymers such as 

Nafion, which are limited to be handle at low temperatures (below 100ºC),1 and mixed 

electronic ionic oxides which operate at high temperatures (above 500-600ºC).2 On the 

other hand, pyrophosphates of tetravalent metals (M𝑃2𝑂7, M=Sn, Zr, Ce, Ti, etc.) and its 

compounds, have been potential candidates to be applied as solid electrolytes for 

intermediate temperature (in the range of 220ºC to 250ºC) proton exchange membrane 

fuel cells,3 but they have a poor sintering ability at these temperatures. 

The use of heterogeneous composites as solid electrolytes on fuel cells, electrolytes and 

supercapacitors, constitutes a field to explore new materials, whose electrochemical 

properties must be known. For instance, the acidic salts of cesium dihydrogen phosphate 

CsH2PO4 (CsP) show a phase transition from a low-temperature monoclinic phase to a 
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high-temperature cubic phase at high contents of water (above 30 %). In the cubic phase 

(above 210ºC), the conductivity has a higher value than in the monoclinic phase (below 

200ºC).4,5 This is described as a superprotonic phase transition leading to an abrupt 

increase in the conductivity, and it occurs reversibly above 200ºC in humid conditions. It 

is also observed in CsP/silica compounds,6 but it is notable that this has not been seen 

under dry conditions in compounds such as MH2PO4 (M= K, Rb, Cs),7,8 which are good 

protonic conductors. This fact is associated to chemical reaction like dehydration by one 

side,8 and to a structural phase transition by another.9 

So, it is important to get information about the influence of the material properties on the 

high-performance ion-conduction, through the knowledge of the value of the conductivity 

as a function of temperature, and the mechanism of the diffusivity of protons or ions into 

the systems.10,11 In this way, several approaches have been developed to determine the 

ion diffusivity and the free-charge density under impedance spectroscopy analysis.12-24 

Some of these approaches involve the macroscopic polarization of mobile charges, which 

is influenced by changes of crystallinity and other electrode effects.10,13-16,19 

In this work, the partial substitution of Cs by Rb and Ba, to give Cs1-x RbxH2PO4 and    

Cs1-x Ba0.5xH2PO4, named (CsP-Rb) and (CsP-Ba) respectively, were synthesized in order 

to study the proton conductivity, diffusivity and charge carriers density. On the other 

hand, also were studied a series of metal phosphates compounds produced by mixing the 

solutions formed by CsH2PO4 with others compounds containing Tungsten (CsP-W) and 

Molybdenum (CsP-Mo), as well as the compound named (CsP-S) prepared from mixed 

the aqueous solution of initial components CsH2PO4 and CsHSO4. Our purpose is to 

analyze the effect of temperature, and the effect of different dopants/substituents (S, Ba, 

W, Rb and Mo) on the conductivity, diffusivity and free charge density respect to the 

acidic salt of cesium dihydrogen phosphate CsH2PO4 (CsP) in humid conditions. An EP 

model introduced by Klein et al.10 is followed to determine the free-charge density and 

diffusion coefficient, from the analysis of the frequency dependence of complex dielectric 

loss ” and loss tan . Since the EP analysis overestimate the free proton diffusivity while 

underestimate the free proton number density providing lower values for the free-charge 

density than the total number of ionic species available from the preparation of the 

compounds, and then overestimating the proton diffusivity, we follow the same line of 

reasoning that Wang et al.23, who have corrected both the number density and the 

diffusion coefficient. On the other hand, for comparison, an analysis is made on protons 

diffusivity values in the solid electrolytes considering also the Macdonald-Trukhan 

model.11,13,15,16,22-24 The Eyring rate processes theory and the Arrhenius behavior on the 

conductivity are used to find the activation thermodynamic parameters. Finally, the test 

of the Serghei formula is introduced20 to calculate the real part of the permittivity, in order 

to make a comparison with the estimated value from Klein et al.10 model. 

 

2. EXPERIMENTAL SECTION 

 

2.1 Samples preparation  

The powder of CsH2PO4 (CsP) was prepared from aqueous solutions of Cs2CO3 and 

H3PO4 in a molar ratio of 1:2.25 From CsH2PO4 different orthophosphates, based on the 

partial substitution of Cs by Rb and Ba, to give Cs1-x RbxH2PO4 and Cs1-x Ba0.5xH2PO4, 

named (CsP-Rb) and (CsP-Ba) respectively, were synthesized. The mixed samples of 

CsH2PO4/ RbH2PO4 (CsP-Rb) and CsH2PO4/Ba(H2PO4)2 (CsP-Ba) at 80:20 w/w were 
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prepared using the adequate concentrations of Rb2CO3 and BaCO3, respectively. A 

viscous paste was obtained and further heat treated at temperatures ranging from 300 to 

800ºC to calcinate. The obtained phosphates were then ground to powder.  

On the other hand, the compound named (CsP-S) were prepared from aqueous solution 

of initial components CsH2PO4 and CsHSO4 with adequate concentrations to get a mixed 

polycrystalline of 80:20 w/w. Finally, to obtain the powders of composites named (CsP-

Mo) and (CsP-W), we have mixed the solutions formed by CsH2PO4 with 

H3Mo12PO40
.xH2O to get the polycrystalline sample (CsP-Mo), and with 

H3W12PO40
.xH2O  to obtain the mixture of cesium phosphate with Keggin salt of tungsten 

(CsP-W). In both cases, we have employed adequate concentrations to get a 80:20 w/w. 

Precipitation was promoted adding ethanol. A viscous paste was obtained and further heat 

treated at 150ºC to obtain the powders of mixed samples named (CsP-S), (CsP-Mo) and 

(CsP-W), respectively. Disk samples were used for impedance electrochemical 

measurements with a diameter of 13 mm and thickness of 1.6 mm, being produced by 

uniaxial pressing. 

 

2.2. Samples composition and morphology 

The morphology of the samples CsP, CsP-Ba, CsP-Rb, CsP-S and CsP-Mo was examined 

using a scanning electron microscope (SEM) Quanta 200 FEG-ESEM (FEI Company) 

coupled to an Energy Dispersive X-Ray spectrometer (EDX) for elemental analysis of 

Cs, P and Ba, Rb, S, W and Mo, operating at an acceleration voltage of 15 kV, pressure 

at 60 Pa and low vacuum. Samples were prepared by depositing few mg of powder sample 

on top of a carbon support. In supplementary information we can see, (Figures S1 to S5), 

the SEM images and EDX analysis of the sample CsP, CsP-Ba, CsP-Rb, CsP-S and CsP-

Mo, respectively. With the atomic % of Cs and P and Ba, Rb, S, W and Mo we can 

compute the chemical composition of every sample. For the case of CsP the atomic ratio 

between Cs and P is 1/1.02 that matches accurately to the chemical formula CsH2PO4. 

For CsP-Ba the atomic ratios Cs/P and Ba/P are 0.66 and 0.36, respectively that 

corresponds to a mix of CsH2PO4. 0,5 BaHPO4. A similar situation is encountered for 

CsP-Rb where ratios Cs/P and Rb/P are 1.07 and 0.28, (see figure SI3) giving a formula 

0.8Rb(H2PO4).(Cs2(HPO4).(Cs(H2PO4). 

For CsP-S the atomic ratios according to EDX, (see figure SI4), on Cs/P= 51 and Cs/S= 

1.85 of the mixtures of Cs2SO4 and CsH2PO4 with the addition of H2SO4 immediately 

suggest that the mixture will be basically made of Cs2SO4 with some impurity due to 

CsH2PO4. The best fit corresponds to 0.96 Cs2SO4. 0.04CsH2PO4. 

Similarly the mixing of H3Mo12PO40
.xH2O and CsH2PO4, sample CsP-Mo, produces 

according to the EDX, (see figure SI5), a Mo/P and Cs/P ratios of 0,25 and 2.45, 

respectively that, as for CsP-S suggests that one of the components, in this case 

H3Mo12PO40
.xH2O can be considered as an impurity. The overall formula is 

3(Cs2HPO4).2(Cs3PO4).  

 

2.2 Impedance measurements 

Impedance measurements were carried out on polycrystalline samples at several 

temperatures lying in the range 423 K (150ºC) to 513 K (250ºC), and frequency window 

10-1 < f < 107 Hz. The experiments were performed with 100 mV amplitude, using a 
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Novocontrol broadband dielectric spectrometer (Hundsangen, Germany) integrated by a 

SR 830 lock-in amplifier with an Alpha dielectric interface. In previous measurements, 

different voltages (0.1, 0.5 and 1V) were considered with the intention to ensure the linear 

response. From the results observed we have considered that 100 mV is the appropriate 

in order to get a linear regime. For that purpose, electrodes made of graphite sheets were 

attached to both sides of the polycrystalline sample by co-pressing the synthesized 

materials in a sandwich cell configuration. The measurements were made following two 

different procedures.  

1) Dry procedure: The powder of interest was sandwiched between two graphite sheets 

and introduced between two gold circular electrodes coupled to the impedance 

spectrometer. The assembly membrane-electrode was annealed in the Novocontrol setup 

under an inert dry nitrogen atmosphere, previously to the start of the actual measurement. 

For this experiment, the temperature was two times gradually raised and lowered from 

150ºC to 250ºC in steps of 10ºC. At the third cycle of the temperature scan, the dielectric 

spectra were collected in each step. This procedure was performed to ensure the 

measurements reproducibility.  

2) Wet procedure: The sandwiched sample of interest was wired by two porous stainless 

steel circular electrodes, were set in a glass tube, and then Nitrogen or 30% N2/H2O 

gaseous mixture was flowed through the tube at atmospheric pressure. In the same way 

as has been done in dry conditions, the temperature was two times gradually raised and 

lowered from 150ºC to 250ºC in steps of 10ºC. Also to ensure the measurements 

reproducibility, the values considered in our study were obtained from the third cycle of 

temperature scan. During the conductivity measurements, the temperature was kept 

constant or changed stepwise in all the range of temperatures controlled by a nitrogen jet 

(QUATRO from Novocontrol) with a temperature error of 0.1ºC, during every single 

sweep in frequency. 

3. RESULTS 

3.1. Dielectric spectra analysis 

In order to get information about the behavior of the ionic conductivity and diffusion 

process of mobile carriers, electrochemical impedance spectroscopy measurements were 

performed on several solid acid compounds of cesium phosphate salts-doped. These 

compounds are labeled as CsP, CsP-Rb, CsP-Ba, CsP-S, CsP-W, and CsP-Mo, 

respectively. 

The data have been analyzed in terms of the dielectric permittivity * = ’- j”, where 

the real part of conductivity ’ is obtained from imaginary 𝜀′′ part, as a pure ohmic 

conduction, through the expression ”=’/(0). Here, 0 y  are the vacuum permittivity 

and the angular frequency of the applied electric field respectively. 

In the Fig. 1 it is show the experimental data of conductivity as a function of the frequency 

at several temperatures. The conductivity ’ is characterized by a plateau in the high 

frequency range, and its value tends to a constant corresponding to the direct-current 

conductivity (𝜎𝑑𝑐) of the sample. Deviation from 𝜎𝑑𝑐 in the spectrum of the conductivity 

in the range of low frequencies is due to the EP effect resulting from the blocking 

electrodes, produced by mobile charge accumulation.19,20 
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The conductivity also exhibits a phenomenon of dispersion that obeys a behavior 

described by Jonscher law,17,18 () = 𝜎𝑑𝑐+ 𝜎𝑎𝑐 , being 𝜎𝑑𝑐 the dc conductivity mentioned 

before, and the alternate-current conductivity 𝜎𝑎𝑐 = A𝑚, where A is a factor dependent 

of the temperature and 𝑚 , for an ideal Debye dielectric and ideal ionic type crystals, is 1 

and 0, respectively. Experimental data of the conductivity were fitted to the Jonscher law 

and the parameters are shown in the Table 1. As we can see in Figure 1, only for low 

temperatures (below transition temperature) we have observed three different regions 

perfectly identified. The region of electrode polarization (EP), the region where the dc-

conductivity will be determined (Cond), and the region of subdiffusive conductivity 

(SD).26 In our work the values fitted for the parameter 𝑚 are between 0.4 and 1 for all the 

samples, except in case of sample CsP-S where the value was 0, corresponding to an ideal 

ionic type in all the range of temperatures. For the other samples, the values obtained 

from the fit in the high frequency region can be due to the reorientation motion of dipoles 

and more likely to the motion of the localized charges, which are dominant over the dc-

conductivity.27 

 

Table 1. Jonscher parameters obtained by fitting () = 0+A
m to conductivity data, for some indicated 

temperature in all studied samples.  

CsP dc [S cm] A m CsP-Mo dc [S cm] A m 

T=150°C 1.45x10-6 2.36x10-10 0.59 T=150°C 4.04x10-6 2.80x10-10 0.63 

T=180°C 4.04x10-6 4.38x10-11 0.70 T=180°C 1.12x10-5 2.30x10-10 0.67 

T=210°C 1.66x10-2 0 0 T=210°C 1.13x10-3 0 0 

T=240°C 3.79x10-2 0 0 T=240°C 4.55x10-4 0 0 

CsP-Rb dc [S cm] A m CsP-S dc [S cm] A m 

T=150°C 3.23x10-7 3.67x10-10 0.46 T=150°C 1.43x10-3 0 0 

T=180°C 2.28x10-6 6.78x10-10 0.48 T=180°C 2.96x10-3 0 0 

T=210°C 8.51x10-3 0 0 T=210°C 5.31x10-3 0 0 

T=240°C 2.35x10-2 0 0 T=240°C 8.74x10-3 0 0 

CsP-Ba dc [S cm] A m CsP-W dc [S cm] A m 

T=150°C 9.31x10-5 1.24x10-8 0.65 T=150°C 6.90x10-7 2.08x10-13 0.99 

T=180°C 2.85x10-4 5.67x10-8 0.53 T=180°C 3.15x10-6 3.54x10-13 0.98 

T=210°C 1.70x10-3 0 0 T=210°C 3.38x10-4 0 0 

T=240°C 2.75x10-3 0 0 T=240°C 3.04x10-4 0 0 

 

In the Fig. 1 it can be observed the temperature variations of the conductivity. Also, at 

low temperatures 𝜎𝑎𝑐 depends notably on the frequency and this effect disappears when 

the temperature increases. The emergence of a plateau associated with dc conductivity 

curves shifts at low temperatures and is little remarkable for CsP-S and CsP-Rb samples.  
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Figure 1. Bode diagram for the real part of the conductivity in the temperature range from 

150ºC to 230ºC, for all the samples studied. 

 

A close inspection of Fig. 1 shows a change in the behavior of the conductivity around 

200ºC, for most samples except for CsP-S. For example, a jump between low (150 to 

190ºC) and high temperatures (200 to 230ºC) is revealed for the salts CsP, CsP-Rb, CsP-

Mo and CsP-W. However, this gap is very small in the sample CsP-Ba. These differences 

in behavior are due to the presence of a superprotonic phase transition, such as have been 

also observed in a great number of solid acid sulfates and selenates, where the proton 

conductivity jumps by 3-4 orders of magnitude.28-31 

 

Figure 2 shows the plots of ’, ” and loss tan 𝛿 as a function of the frequency for a set 

of temperatures and for two protonic conductors, CsP-W and CsP-S. In the rest of the 

samples, a behavior similar to that of CsP-W is observed. 
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Figure 2. Real part ’ (squares) and imaginary part ” (circles) of the complex dielectric 

permittivity *, and loss tan  (triangles) for two samples at several temperatures. Left: 

CsP-W sample at 150 ºC and 230ºC. Right: CsP-S sample at 150 ºC, 200ºC and 230ºC. 

The Fig. 2 also shows that the dependence at high frequencies of ”, is almost linear with 

a slope very close to unity. This represents the electrical conduction contribution to the 

dielectric loss, and in this case is due to the dc-conductivity corresponding to the proton 

conduction.10 For intermediate frequencies, the maximum observed can be explained as 

a Cole-Cole type relaxation and is due to the macroscopic polarization of the ionic charges 

in the alternating electric field. This behavior is defined by a relaxation time EP, a shape 

parameter of process  and a dielectric relaxation strength characterized by the parameter 

𝑀, which depends on temperature and the material properties. In a first approximation, 

the relaxation time would be understood as an effective relaxation time where cation and 

anion can be mobile. 

At low frequencies, the dependence is again linear, but with a slope less than unity; that 

is an evidence of a dependence of the type 𝜀′′ = 𝜎′/(𝜀0 𝜔𝑠) , with 𝑠 ≤ 1 (see signal 

arrows in the Fig. 2, with s=0.38 (left) and s=0.30 (right)). When the system is an ion 

conductor the exponent s is near to 1, while s<1 is an indication of diffusion limited 

hopping.10 Here, the parameter  ’ is related to some kind of conductivity (i.e. impurities 

or like-charges).10,13-16 This can be due that at very low frequencies, once the electrode 

polarization has almost completely build-up, there is still a remaining conductivity 

because of some very slow ions, most probably at interface, imply a surface interaction 

at ionic conductor (M+ X-) /insulator heterojunction.6 

When the temperature increases, the maximum of 𝜀′′ shifts to higher frequencies, such is 

shown in Fig. 2. A similar effect is observed for the other samples, although some 

differences in the behavior exist. For example, in the CsP-W sample (see Fig. 2-left), the 

peaks at 150ºC and 230ºC are shifted a frequency interval of around three decades, while 

in the CsP-S sample (see Fig. 2-right), the maxima at 150ºC, 200ºC and 230ºC are 

separated less than one decade. 

When 𝜔  is greater than a cut-off value 𝜔𝑐𝑢𝑡 , the real part of the dielectric permittivity ’ 
tends to a limit value , which corresponds to the static permittivity value s, in the high 

frequency range (where the conductivity is considered constant), while the imaginary part 

of the permittivity ” changes according to ”=dc/(0). 

A maximum in tan  appears when the complex dielectric permittivity ” varies with 

frequency as ” = /( 0) which indicates that this peak is due to a conduction process. 

At this frequency the parameter 𝜎𝑑𝑐 of the samples is obtained. 
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In Fig. 2 it is represented the imaginary part of the permittivity ”, in order to observe 

how the frequencies of the peaks are related to different relaxation behavior and therefore 

obey another processes. The maxima of ” display a Debye behavior, due to the EP effect. 

These peaks are shifted to frequencies lower than those of the conductivity (see Fig. 1) 

and characterize the polarization processes. Their frequencies allow to obtain the time in 

which the above mentioned processes begin to develop in the acid salts studied.  

Taking into account the above comments the dielectric loss spectra is modeled as a 

function of the angular frequency by mean of the piece-wise function given as, 
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where SEPEP   , with EP  being the dielectric constant with EP. The quantity EP 

is the EP macroscopic relaxation time, involving charging/discharging of the electrode 

double layer capacitance, and it is proportional to sample thickness. It is usually defined 

in terms of the bulk resistance RB and the interfacial capacitance CEP as EP= RB CEP .22,32 

The exponent  is the width relaxation and j is the imaginary unity ( 1j ). The low 

frequency range (<cut) is made-up by a Cole-Cole macroscopic polarization term, and 

is due to the movement of ions plus a conductive term that might arise from some residual 

diffusion and persists once the electrode polarization has built-up. The high frequency 

region (>cut) represents the contribution to the dielectric loss to the protonic 

conductivity by means of the expression, ”=dc/(0). Then the cut-off angular 

frequency cut, is the frequency at which the electrode polarization is practically 

irrelevant, and the sample tends to a behavior quasi-ideal respecting the protonic 

conduction.  

Once the conductivity values have been obtained from Bode plots of Fig. 1, their variation 

with the temperature is observed in Fig. 3. An overview of these data shows an increase, 

by several orders of magnitude in the conductivity, associated to an ionic phase transition 

from a low-conductivity (protonic phase) to a high-conductivity phase (superprotonic 

phase). Analogous behavior has been observed in the study of similar compounds.33 
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Figure 3. Temperature dependence of the direct-current conductivity (𝜎𝑑𝑐) for all the 

samples studied in all the range of temperatures. 

 

The Fig. 3 shows that the conductivity rises with the increase in the temperature and there 

is a steep change in the conductivity at 𝑇 = 𝑇𝑠𝑝, being 𝑇𝑠𝑝 the temperature at which occurs 

the superprotonic phase transition. This temperature depends of salt dopant and occurs in 

the range between 200 and 215ºC in humid conditions for most of the samples, except for 

the dopant salt of CsP-S. In polycrystalline sample Cs-P, the transition occurs between 

200 and 210ºC and similar results have been observed by Otomo, et al. in the study of 

protonic conduction of CsP and its composite with silica.6 Note that this jump is four 

orders of magnitude for the CsP sample, three orders for the doped salt CsP-Mo, and two 

orders of magnitude for CsP-W sample. Moreover, in the comparison of the behavior of 

CsP-Ba and CsP-Rb, the latter presents an increase in conductivity by about four orders 

of magnitude, while for CsP-Ba this growth is just only one order of magnitude. The CsP-

S sample does not have the same behavior as the other salts, just as the transition between 

low-temperature monoclinic phase to high-temperature tetragonal (instead cubic phase) 

appears around of 141ºC in CsHSO4.34 . This temperature is outside our range of 

measurements. Taking into consideration the EDX study the composition suggested for 

the sample CsP-S is that the mixture will be basically made of Cs2SO4 with some impurity 

due to CsH2PO4. The best fit corresponds to 0.96 Cs2SO4-0.04CsH2PO4, this means that 

sample named CsP-S is formed mostly by Cs2SO4. According to these results, we can 

think that the conductivity values correspond to the superprotonic transition in the heating 

regime, because we are started our experimental study from 150ºC. This affirmation is in 

agreement with the results of the study of Ponomareva et al.,49,50 where the partial HSO4- 

substitution in CsH2PO4 produce a solid solutions of the resultant (CsH2PO4)1-x 

(CsHSO4)x compounds with different behavior depending of the amount of CsHSO4. 

When the amount of CsHSO4 is higher, then the superprotonic phase transition, due to 

the rearrangement of the sulfate-phosphate tetrahedral, becomes, broader and shift to 

lower temperature around 130ºC at 10% and disappear around 15% of CsHSO4. On the 

other hand, investigations carried out by Ponomareva et al49,50, in pure polycrystalline 

Cs3(HSO4)2H2PO4 clearly demonstrate that temperature of the superprotonic phase are 

around 137ºC in the heating regime and about 113ºC on cooling, both temperatures are 

1.9 2.0 2.1 2.2 2.3 2.4

-16

-14

-12

-10

-8

-6

-4

 

 

ln
(

d
c
 /
 T

) 
 [

S
/m

 K
-1
]

1000/T  [K
-1
]

 CsP-S

 CsP-Ba

 CsP-W

 CsP-Rb

 CsP-Mo

 CsP



10 

 

below our range of temperature. Therefore, the superprotonic phase transition could have 

been produced at temperatures below 150 ºC for CsP-S salt, since the measurements start 

above this value and the jump cannot be seen. Also Haile et al.,28  in identical compounds 

to Ponomareva et al.49, showed a temperature transition around 119ºC. EDX 

measurements of our compound CsP-S shows that relations between compositions of 

Cs/P and Cs/S were 51 and 1.85, respectively, that is to say that the amount of CsH2PO4 

in the mixed compounds was around 4%. Therefore, we think that the superprotonic phase 

transition of CsP-S samples have been produced at temperatures below 150 ºC, because 

the effect of the CsP salt ( around 4%) is very smaller in comparison with the amount of 

the Cs2SO4 in the mixture.  

 

Table 2 Values of activation enthalpy (H), entropy (S) and activation energy (𝑬𝒂) for all samples studied. 

Two set of values are given, under the transition (T<Tsp) and above the transition (T>Tsp). 
 

Salt 
 

T<Tsp 
 

T>Tsp 

 H 

(kJ/mol) 

S 

J mol-1 K-1 

𝑬𝒂 

(kJ/mol) 

H 

(kJ/mol) 

S 

J mol-1 K-1 

𝑬𝒂 

(kJ/mol) 

CsP 62.4±2.1 15±2 66.2±2.0 16.2±1.5 12.5±1.2 17.8±2.5 

CsP-S __ __ __ 39.0±0.5 23.3±1.8 43±0.6 

CsP-Ba 54±3 45±3 58±3 28.9±1.8 11±2 31.1±2.3 

CsP-W 77±4 51±2 80±4 2.5±0.3 58±7 4.3±0.4 

CsP-Rb 117.4±2.5 146±4 120±2.4 17.4±2.1 99±5 19±2 

CsP-Mo 50±2 1.5±1.0 53±2 7±1 18±4 8±1 

 

In order to continue with the analysis of the conductivity of the salts, the Eyring’s rate 

theory is used,35 where the conductivity varies with temperature through the expression 

 

𝜎 = 𝐶0𝑇exp (−
𝛥𝐺𝑎

𝑅𝑇
).        (2) 

 

Here 𝛥𝐺𝑎 = 𝛥𝐻𝑎 − 𝑇𝛥𝑆𝑎 is the free energy associated with the energy barrier for the 

ionic transport. The pre-factor 𝐶0, is a reference value and 𝑅 is the constant of gases. 

Namely the diffusion of ions is thermally activated, and the energy 𝛥𝐺𝑎 involve the 

formation of the activated complex linked to ion hopping. Thus 𝛥𝐻𝑎 and 𝛥𝑆𝑎 are the 

activation enthalpy and entropy, respectively. Calculation of 𝛥𝐻𝑎 is obtained from the 

slope of the plot ln (𝜎/𝑇) vs 1/𝑇  (Fig. 3), and 𝛥𝑆𝑎 is estimated from the 𝑦-intercept from 

this plot. In the estimation of activation entropy 𝐶0 is considered equal to one, and is taken 

the same for the protonic and superprotonic phase. The activation energy 𝐸𝑎 is calculated 

from the Arrhenius expression in the conductivity 𝜎 = 𝐴exp(−𝐸𝑎/𝑅𝑇) , where A is a 

coefficient independent of temperature. Values of these quantities are shown in the Table 

2. Notice that for the sample CsP-S the activation enthalpy and the entropy are obtained 

for the only one phase. For these data is observed that for most samples, the activation 
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enthalpy decreases from one phase to the another. In addition, the values of 𝛥𝑆𝑎 increase 

for the CsP, CsP-Mo and CsP-W samples, suggesting that higher value of activation 

entropy is associated with the higher conductivity (order-disorder transition), and with 

the structural change from the monoclinic to cubic phase (disorder-order transition). 

It is also observed for all samples that the activation energy 𝐸𝑎 decreases as temperature 

increases. This means that in the superprotonic phase, the barrier energy is small 

compared to protonic phase and hence the conductivity rises. Finally activation energies 

of pure CsP obtained in low conductive phase (66.2 kJ mol =0.69eV) are significantly 

smaller than the previous values reported by Baranov et al.5 (around 0.95eV91 kJ/mol), 

whereas the value obtained in the superprotonic phase was 17.8 kJ/mol (0.19eV) also 

smaller than 0.30eV and 0.29 eV, reported by Baranov et al.5and Ortiz et al.,7,8 

respectively. 

However, our values in low conductive phase are higher than the values reported by 

Otomo et al.6 (around 0.45eV), while for high conductive phase the value was 0.19eV 

smaller than that found by Otomo et al. (0.37eV). Such differences can be related with 

the humidity conditions. In our experimental procedure, the samples are below a flux of 

30% N2/H2O gaseous mixture at atmospheric pressure, while in Otomo et al. the flux was 

30% Ar/H2O. Finally, the activation energy obtained for the compound CsP-S was 

43kJ/mol (0.49eV) about 1.6 times higher than the value found by Ponomareva et al.50. 

These differences could be due to differences in the Cs/P and Cs/S ratios of the compound 

and the humidity of the air flux 

 

3.2. Electrode polarization analysis 

 

In the experimental assembly in wet conditions procedure, a sample sandwiched between 

two graphite sheets was introduced between two porous stainless steel circular electrodes 

of 10 mm diameter completely blocking electrodes. Owing to an EP phenomenon, a 

suitable analysis should be carried out. Although different EP models have been 

established to determine the mobility and ionic concentration of charge carriers using 

impedance spectroscopy measurements,10,13,14,36-40 the Klein et al. model method10 will 

be followed. It is based on Coelho model,36 where the ionic charge density and the ion 

mobility are obtained from measurements of tan 𝛿 in ionic conductors and polymeric 

membranes.11,38,41-43 

On the other hand, based on the EP model Fragiadakis et al.,39,40 they explain the 

conduction mechanism proffering an expression to separate the ionic conductivity into 

the contribution of mobile ion concentration and ion mobility, as a function of the ion 

content and the dielectric constant measured experimentally. In this equation the authors 

provides much better fits to the data of complex permittivity, reproducing the shape of 

the curves over the entire frequency range. Although, in these EP model the authors do 

not need to split the imaginary part of the dielectric permittivity in the low and high 

frequency regions, in this work we make use of a piecewise function which is Debye at 

high frequencies and Cole-Cole at low frequencies. Such function allowed us to fit the 

experimental data more accurately than the Klein et al.10 method. A theoretical 

justification for this procedure is given in Híjar et al.44 

Unlike that in the Klein model, the dependence of the complex dielectric permittivity on 

frequency is represented by a single Debye relaxation, in this work it is expressed in terms 

of a piecewise Cole-Cole function by mean of Eq. (1), where the real and imaginary parts 

are, respectively 
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In Eq. (4) the contribution of the conductivity ’ at low frequencies is omitted, because 

it is negligible regarding the dc term. From Eqs. (3) and (4) it can be obtained the loss 

tan = 𝜀′′/ 𝜀′, as 
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If =1 in the Eq. (5), the expression for the tan  of Ref.10 is recovered. Since the dc term 

has no effect on the tan  peak, this can be neglected, and then the Eq. (5) is written as,  
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with SEPM  / . If =1, then Eq. (6) is reduced to Coelho model, where EP behavior is 

represented by a single Debye relaxation. 

Figure 4 shows the tan  as a function of the frequency for all the samples studied in all 

the range of temperatures. A maximum in the curves at each temperature can be observed, 

and it shifts abruptly to high frequencies as the temperature increases. In the beginning, 

an increase in the temperature produces a growth in maximum intensity, but its intensity 

decreases when the transition temperature 𝑇𝑠𝑝 (around 210ºC) is reached, and then 

gradually rises with the increase in temperature. This can be seen for the salts: CsP, CsP-

Mo, CsP-W, CsP-Rb and CsP-Ba. The shift in the maxima is indicative of the 

aforementioned superprotonic transition phase (matching with polymorphic structural 

phase transition). This transition arises in most of the samples except for the salt CsP-S, 

because it could have been happened at temperatures around 150ºC.25,34 
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Figure 4. Tan  vs. frequency in all the range of temperatures for each one of salts studied. 

When it is compared the intensity of the loss tangent of CsP pure salt with those that are 

doped, several effects are observed. For example, the addition of Rb (in CsP-Rb sample) 

instead of Ba (in CsP-Ba sample) barely displays the maxima in the loss tangent at high 

temperature transition (see Fig. 4). However, in the case of salt with Ba, the inclusion of 

atoms larger than Rb, produces peaks much wider; this means that the width frequency 

changes in one decade. 

Equation (5) has been used to fit the experimental data shown in Fig. 4 to provide the 

estimation for M, EP and , for three values of the temperature (150ºC, 200ºC and 230ºC) 

The values of these parameters are given in Table 3. 

Table 3. Parameters M, EP and  on equation (5) for some temperatures, from fitting the experimental data 

for tan δ. 
 

Salt 
 

T=150ºC 
 

T=200ºC 
 

T=230ºC 

 M EP [s]  M EP [s]  M EP [s]  

CsP 3.86E+05 4.58E+00 9.97E-01 1.15E+04 9.06E-04 9.87E-01 1.42E+04 1.24E-04 9.86E-01 

CsP-S 1.64E+05 4.39E-04 9.98E-01 1.60E+05 1.46E-04 9.98E-01 2.90E+05 1.20E-04 9.97E-01 

CsP-Ba 7.81E+03 1.08E-02 9.71E-01 5.82E+04 1.88E-04 9.86E-01 1.01E+06 7.31E-04 9.87E-01 

CsP-W 3.66E+05 1.17E+00 9.98E-01 7.97E+04 2.37E-03 9.96E-01 6.19E+05 3.20E-03 9.99E-01 

CsP-Rb 1.46E+04 2.07E-01 9.97E-01 2.26E+04 6.80E-03 9.92E-01 9.32E+06 4.40E-06 9.78E-01 

CsP-Mo 9.16E+05 9.59E+00 9.96E-01 1.56E+04 1.14E-03 9.84E-01 1.86E+04 1.58E-04 9.84E-01 
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The  value is close to the unity, meaning a limit value in the Cole-Cole model 

corresponding to a Debye behavior. It is also observed that the relaxation time EP and the 

parameter M, depend on the temperature. In Fig. 5, it can be seen the fitting for three 

materials CsP, CsP-Ba and CsP-Mo at two temperatures, one below transition (150ºC) 

and the other above the transition (220ºC). 

 

Figure 5. Tan δ as a function of the frequency at 150ºC and 220ºC for CsP (squares), CsP-

Ba (circles) and CsP-Mo (triangles). The solid lines indicate the convolution of Eq. (5) in 

the peak of tan δ at higher frequencies.  

 

The curves shown in Fig. 4, display peaks corresponding to the maxima in tan  (Eq. (5)) 

and are associated with the plateau of the real part of the conductivity observed in the 

Bode diagrams (see Fig. 1). Their corresponding values in frequency are related with the 

parameters M and EP as 

EP

M







2

1

tan
max  ,         (7) 

where the EP relaxation time, when the electrode polarization is completely build-up, 

is45,46 

dc

EP
EP




 0 .          (8) 

The quantity M is also expressed as M=L/2LD, and the parameters EP and EP are related 

to M trough expressions,  MEP   and SEP M  , being  the relaxation time also 
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defined as 𝜎 =
𝜀𝑆

𝜎𝑑𝑐
 where S is the dielectric permittivity of the sample. The parameter L 

is the thickness of the sample (i.e. electrode separation when the sample is sandwiched to 

take the measurements) and LD is de Debye length, defined as  

nq

kT
L S

D 2

0
 ,         (9) 

where k is the Boltzmann constant, T the absolute temperature, q is the ion charge and n 

the mobile charge density.  

Considering that cation and anion have approximately the same mobility , the 

conductivity dc is expressed in terms of n and  as,11 

 

 nqdc  .          (10) 

Using the equations of EP  and EP  in terms of M together with Eq. (8), the mobility is 

determined as, 

kTM

qL

EP


4

2

          (11) 

and then taking into account the Einstein relation for ion diffusivity together with Eqs. 

(7)-(11), it is calculated the diffusion coefficient of the protons as 

EPM

L
D

4

2

 .          (12) 

The Eq. (12) allows determining the ion diffusivity in terms of parameters M, EP  and L. 

From Eqs. (9) and (12), the ionic charge density is, 

2Dq

kT
n dc
           (13) 

The values for diffusivity D using Eq. (12) and charge density n with Eq. (13), are shown 

in Figs. 6 and 7 respectively, as a function of the temperature. In the Fig. 6, a similar 

effect in diffusivity to that observed in conductivity (see Fig. 3), is appreciated. The 

diffusivity rises as the temperature increases, and an abrupt change in the behavior 

appears around 200ºC for most of the samples. It can be related with the superprotonic 

phase transition, which is happening in the range between 200-210ºC. 

This transition is due to the change of the crystallinity of the salts, where in the low-

temperature conductive phase the diffusion coefficient is about 10-12 m2/s at 150ºC, and 

in the high-temperature superprotonic phase is about 10-6 m2/s at 220ºC for CsP. 

This structural change is explained considering that under room temperature, there is a 

network where 𝑃𝑂4
−3 oxyanions are linked via O‒H··O bonds forming H2 (PO4)

- layers 

and Cs is situated between these layers. When the temperature is increased there is a 

reorientation of the oxyanions giving a cubic phase.  
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The proton conductivity of CsP at high temperatures takes place following two different 

and competing mechanisms: diffusion (vehicle transport) and Grotthuss mechanism. In 

the first one, the fast proton hopping is followed by a slow repositioning of the oxyanions, 

whereas the reorientation of the PO4 group is not necessary in the Grotthuss mechanism.47 

At high temperatures, the PO4 tetrahedron reorientation (the slowest process) is favored, 

resulting in an improvement of the diffusion coefficient of protons. Similar results are 

found for the other salts, and in the CsP-S sample the conductivity and the diffusion 

coefficient are very high (around 10-1 S/m for conductivity and 10-8 m2/s in case of 

diffusivity), because it is already in the superprotonic phase. 

  

Figure 6. Left) Behavior of diffusion coefficient calculated following the EP model by 

means of Eq. (12). Right) Diffusion coefficient (D*) after correcting the number density 

using the factor of proportionality,

0n

n
N tot .  

 

 

Figure 7. Temperature dependence of free-ion number density n calculated from the EP 

effect using the Klein et al. model for all the samples studied. 
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From the results shown in Fig. 7, it can be seen that the proton concentration is fairly 

constant in the protonic phase (low-temperature phase) varying from 9.18x1021 m-3 to 

1.7x1025 m-3. Between 200-210ºC the concentration decreases and it can be due to the 

change of crystallinity involving a reorientation of crystals of the pellets. When the 

temperature increases above 210ºC, a normal tendency to follow the same behavior than 

in low temperature phase is observed, increasing for all the samples in the high-

temperature cubic phase. For example, the concentration of charge carrier density 

changes from 9.18x1021 m-3 for CsP-Rb in monoclinic phase to around of 1.5x1025 m-3 in 

the case of cubic phase. Similarly, for CsP-Ba the change is about three orders of 

magnitude between monoclinic and cubic phase transition (from 7.37x1022 m-3 to around 

2.75x1025 m-3). However, it cannot be appreciated any change for the samples CsP-Mo, 

CsP-W and CsP-S where the only change is observed through the transition temperature 

interval. In the case of CsP, the free-ion number density decreases from 1.71x1025 m-3 to 

1.23x1023 m-3. The values of mobile ion concentration is surprisingly low than 

stoichiometric calculations where the total concentration of protons, (ntot) is around 1028 

m-3 at room temperature. Which yields a dissociation degree of roughly 10-3 at low-

temperature phase and 10-5 for the super protonic phase. These values are quite similar to 

those found for other polyelectrolytes.39,40,48 

Our analysis based on electrode polarization, only reflects the diffusivity of free ions. Our 

calculations gave a quantity of free ion concentration, n, lower than the total amount 

calculated theoretically, ntot, being evident that these results overestimated the ion 

diffusivity. In general, the free ion concentration can be described by the Arrhenius 

equation n=n0 exp(-Edis/kBT), where Edis is the dissociation energy and n0 the number 

density in the high temperature limit at which we can assume a complete dissociation. As 

it is known the electrode polarization model is based on the Debye-Hückel theory and 

therefore can be expected that this model fails in the case of high ionic concentrations. 

To solve this contradiction, we have followed the same line of reasoning that Wang et 

al.23,24, correcting the number density using the factor of proportionality,

0n

n
N tot  and its 

reciprocal 

totn

n

N

01
 to correct the diffusivity. In this case ntot is the total ion number 

density calculated theoretically from the preparation of the samples. In this way the 

corrected diffusivity will be  

𝐷∗ = 𝐷
𝑛0

𝑛𝑡𝑜𝑡
     (14) 

Where D*, is the diffusivity after correction and D is the value obtained from eq. (12). 

Figure 6-right shows the corrected diffusivities. The values obtained after correction are 

more consistent with the general protonic diffusivity values observed in 

polymers.22,23,24,39,40,48 
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Alternative models have been used to calculate the average free ion diffusivity, D. One 

of them is the Macdonald-Trukhan model, where the diffusion coefficient of the protons 

is calculated through the expression,  

𝐷 =
2𝜋𝑓𝑚𝑎𝑥𝐿2

32(tan 𝛿)𝑚𝑎𝑥
3 ,         (15) 

where fmax and (tan )max are the frequency and the amplitude of the EP tan  maximum, 

and L is the sample thickness. In Eq. (14) the experimental values for fmax and (tan )max 

shown in Fig. 4 for all the samples studied, are introduced. The estimation of the diffusion 

coefficient at several temperatures are given in Table 4. Also in this table, the values 

calculated following the Eq. (12) obtained from the Klein model, are reported. From the 

comparison of these two models, it could be observed smaller values of diffusivity on 

Klein model, than in Macdonald-Trukhan description Eq. (15). However both values of 

the ion diffusivity are overestimated. It is known that the EP model yields reasonable 

ionic dissociation energy, but the obtained diffusivities are not in agreement with 

experiment, suggesting that the analysis of ion diffusivity and number density using the 

EP model should be considered with great caution, such as also have been observed by 

Wang et al.23 From our results, it can be concluded that the EP model may only describe 

the dielectric response qualitatively, however the model tends to fail when quantitative 

values are considered. Based on these observations, we think that diffusivity analysis 

from EP model should be corrected, at least in the case of ionic conductors, solutions or 

polymers with high charge concentration, such as we are done. A thorough analysis of 

these differences is beyond the purpose of our work; however, a more complete study of 

it will be discussed later in another paper where the transition observed for the samples 

studied will be completely analyzed. 

 

Table 4. Values of the average free ion diffusivity D, calculated from Klein model, Eq. (12), before 

corrections, and Macdonald-Trukhan model, Eq. (15). 

 

Salt 
 

T=150ºC 
 

T=190ºC 
 

T=230ºC 

 D (m2/s) 

Eq. (12) 

D (m2/s) 

Eq. (14) 

D (m2/s) 

Eq. (12) 

D (m2/s) 

Eq. (14) 

D(m2/s) 

Eq. (12) 

D (m2/s) 

Eq. (14) 

CsP 1.94 x10-12 1.6 x10-10 6.63 x10-11 7.6 x10-10
 1.94 x10-6 1.3x10-6

 

CsP-S 1.01 x10-8 3.2x10-7 2.54 x10-8 6.7x10-7 2.08 x10-8 4.2x10-7 

CsP-Ba 1.93 x10-8 6.5x10-7 4.41 x10-8 2.0x10-6 6.52 x10-8 2.1x10-6 

CsP-W 3.66 x10-12 2.5x10-11 1.55 x10-11 1.6x10-10 7.88 x10-10 1.7x10-9 

CsP-Rb 7.94 x10-10 7.3x10-10 8.36 x10-9 2.1x10-8 5.85 x10-8 4.0x10-8 

CsP-Mo 3.50 x10-10 4.8x10-9 1.49 x10-9 5.7x10-8 7.62 x10-8 2.6x10-6 
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Finally, the values of the static permittivity s can be estimated from EP model followed 

here10 and from Anatoli Serghei description.20 In the EP model s is determined as 

0

dc
s

M

σ
ε



 EP ,          (16) 

in terms of fitting parameters. 

The Serghei procedure provides another method to calculate the static permittivity, s. In 

this method the permittivity is expressed in function of the values of the onset of the EP 

(fON) and that corresponding to the frequency for the full development of EP (fmax). Both 

values are found from the curves of double logarithmic plot of σ” versus frequency, and 

are related with the static permittivity, s. as 

2

ON0

maxdc
s

2π

σ
ε

f

f


           (17) 

 

 
Table 5. Values from EP model (Eq. (16)) and from Serghei expression (Eq. (17)), for static permittivity 

on the indicated temperatures for all samples, respectively. 

 

Salt 

T=150ºC 

εS 

(Eq.15) 

T=150ºC 

εS  

(Eq.16) 

T=200ºC 

εS 

(Eq.15) 

T=200ºC 

εS  

(Eq.16) 

T=230ºC 

εS 

(Eq.15) 

T=230ºC 

εS  

(Eq.16) 

CsP 1.94E+02 1.04E+01 1.37E+03 1.75E+01 2.38E+03 6.89E+01 

CsP-S 4.33E+01 2.56E+00 4.57E+01 3.30E-01 3.43E+01 6.79E+00 

CsP-Ba 1.45E+03 4.20E+02 5.72E+01 4.47E+00 1.82E+01 2.53E+01 

CsP-W 2.48E+01 1.23E+01 3.57E+01 1.20E+01 2.07E+01 1.01E+01 

CsP-Rb 5.11E+01 5.75E+00 4.92E+01 1.04E+01 1.49E+01 3.16E+00 

CsP-Mo 4.76E+02 4.57E+01 2.15E+02 5.28E+01 1.17E+02 2.26E+00 

 

Fig. 8 shows the double logarithmic plot of imaginary part of conductivity versus 

frequency for CsP-S and CsP-Rb. Similar curves were obtained for the other samples. 

From these figures we can obtain at each temperature the frequency values of the onset 

(fON), and the frequency for the full development of electrode polarization (fmax), which 

permit us obtain the static permittivity following the Eq. (17). The values of s calculated 

following the EP model and Serghei method, are shown in Table 5. A close inspection of 

these results indicates that static permittivity decrease when temperature increases, and 

the values obtained following the Serghei expression are smaller than that obtained by 

using the Eq. (16). Both calculations are different that the values found experimentally. 
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Figure 8. Double logarithmic plot of σ” versus frequency in the complete range of 

temperatures studied for CsP-S and CsP-Rb. 

A close inspection of Figure 8 shows that the imaginary part of the conductivity, similar 

to observed with the real part of the conductivity, rises with the increase in the 

temperature and there is a steep change in the conductivity at the temperature at which 

occurs the superprotonic phase transition, 𝑇𝑠𝑝. This temperature depends of salt dopant 

and occurs for the sample CsP-Rb in the range between 200 and 210ºC, in humid 

conditions. Note that the jump observed for log ” for the values of the maximum and 

minimum is about four orders of magnitude for CsP-Rb sample. Finally, the CsP-S 
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sample, such we are commented before, does not have the same behavior as the other 

salts, just as the transition between low-temperature monoclinic phase to high-

temperature tetragonal (instead cubic phase) must be appears at temperatures below 

150ºC.28,49,50  

 

CONCLUSIONS 

In the present work, we have studied different compounds based CsH2PO4 on the partial 

substitution of Cs by Rb and Ba, to give Cs1-x RbxH2PO4 and Cs1-x Ba0.5xH2PO4, 

respectively. On the other hand, the compounds named (CsP-S), (CsP-Mo), and (CsP-W). 

using adequate concentrations to get a 80:20 w/w, were prepared to study the 

conductivity, diffusion coefficient and free charge density when a morphological phase 

transition occurs (monoclinic to cubic phase), corresponding to a protonic and a 

superprotonic phase, respectively. In order to study the influence of the element dopant, 

the conductivity measurements have been performed as a function of the temperature in 

humid atmospheres. From our results an important increasing on the conductivity of the 

compounds is observed around 200 ºC, probably due to the disorder increment when the 

phase transition comes up. It is thought that the configurational entropy increase by means 

of Grotthuss mechanism, in which proton migration occurs via dipole reorientation, 

structural relaxation and proton hopping and tends to decrease the activation energy. 

Following the EP model from fitting data of tan  diffusion coefficient of protons and 

mobile ion concentration density have been obtained. The results show similar variations 

with temperature to those observed in conductivity. However, our analysis based on 

electrode polarization, only reflects the diffusivity of free ions, where the calculations 

gave a quantity of free ion concentration, n, lower than the total amount calculated 

theoretically, ntot, being evident that these results have overestimated the ion diffusivity. 

The magnitude of these changes depends on the salt dopant, being very important in case 

of samples CsP, CsP-Rb and CsP-Mo. On the opposite, we observed small changes when 

the salt dopant used were CsS (sample, CsP-S) and BaP (CsP-Ba), respectively. The 

reversibility of the phase transition between low and high conductive phase has been 

observed around of 200ºC for all the samples except for the mixed salt CsP-S because it 

could have occurred at temperatures below 150ºC. The reproducibility of all the 

measurements has been analyzed, and that is completely satisfied. The calculated static 

permittivity decrease when temperature increases, and that values obtained following the 

Anatoli Serghei expression are smaller than obtained using the Eq. (15) obtained from the 

EP model. 
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