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Abstract

The enthalpies of the solution of MZr2(PO4)3 (M=Na, K, Rb or Cs) compounds have been measured

by the help of a differential automatic isothermal Calvet calorimeter and the standard enthalpies of

formation have been derived. The temperature dependencies of the standard heat capacity of the

samples of crystalline NaZr2(PO4)3 and CsZr2(PO4)3 were studied between 7 and 340 K in an auto-

matic adiabatic vacuum calorimeter. The main thermodynamic functions H0(T)–H0(0), S0(T) and

G0(T)–H0(0) have been determined. The Gibbs energies of formation of the NaZr2(PO4)3 and

CsZr2(PO4)3 at 298.15 K were calculated on the basis of these experimental data and the enthalpy of

formation data. Qualitative explanations for the results observed were presented.

Keywords: alkali-zirconium phosphates, enthalpies of solution, heat capacity, NZP structure, ther-
modynamic functions

Introduction

The crystalline phosphates forming structures analogues of NaZr2(PO4)3 (NZP) type

family are subjects of many research works. The reason for such an interest consists

in the complexity of their properties.

NZP phosphates are stable under the action of high temperature (up to 2000 K),

high pressure, γ-radiation (up to 5⋅108 Gy) and for α-particles (up to 9⋅1013 particles

and the same quantity of recoil atoms per 1 mg), under the action of aggressive me-

dia, under the combined action of high temperature (up to 673 K), pressure (up to

6⋅107 Pa), and water action [1–3]. Some phosphates with such a structure and having

special compositions are characterized by ultralow thermal expansion (a near-zero

value), high ionic conductivity (Na+ conductivity of Nasicon solid solution systems to

0.2 Ω–1 cm–1 at 600 K) and catalytic activity [4–6].

The basis of this structure is a mixed anionic framework of {[Zr2(PO4)3]
–}3∞

type, which consists of discrete Zr octahedra and isolated P tetrahedra. Sodium cat-

ions are situated in some of the cavities of the anionic framework that are open for oc-

cupation, and play the role of compensators of negative charge.

A wide range of the structural analogues contains phosphates of many kinds of

elements of different sizes and oxidation states. Among them are alkali, alkaline
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earths, transitional elements. These elements substitute sodium and zirconium in the

NZP structure and also enter the vacant crystallographic positions. NZP family has

widened because of the possibility of the substitution of phosphorus with 4-, 5-, or 6-

valent elements such as silicon, arsenic, vanadium or sulfur.

NZP structure predetermines many important properties of substances useful for

modern and future technology. That is why knowledge of the thermal and thermody-

namic properties, such as heat capacity, enthalpy, entropy and Gibbs functions of for-

mation, formation reaction constant, etc., must be fundamental to every application in

NZP materials technology.

Although there are a lot of literature cites that deal with NZP phosphates family,

there are only few reference concerning the standard thermodynamic data [7–10].

The electrochemical (500 K<T<1000 K) and calorimetric (4 K<T<800 K) stud-

ies of the Na1+xZr2SixP3–xO12 (0≤x≤3) solid solutions were reported elsewhere [7, 8].

For NaZr2(PO4)3 (x=0), heat capacity was measured above room temperature. The

thermodynamic functions of crystalline NaZr2(PO4)3 for T=0 to 340 K and

p=101.325 kPa and its standard enthalpy, entropy and Gibbs energy for T=298.15 K

were already published [10].

The present investigation was performed in order to determine the standard

enthalpies of formation of NZP like structure orthophosphates of MZr2(PO4)3 (M=Na,

K, Rb or Cs) composition. With this aim in view, calorimetric measurements of the

solution enthalpies of MZr2(PO4)3 compounds with hydrofluoric acid at 298.15 K

were carried out. Table 1 shows experimental scheme for the calculation of

enthalpies of reaction of MZr2(PO4)3 synthesis. From these results and the enthalpies

of different auxiliary processes, the standard enthalpies of formation values of the

compounds investigated were calculated.

Table 1 Experimental scheme for the calculation of enthalpies of reaction of MZr2(PO4)3 synthe-
sis (298.15 K) obtained from Hess cycle: ∆ ∆ ∆ ∆ ∆ ∆ ∆r r r r r r rH H H H H H H7

0

1

0

2

0

3

0

4

0

5

0

6

0= + + − − −

Reaction No. Steps of cycle ∆rH
0

1
3H3PO4·8.4H2O(sol 1)+670HF·2117.2H2O(sol 2)→
3Η3PΟ4⋅670HF⋅2125.6H2O(sol 3)

∆rH1

0

2
2ZrO2(cr)+sol 3→
2H2ZrF6⋅3H3PO4⋅658HF⋅2129.6H2O(sol 4)

∆rH 2

0

3
MX(cr)*+sol 4→
MX⋅2H2ZrF6⋅3H3PO4⋅658HF⋅2129.6H2O(sol 5)

∆rH 3

0

4
MZr2(PO4)3(cr)+sol 2→
MF⋅2H2ZrF6⋅3H3PO4⋅657ΗF⋅2117.2H2O(sol 6)

∆rH 4

0

5
HX⋅8.4H2O(sol 7)+sol 6→
MX⋅2H2ZrF6⋅3H3PO4⋅658HF⋅2125.6H2O(sol 8)

∆rH 5

0

6 4H2O(1)+sol 8→sol 5 ∆rH 6

0

7
MX(cr)+2ZrO2(cr)+3H3PO4⋅8.4H2O(sol 1)→
MZr2(PO4)3(cr)+HX⋅8.4H2O(sol 7)+4H2O(1)

∆rH 7

0

*X – Cl– or NO3

−
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We also present our results on the precise measurements of the temperature de-

pendence of the heat capacity, Cp

0 of the crystalline NaZr2(PO4)3 and CsZr2(PO4)3

phosphates in the range from 7 to 340 K.

By combining the data obtained by the two techniques, the standard Gibbs func-

tions of formation of NaZr2(PO4)3 and CsZr2(PO4)3 were determined.

Experimental

A set of samples with the composition, described by the general formula MZr2(PO4)3

(M=Na, K, Rb or Cs) was prepared by the sol–gel method based upon reactions tak-

ing place in aqueous solutions. The following reagent grade reactants were used:

NaNO3, KNO3, RbCl, CsCl, ZrOCl2⋅8H2O, H3PO4.

A solution of phosphoric acid, taken in accordance with the stoichiometry of the

phosphate, was dropped into the mixture of the aqueous solutions of an alkali metal

salt and zirconium oxychloride taken in the stoichiometric ratios under stirring at

room temperature. The gel formed was dried at 353 K and then thermally treated at

873 and 1073 K with at least 24 h plateau at each step. The thermal treatment stages

were alternated with careful grinding.

The obtained samples are colorless polycrystalline powders. Their phase purity

was checked by X-ray diffraction (DRON-3.0 diffractometer, CuKα radiation), using

PDF data. The X-ray patterns contained only reflections of MZr2(PO4)3 where M is

Na, K, Rb or Cs. The unit cell parameters for the synthesized phosphates are given in

a previous paper [11]. The IR spectra (Specord-75IR) agree with data presented else-

where [12] and show no evidence of condensed phosphate groups. The chemical

compositions and homogeneity of the samples were checked with the aid of a

Camebax microprobe analyzer. The results showed the homogeneity of the samples

and confirmed that their compositions were close to the theoretical values calculated

for the general formula MZr2(PO4)3.

Heat capacity was measured in the range of 7 to 340 K using an automatic adia-

batic vacuum calorimeter. The calorimeter design and the operational procedure were

described in detail elsewhere [13, 10]. The reliability of the calorimeter operation was

tested by measuring Cp

0 of standard benzoic acid and corundum. It was established

that the apparatus and the measurement procedure allowed us to obtain Cp

0 of the sub-

stances in the condensed state with an error of not more than 2 per cent at T=5 to

10 K, 0.4 per cent in the range 10 to 40 K and within 0.2 per cent between 40 and

340 K.

The enthalpies of solution at 298.15 K were determined by help of a DAK-1-1-A

automatic isothermal differential Calvet-type microcalorimeter. Its design and the

operation were described earlier [10, 14]. For calibration, a known current was

passed through the cell-assembly heater over a certain time. The reliability of the cal-

orimeter operation was tested in experiments on the solution of reagent-grade KCl in

bidistilled water. The value for the standard enthalpy of solution obtained by us

∆solH
0=17.6±0.4 kJ mol–1 (average of 10 experiments) was in agreement with the pub-

lished value ∆solH
0=17.58±0.34 kJ mol–1 [15].
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The 298.15 K enthalpies (∆rH
0) of the reactions studied are averages of four to

six replicates. In conformity with IUPAC recommendations [16], the uncertainty in

∆rH
0 is given as a standard deviation of the average. The net uncertainty in the

enthalpy of formation was evaluated as σ σ= ∑( ) /

i

2

i

1 2, where σi is the uncertainty in a

single measurement.

Results and discussion

The heat capacities of crystalline NaZr2(PO4)3 and CsZr2(PO4)3 were measured at

temperatures between 7 and 340 K. The sample titanium cell with 1.5 cm3 internal

volume was filled with 1.1633 g NaZr2(PO4)3 or 1.2915 g CsZr2(PO4)3 powder. For

NaZr2(PO4)3 153 experimental points of Cp

0 were obtained and for CsZr2(PO4)3

184 experimental points were obtained. The results (Fig. 1) demonstrate that the tem-

perature dependency of heat capacity has no any special features: it smoothly in-

creases with rising temperature.

To calculate thermodynamic functions, the heat capacities of the substances

were extrapolated from T=7 K to T→0 with the Debye functions for the capacity:

C nDp

0 D=
θ
T

(1)

where D is a symbol of the Debye function, n and θD are adjustable parameters which

indicate the number of atomic vibrations in the crystal lattice and the characteristic

temperature, respectively; for NaZr2(PO4)3 n=2 and θD=96.53 K and for CsZr2(PO4)3

n=6 and θD=126.59 K. With these parameters, Eq. (1) describes the experimental

points of Cp

0 in the range T=9 to 14 K with an error of 1.1% for NaZr2(PO4)3 and with

an error of 1.8% for CsZr2(PO4)3. On calculating the thermodynamic functions it was

assumed that Eq. (1) reproduced the Cp

0 values at temperature below 9 K with the

same precision. The calculations of ∆ 0

0T H and ∆ 0

0T S were made by numerical inte-

gration of the relations Cp

0 =f(T) and Cp

0 =f(lnT), respectively, and ∆ 0

0T G was evalu-

ated from the corresponding values of ∆ 0

0T H and ∆ 0

0T S and by the relations:

∆ ∆ ∆0

0

0

0

0

0T T TG H T S= −
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Fig. 1 Temperature dependence of heat capacity (Cp

0) of NaZr2(PO4)3 (curve 1) and
CsZr2(PO4)3 (curve 2)



Table 2 Thermodynamic functions of CsZr2(PO4)3; p=101.325 kPa

T/K
Cp

0/
J mol–1 K–1

H0(T)–H0(0)/
kJ mol–1

S0(T)/
J mol–1 K–1

–[G0(T)–H0(0)]/
kJ mol–1

Crystal

0 0.0000 0.0000 0.0000 0.000000

1 0.0019 0.0000 0.0006 0.000000

2 0.0153 0.0000 0.0051 0.000003

3 0.0517 0.0000 0.0172 0.000013

4 0.1227 0.0001 0.0409 0.000041

5 0.2396 0.0003 0.0799 0.000100

6 0.4139 0.0006 0.1380 0.000207

7 0.6573 0.0012 0.2191 0.000383

8 0.9808 0.0020 0.3270 0.000654

9 1.365 0.0031 0.4655 0.001048

10 1.909 0.0049 0.6444 0.001516

15 5.894 0.0236 2.108 0.008037

20 11.38 0.0665 4.539 0.02425

25 17.53 0.1381 7.709 0.05464

30 24.93 0.2441 11.55 0.1025

35 32.50 0.3875 15.96 0.1711

40 40.64 0.5702 20.83 0.2629

45 48.63 0.7936 26.08 0.3800

50 56.52 1.056 31.61 0.5241

60 72.31 1.701 43.31 0.8976

70 88.19 2.503 55.65 1.392

80 106.1 3.473 68.56 2.012

90 120.1 4.606 81.91 2.765

100 133.6 5.876 95.28 3.652

110 147.1 7.281 108.7 4.671

120 159.5 8.814 122.0 5.825

130 171.4 10.47 135.2 7.111

140 182.8 12.24 148.4 8.529

150 193.6 14.12 161.3 10.08

160 203.9 16.11 174.2 11.76

170 213.6 18.20 186.8 13.56

180 222.8 20.38 199.3 15.49

190 231.5 22.65 211.6 17.55

200 239.9 25.01 223.7 19.72
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Table 2 Continued

T/K
Cp

0/
J mol–1 K–1

H0(T)–H0(0)/
kJ mol–1

S0(T)/
J mol–1 K–1

–[G0(T)–H0(0)]/
kJ mol–1

210 248.0 27.45 235.6 22.02

220 255.7 29.97 247.3 24.43

230 263.2 32.56 258.8 26.96

240 270.3 35.23 270.2 29.61

250 277.2 37.97 281.3 32.37

260 283.8 40.78 292.4 35.24

270 290.3 43.65 303.2 38.21

273.15 292.2 44.56 306.6 39.17

280 296.6 46.58 313.9 41.30

290 302.7 49.58 324.4 44.49

298.15 307.4 52.06 332.8 47.17

300 308.5 52.63 334.7 47.79

310 313.9 55.75 344.9 51.18

320 318.7 58.91 355.0 54.68

330 323.4 62.12 364.9 58.28

340 329.1 65.38 374.6 61.98

The smoothed values of the heat capacities and thermodynamic functions of the

phosphates are presented elsewhere [10] (for NaZr2(PO4)3) and Table 2 (for CsZr2(PO4)3).

Using the standard entropies of the phosphates, S0( NaZr2(PO4)3, cr, 298.15 K) and

S0(CsZr2(PO4)3, cr, 298.15 K) and reference data on the absolute entropy of the constitu-

ent simple substances (Table 3), we calculated the standard entropies of formation of

NaZr2(PO4)3 and CsZr2(PO4)3: ∆fS
0(NaZr2(PO4)3, cr, 298.15 K)=–1101±1 J mol–1 K–1,

∆fS
0(CsZr2(PO4)3, cr, 298.15 K)=–1129±1 J mol–1 K–1.

Table 3 Absolute entropies of the simple substances necessary to calculate the standard entropies
of formation of NaZr2(PO4)3 and CsZr2(PO4)3; T=298.15 K, p=101.325 kPa

Substance Physical state* S0/J mol–1 K–1 Reference

Na cr 51.30±0.02 [15]

Cs cr 85.2±0.2 [15]

Zr cr 39.0±0.2 [17]

P cr 22.80±0.08 [17]

O2 g 205.04±0.03 [18]

*cr – crystalline; g – gaseous

To derive the standard enthalpies of formation of phosphates investigated we

have used the scheme, considering enthalpies of reaction of MZr2(PO4)3 with hydro-
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fluoric acid (Table 1). According to our experimental data, reactions (1)–(6) in Ta-

ble 1 yield to true solutions, and have the same stoichiometric coefficients on the left

and right, so we can, without analyzing the nature of the products, sum up the reac-

tions (1)–(6) to obtain the reaction scheme of MZr2(PO4)3 synthesis (reaction 7) and

to calculate the enthalpy of this reaction. All the enthalpies of reactions determined

are collected in Table 4.

From the data derived, it may be seen that enthalpies of reaction of MZr2(PO4)3

with hydrofluoric acid (Table 4, Reaction No. 4) are exothermic with enthalpy (abso-

lute value) decreasing from the sodium derivative to the caesium one. Probably these

differences in the enthalpies are caused, first of all, by high crystalline lattice energies

of phosphates having smaller alkali cations.

Table 4 Experimental results for enthalpies of reactions studied (298.15 K) necessary for calcu-
lation of the standard enthalpies of formation of MZr2(PO4)3

Reaction No.
–∆rH

0(298.15 K)/kJ mol–1

sodium potassium rubidium caesium

1 2.15±0.05 2.15±0.05 2.15±0.05 2.15±0.05

2 131±2 131±2 131±2 131±2

3 4.4±0.5 –14.0±0.6 –0.5±0.2 –0.8±0.3

4 200±2 154±1 136±3 144±7

5 –0.29±0.02 –0.29±0.02 –0.10±0.01 –0.10±0.01

6 0.61±0.03 0.061±0.03 0.60±0.03 0.60±0.03

7 71±4 98±4 130±5 121±8

Table 5 Enthalpies of formation substances necessary to calculate the standard enthalpies of for-
mation of MZr2(PO4)3 (M=Na, K, Rb or Cs); T=298.15 K, p=101.325 kPa

Substance Physical state* –∆fH
0/kJ mol–1 Reference

NaNO3 cr 468.2±0.5 [15]

KNO3 cr 494.5±0.5 [15]

RbCl cr 435.2±0.3 [15]

CsCl cr 442.4±0.3 [15]

ZrO2 cr 1100.6±0.6 [17]

H3PO4 sol 1280±1 [17]

HNO3 sol 206.0.±0.5 [17]

HCl sol 159.9±0.3 [17]

H2O l 285.83±0.04 [18]

*cr – crystalline, sol – solution, l – liquid

Since participants of reaction (4) distinguish chemical nature of alkali cation in

phosphate (MZr2(PO4)3) and alkali ion in solution (MF), the mentioned process is bound

up with destroy of MZr2(PO4)3 crystalline lattice and hydration of M+ ion in aqueous solu-
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tion. The first item always has positive value (process is endothermic). The hydration

process of alkali metal ions in aqueous solution is, on the contrary, exothermic [15]. Con-

sequently, the values of the enthalpies of reaction (4) are negative, because the item re-

lated with the hydration of ions in aqueous solution exceeds the crystal lattice energies of

MZr2(PO4)3. Decrease of the absolute values of hydration enthalpies of alkali metal ions

in the series Na+–K+–Rb+–Cs+ is the main factor in decreasing of absolute values of total

enthalpies of reaction (4) in indicated series.

Using the relation

∆ r H 7

0 (298.15 K)=

∆fH
0(MZr2(PO4)3, cr, 298.15 K)+∆fH

0(HX, sol, 298.15 K)+

4∆fH
0(H2O, 1, 298.15 K)–∆fH

0(MX, cr, 298.15 K)–

2∆fH
0(ZrO2, cr, 298.15 K)–3∆fH

0(H3PO4, sol, 298.15 K),

the enthalpy of reaction (7), and reported standard enthalpies of formation (Table 5),

we calculated the standard enthalpies of formation of MZr2(PO4)3 (M=Na, K, Rb, Cs).

Thermochemical parameters of formation are given in Table 6.

Table 6 Standard molar thermodynamic quantities for the formation of MZr2(PO4)3 (M=Na, K,
Rb, Cs) at T=298.15 K and p=101.325 kPa; ∆fH

0,∆fS
0, ∆fG

0, enthalpy, entropy, and
Gibbs function of formation; Kf, formation reaction constant

Substance
Physical

state*
–∆fH

0/
kJ mol–1

–∆fS
0/

J mol–1 K–1
–∆fG

0/
kJ mol–1 Kf

NaZr2(PO4)3 cr 5231±5 1101±1 4903±5 7±1

KZr2(PO4)3 cr 5284±5 – – –

RbZr2(PO4)3 cr 5303±6 – – –

CsZr2(PO4)3 cr 5301±9 1129±1 4964±9 7±1

*cr – crystalline

Conclusions

We reported the results of thermodynamic study on the compounds of the MZr2(PO4)3

composition (M=Na, K, Rb or Cs) belonging to the vast family of solids with NZP

structure.

Heat capacity measurements carried on NaZr2(PO4)3 and CsZr2(PO4)3 between 7

and 340 K at constant pressure were used to calculate their thermodynamic functions

Cp

0 , ∆ 0

0T H , ∆ 0

0T S and ∆ 0

0T G and to find the standard entropies ∆fS
0.

Calorimetric measurements of the solution enthalpies of MZr2(PO4)3 compounds

with hydrofluoric acid at 298.15 K were used to determine the standard enthalpies of

formation ∆fH
0 of the orthophosphates.

By combining the data obtained, Gibbs energies of formation ∆fG° and the thermo-

dynamic constants of the formation reaction Kf of alkaline zirconium phosphates from

the corresponding elements in their standard states at 298.15 K have been calculated.
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The data given in this paper represent one of the first attempts of utilization of

precise calorimetry in the study of NZP compounds. Accumulation of such thermo-

dynamic data will help to solve the problem of the phosphates controlled synthesis

and to determine the possibilities of reaction involving them.
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