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Abstract

Alkali and ammonium cobalt and zinc phosphates show extensive polymorphism. Thermal behavior, relative stabilities, and enthalpies
of formation of KCoPO,4, RbCoPO,4, NH4CoPO,, and NH4ZnPO, polymorphs are studied by differential scanning calorimetry, high-
temperature oxide melt solution calorimetry, and acid solution calorimetry.

o-KCoPO, and y-KCoPOy, are very similar in enthalpy. y-KCoPOy slowly transforms to a-KCoPOy near 673 K. The high-temperature
phase, f-KCoPOy, is 5-7kJ mol~! higher in enthalpy than a-KCoPO, and y-KCoPO,. HEX phases of NH,CoPO, and NH,ZnPO, are
about 3kJmol~! lower in enthalpy than the corresponding ABW phases. There is a strong relationship between enthalpy of formation
from oxides and acid—base interaction for cobalt and zinc phosphates and also for aluminosilicates with related frameworks. Cobalt and
zinc phosphates exhibit similar trends in enthalpies of formation from oxides as aluminosilicates, but their enthalpies of formation from
oxides are more exothermic because of their stronger acid-base interactions. Enthalpies of formation from ammonia and oxides of

NH4CoPO,4 and NH4ZnPO, are similar, reflecting the similar basicity of CoO and ZnO.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Transition metal phosphates, such as ACoPOy4 (4 = Na,
K, Rb, NH,) [1], NaZnPO, [2], NH,ZnPO, [3.4],
(HsNCH,CH,NH3)05CoPOy4 - [5,6],  (H3N(CH2)3NH3)o s
ZnPOy4 [7], [CsNaHi4][Zny(PO3(OH))s] [8], [CsNsHas]
[Zn5(PO4)s/H-0 [9], [C:N2H 0]o[Co4(PO4)4]H,O [10], have
attracted great interest in the last decade because of their
potential to form framework structures similar to alumi-
nosilicate zeolites. Several studies have been devoted to
thermodynamics of the formation of pure silica, alumino-
silicate, and aluminophosphate zeolites to gain insight into
their fundamental structures, bonding, stability and synth-
esis conditions [11-15]. An initial study of the thermo-
dynamics of transition metal phosphates, aimed at
different polymorphs of NaCoPO, [16], found results
analogous to those for zeolitic materials, namely that the
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enthalpy differences among several NaCoPO, polymorphs
are small. However, cobalt is stable in an octahedral
environment and acid-base interactions in NaCoPO, are
much stronger than those in aluminosilicates. In order to
obtain a more comprehensive picture of the energetics
of transition metal phosphates, this study investigates
thermodynamics of formation of KCoPO,, RbCoPOy,
NH4COPO4, and NH4ZHPO4.

All compounds in this study have frameworks con-
structed from alternation of CoQO4 and PO4 or ZnO,4 and
PO, tetrahedra. RbCoPOQO, crystallizes in the P2, space
group and has the ABW zeolite framework with channels
of eight-member rings and six-member rings in two
directions [1] (the three-letter code designates the specific
framework topology of zeolite structure [17]). Neither
phase transitions nor other polymorphs of this compound
have been reported. Three polymorphs of KCoPO, are
known. a-KCoPOy crystallizes in the P63 space group, and
is isostructural with f-NaCoPQy [1,18]. This structure is
denoted as HEX and has six-member ring channels in one
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direction. It undergoes a phase transition to [-KCoPOy,
(the high-temperature phase) at 849 K [19-21]. That phase
is orthorhombic with cobalt in a tetrahedral environment
[20,21]; however, its detailed structure has not been
determined. Upon cooling, f-KCoPO, undergoes a ferroe-
lastic phase transition with the formation of y-KCoPOy, an
incommensurate ferroelastic phase [20]. «-KCoPO,4 has
been proposed to be a metastable phase and y-KCoPO, the
stable phase at ambient conditions. Ignoring the modula-
tion of the incommensuration, the structure of y-KCoPOy,
was solved within the space group P2;/c and is related to
the tridymite structure [20].

Both NH4CoPO4 and NH4ZnPO,4 are known in the
HEX and the ABW frameworks mentioned above. NH,
ions reside in six ring channels of the HEX or eight ring
channels of the ABW phase. Ammonium cobalt and zinc
phosphates crystallize in the P2; space group for the ABW
structure, and in the P63 space group for the HEX
structure [1,3,4].

Differential scanning calorimetry and high-temperature
oxide melt solution calorimetry are used to study
transformation behavior, relative stability of various
KCoPO4 polymorphs and enthalpy of formation of
KCoPO4 and RbCoPO,. Since ammonium compounds
decompose and release ammonia and/or nitrogen around
673K, acid solution calorimetry at room temperature is
used to determine relative stabilities of the HEX and ABW
phases and enthalpy of formation of NH4CoPO, and
NH4ZnPO,. Acid-base interactions in cobalt and zinc
phosphate compounds as well as their energetic trends
compared to aluminosilicates are discussed based on these
new thermodynamic data and our previous works
[15,16,18].

2. Experiments
2.1. Sample preparation
Various methods were applied to make samples. Sources

of chemicals used for syntheses are given in Table 1.
o-KCoPO, was prepared by a modification of the

Table 1

Sources of the chemicals used in syntheses

Chemical Purity Supplier
CoCOs5- xH,0 >99.998% metals basis Sigma—Aldrich
Co(NOs), - 6H,O 99% (assay) Fluka
Zn(CH;COO0), - 2H,0 98.0-101.0% (assay) Alfa Aesar

H;PO,4 >85% (assay) Fisher Scientific
KOH 20% (CAS 1310-58-3) LabChem Inc.
50% RbOH 99.6% metals basis Alfa Aesar
Ammonium hydroxide 28-30% NH; Alfa Aesar
(NH4),CO; 30+ % NHj; Alfa Aesar
Ethylene glycol 99% Alfa Aesar
1,4-Diaminobutane 98+ % Alfa Aesar
Ethylenediamine 50% solution Alfa Aesar
Dimethyamine 99% Alfa Aesar

hydrothermal method of Feng et al. [1]. Eight milliliters
of deionized water and 1.35mL of H3;PO, were mixed with
1.18 g of CoCOs-xH,0 (99.998% metals basis, Sigma-—
Aldrich). Carbon dioxide evolved during stirring. Then
8 mL of KOH solution was added; the pH of the mixture
was 8.0. One milliliter of ethylenediamine was added and
brought the pH to 10.5. Crystals of a-KCoPO,4 were
obtained after heating the violet reaction mixture in a
23 mL Teflon-coated container in an autoclave at 443 K for
10 days.

1-KCoPO, was prepared followed the method of Lujan
and Schmid [20] by mixing «-KCoPO,4 and KCl in a 1:1
weight ratio and heating in a platinum crucible at 1173 K
for four hours, then cooling at 0.15Kmin~' to room
temperature. KCl was rinsed out of the crystallized product
by washing the mixture with deionized water in an
ultrasonic cleaner several times.

RbCoPO,4 was made by dissolving 2.9 g of Co(NO3),-
6H,O into 9.0mL of deionized water and 1.4mL of
H;PO,4. An RbOH solution was added dropwise until pH
reached 7.5. Then 0.5mL of dimethylamine solution was
added to bring the pH to 9.5. A blue violet powder of
RbCoPO,4 was formed after heating the reactant mixture in
an autoclave at 453K for 8 days. All KCoPO, and
RbCoPO, products were recovered by vacuum filtration,
washed with deionized water, dried at 383K in air, and
kept in sealed vials placed in a desiccator containing CaCl,.

HEX-NH4CoPO,4 and ABW-NH4CoPO,4 were prepared
following the hydrothermal methods of Feng et al. [1]. To
prepare HEX-NH4ZnPOy, 2.5g of (NH4),CO3; was dis-
solved in 2mL of water and 1.4mL of H3PO, to form
solution A, and 1.1 g Zn(CH3COO), - 2H,0 was dissolved
into 2.5mL of deionized water to form solution B.
Solutions A and B were mixed together in a Teflon bottle
and kept at 343 K for 10 days, then hexagonal rod crystals
of HEX-NH4ZnPO, were recovered by vacuum filtration.
ABW-NH,ZnPO, was prepared by a method similar to
that described by Bu et al. [3]. About 16 mL of ammonia
solution was added to a solution of 0.8g of
Zn(CH3;COO), - 2H,0 and 0.65mL of H3;PO,4 in 22 mL of
deionized water. The clear solution in a Teflon bottle was
heated at 393K for 2 days, then the irregular-shaped
crystals of ABW-NH,4ZnPO, were recovered by vacuum
filtration. These samples were dried at 383 K in air and kept
in sealed vials placed in a desiccator containing CaCl,.

In addition to the above samples, NH4H,PO4, CoO, and
ZnO were used as supplementary chemicals for thermo-
dynamic cycle to determine enthalpies of formation (see
below). Puratronic NH4H,POy4 (99.999% metals basis) was
purchased from Sigma—Aldrich. ZnO crystals were pre-
pared by mixing 3mL of ammonium hydroxide with the
solution of 2.2g Zn(CH3;COOH),-2H,O in 5mL of
deionized water and heating in an autoclave with a Teflon
liner at 443 K for 3 days. The preparation of CoO has been
described elsewhere [22]. CoO, ZnO, and NH4H,PO, were
ground and dried under vacuum at 393 K for calorimetric
measurements.
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2.2. Sample characterization

Powder X-ray diffraction (XRD) patterns were obtained
on a Scintag PAD-V diffractometer operated at 45kV and
40 mA with CuKa radiation. Data were collected from 10°
to 60° (20) with a step size of 0.02° (26) and a dwell time of
1s for samples without cobalt and 2.5s for samples with
cobalt. The XRD pattern of CoO was collected from 30° to
90° (20)- Quartz was used as an external standard for
diffractometer calibration. Simulated powder patterns
from the ICSD database [23], or crystallographic data
from single crystal and powder patterns [1,20] were used as
references for phase identification. Lattice parameters were
refined from XRD patterns using JADE software [24].

Chemical compositions of cobalt and zinc phosphate
samples were determined by combination of thermogravi-
metric analysis (TGA, see below) and electron microprobe
analysis. While TGA was used to check moisture in
KCoPO4 and RbCoPOy, the weight losses from the TGA
traces of ammonium cobalt and zinc phosphate correspond
to their content of NH3 and H,O as represented by the
following reaction:

NH4MPO,(cr) — NH;(g) + 1H,O(g)
+ M, P,0(cr), (1

where M = Co or Zn.

KCoPO,4, RbCoPO,, and the residues of ammonium
cobalt and zinc phosphates after TGA experiments were
palletized, annealed at 1273 K (for cobalt phosphates) or
1223 K (for zinc phosphates), and polished for microprobe
analysis to determine contents of K, Rb, Co, Zn, and P.
Analyses were performed on a Cameca SX-100 instrument.
Orthoclase (KAISi;Og), rubidium titanyl phosphate
(RbTiOPQ,), cobalt metal, zinc metal, and apatite were
used as standards for quantitative determination of K, Rb,
Co, Zn, and P, respectively.

2.3. Thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC)

Weight loss and thermal behavior of samples were
investigated by TGA and DSC performed on a Netzsch
STA 449 instrument. Pellets of approximately 50 mg in mass
were heated in a platinum crucible from 303 to 1273K in
argon atmosphere with a heating rate of 10 K min~', and an
argon flow rate of 40cm’min~'. Enthalpies of phase
transitions of KCoPO, were studied by heating and cooling
KCoPO, samples around the temperature of phase transi-
tions on a Netzsch DSC 404 unit under the same conditions.
Heat flow calibration was based on heat capacity of a
corundum disk run in the same platinum crucible.

2.4. High-temperature oxide melt solution calorimetry

Enthalpies of formation of KCoPO,4 and RbCoPO,4 were
derived by applying Hess’s law (the first law of thermo-

dynamics) to enthalpies of drop solution of samples and
their component oxides in sodium molybdate melt solvent
(3Na,O-4Mo03) at 973K. A custom built Tian—Calvet
twin calorimeter described elsewhere [25,26] was used to
measure enthalpies of drop solution of KCoPO, and
RbCoPO,. Experiments were conducted under the same
conditions as in our previous study of NaCoPOy [16].

2.5. Acid solution calorimetry

Relative stabilities of HEX and ABW structures and
enthalpies of formation of ammonium cobalt and zinc
phosphates were determined by applying Hess’ law to the
enthalpies of solution of samples and supplementary
chemicals (NH4H,PO,4, CoO, and ZnO) in a 5M HCI
solution. Enthalpies of solution were measured on a
commercial CSC 4400 isothermal microcalorimeter oper-
ated at 298 K. Samples were made into pellets of about
5-40mg each (depending on heat of solution of com-
pounds) and dropped into 25g of 5SM HCI (standardized
solution, VWR) in the calorimeter. At least six measure-
ments were performed for each sample. Mechanical stirring
was used to facilitate the solution. Calibration was
performed by dissolving 15mg pellets of KCl (NIST
Standard Reference Material 1655 [27]) in 25 g of deionized
water in the calorimeter at the same conditions; enthalpy of
solution of KCI in water at 298 K was calculated and
corrected to the reference state of m = 0.008 molkg™'
following the Standard Reference Material 1655 [27] and
Parker [28].

3. Results and discussion
3.1. Characterization of samples

Powder XRD patterns of a-KCoPO4 and RbCoPO,,
ammonium cobalt and zinc phosphates, and supplemen-
tary chemicals (NH4H,PO,4, CoO, and ZnO) show they are
all single phases (see Fig. 1 for XRD patterns of the alkali
and ammonium cobalt and zinc phosphate samples). Their
calculated lattice parameters (see Table 2) are in agreement
with single crystal data or powder data reported elsewhere
[1,23]. Since y-KCoPO, is an incommensurate phase at
room temperature [20], its powder XRD patterns shows
some weak peaks that cannot be indexed from the P2,/c
space group. However, the whole XRD pattern of
y-KCoPO, (Fig. 1A) and its lattice parameters (Table 2)
agree well with the powder XRD data reported by Lujan
and Schmid [20]. Therefore, this sample is considered to be
pure p-KCoPO,4. The description of the structure of
y-KCoPO, in Lujan and Schmid [20] suggests that
this phase has the ABW structure. Consequently, like
NaCoPO,; and NH4MPO, (M = Co, Zn) [1,3,4,29],
KCoPO, also exists in ABW (y-KCoPO,) and HEX
(¢-KCoPOQ,) structures. Calculated molar volumes in
Table 2 are consistent with the previous reports, that the
ABW forms of KCoPO,4, NH,CoPO,4, and NH;ZnPO, are
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Fig. 1. A/XRD patterns of alkali cobalt phosphate samples. Stars in the
pattern of the y-KCoPO, sample after heating at 673K, 15 days indicate
the developing peaks belonging to the a-KCoPO, phase. B/XRD patterns
of ammonium cobalt and zinc phosphate samples.

slightly denser than their HEX counterparts [1,3,4,19,
20,30].

Microprobe analysis of KCoPO,4 and RbCoPOy reveal
their element ratios P/Co/M (M=K, Rb) are close to

theoretical:  1/0.99+0.02/0.98+0.03 for «-KCoPOy,,
1/0.98+0.04/1.034+0.04 for p-KCoPOy, and 1/1.014+0.01/
1.01+0.01 for RbCoPO, (uncertainties are standard devia-
tions from at least eight analyzed points). TGA experiments
show no weight change within the instrumental error (about
+0.1%). Chemical compositions of ammonium cobalt and
zinc phosphate samples are presented in Table 3. Weight
losses from TGA of all samples are consistent with
theoretical. The atomic ratios of P/Co or P/Zn for
ammonium cobalt and zinc phosphate samples from
electron microprobe analysis are close to 1. Therefore,
thermodynamic data for all samples are calculated and
discussed in terms of their ideal stoichiometries.

3.2. Enthalpies of formation of KCoPO, and RbCoPO,

All samples dissolved quickly in sodium molybdate melt
at 973 K with return to the baseline in about 30 min and
gave reproducible values of enthalpies of drop solution
(AHg4s, see Table 4). Enthalpies of drop solution of
a-KCoPO,4 and y-KCoPO,4 samples in sodium molybdate
melt are 149.9140.67 and 150.93+0.68kJ molfl, respec-
tively (averages and two standard deviations of the mean
from eight measurements). T-test (a statistics test to
determine whether the means of two groups are stastitically
different from each other) revealed no significant difference
between the two experimental means at 95% confidence
level. Consequently, «-KCoPO,4 and y-KCoPO, are con-
sidered to be enthalpically very similar at room tempera-
ture and one cannot distinguish which phase is lower in
enthalpy. Despite the occurrence of internal domain walls
in the ferroelastic y-KCoPO, phase, both «-KCoPO, and
y-KCoPO, phases are constructed by alternating connec-
tions of CoO,4 and PO, tetrahedra. Their structures are
very similar, the main difference is the orientations of
tetrahedra: they are a mixture of up-down (UD) in the
sequence UDUDUD and UUUDDD connections in
a-KCoPQ,4, but all UUUDDD in y-KCoPO4 [1,19,20]
(U: up, D: down). The enthalpic similarity of «-KCoPOy,
and y-KCoPO, reflects the similarity of their structures.
Further discussion about thermal behavior of a-KCoPO,
and y-KCoPQy is given below.

The thermodynamic cycle 4 in Table 5 was used
to calculate enthalpies of formation from oxides
(AH{.ox, 298x) of ACoPO,4 (4 = K, Rb). Standard enthal-
pies of formation (AH{ g, enthalpy of formation from
elements) of ACoPO, were calculated following Eq. (2). All
auxiliary values of enthalpies needed for these calculations
are in Table 4 (the propagation of errors following Miller
and Miller [35] were used to estimate uncertainties for all
computed values in this study):

AH? 545 < (ACOPO4) = AH oy 208 k (ACoPO4)
+JAHY 55 ¢, (420)
+ AH} 595 ¢ (CoO)
+3AHY 55 (P205). )



24 S.-N. Le, A. Navrotsky | Journal of Solid State Chemistry 181 (2008) 20-29

Table 2
Summary of crystallographic data
Samples Space group Lattice parameters Vin (A3)
a(A) b (A) c(A) BO)

o-KCoPOy4 P6; 18.2323(3) 18.2323(3) 8.522(6) 90 102.2(1)
y-KcoPO, P2,/c 5.232(8) 8.537(7) 10.41(1) 120.57(9) 100.1(2)
RbCoPO, P2, 8.842(3) 5.412(2) 8.952(3) 90.33(3)
HEX-NH4CoPO, P63 10.726(4) 10.726(4) 8.712(3) 90 108.5(1)
ABW-NH,CoPO, P2, 8.781(3) 5.421(2) 8.991(4) 90.32(3) 107.0(1)
HEX-NH4ZnPO, P63 10.700(9) 10.700(9) 8.714(4) 90 108.0(2)
ABW-NH,ZnPO, P2, 8.790(5) 5.452(4) 8.940(5) 90.35(3) 107.1(1)
CoO Fm-3m 4.26(1) 4.26(1) 4.26(1) 90
ZnO P63mc 3.24(1) 3.24(1) 5.20(1) 90
NH4H,PO, 1-42d 7.491(3) 7.491(3) 7.538(4) 90
Numbers in parentheses are estimated standard deviations form JADE refinement [24].
Vm: molar volume of compounds.
Table 3
Atomic ratios from microprobe analysis and weight loss from TGA for NH4CoPO,4 and NH,ZnPO,
Samples Atomic ratios P/M (M = Co, Zn) Weight loss (wt%)

Experimental Theoretical
HEX-NH4CoPO, 1.00(1) 15.240.1 15.14
ABW-NH,CoPO, 1.00(1) 15.14+0.1 15.14
HEX-NH4ZnPO, 0.98(1) 14.640.1 14.63
ABW-NH,ZnPO, 1.01(1) 14.640.1 14.63

Numbers in parentheses are standard deviations from 8 to 12 analyzed points. Uncertainties of weight loss represent instrumental error.

Table 4

Summary of thermodynamic data used and derived from high-temperature oxide melt calorimetry

Compound AHg, (kJmol™") AHox 208x (kJmol™") AHR 505 ¢ (KT mol™!)
K,>O (cr) —318.0+3.1 [31] - —363.2+2.1 [34]
Rb,0 (cr) —332.549.0 [31] - —338.0+8.0 [34]
CoO (cr) 15.3540.46 [32] - ~237.941.3 [34]
P,0s (cr) —164.60+0.85 [33] - —1504.940.5 [34]
a-KCoPOy (cr) 149.9140.67 —3759+1.8 —1547.842.5
7-KCoPOy (cr) 150.934+0.68 —3769+1.8 —1548.842.5
RbCoPOy (cr) 148.174+1.42 —381.4+4.8 —1540.7+6.4

AHygs, enthalpy of drop solution in sodium molybdate at 973 K (averages from at least seven measurements, uncertainties are two standard deviations of
the mean); AHr.ox. 295 k, enthalpy of formation from oxides; and AH' ?298 k. standard enthalpy of formation (enthalpy of formation from elements). Values

without cited reference are from this work.

3.3. Thermal behavior and relative stability of KCoPOy,
polymorphs

DSC traces for heating «-KCoPO, and y-KCoPO,
through o—f and y—pf phase transitions are presented in
Fig. 2. Peak temperature of «—ff and y—f§ phase transitions
are 847+1 and 873+ 1K, respectively, consistent with
those reported elsewhere [19-21]. The cooling traces of
a-KCoPO4 and y-KCoPO, (see Fig. 2) are similar; both
show two exothermic peaks at 825 and 710K. These
exothermic peaks agree well with observation from the
optical experiments of Lujan and Schmid [20]. The first

exothermic peak (825K) is associated with the hetero-
geneity in crystals occurring in the first part of the
ferroelastic transformation (starting at 833 K in the optical
experiment); the second exothermic peak (710K) is
consistent with the formation of domain walls to finish
the ferroelastic phase transition (at 720K in the optical
experiment). XRD of samples after these DSC experiments
showed they are y-KCoPO, with some additional peaks
that could not be identified. Further examination of
enthalpies of phase transition on heating and cooling the
y-KCoPO, sample reveals that the sum of the heat effects
on cooling are only 30-60% of that on heating. Thus, the



S.-N. Le, A. Navrotsky | Journal of Solid State Chemistry 181 (2008) 20-29 25

Table 5

Thermodynamic cycles used for the calculation of enthalpies of formation from oxides

Cycle A: Thermodynamic cycle for the enthalpies of formation from oxides of 4CoPO, (4 = K, Rb)

ACoPOy, (cr, 298 K)— ACoPOy (sol, 973 K)
A50 (cr, 298 K)— 4,0 (sol, 973K)

CoO (cr, 298 K)— CoO (sol, 973 K)

P,Os (cr, 298 K)— P,Os (sol, 973 K)

1/2 450 (cr, 298 K) + CoO (cr, 298 K)+ 1/2 P,Os (cr, 298 K)—> ACoPOy (cr, 298 K)

AH4(ACoPOy)
AH4(4,0)
AH4(CoO)

AH y(P>0s5)

AHi.ox, 208 k(ACOPOy)

AHi ox, 205 K(ACOPOy) = 1/2 AH44(A,0) + AHy4(CoO) + 1/2 AH 4(P,05)—AH4(ACoPOy)

Cycle B: Thermodynamic cycle for the enthalpies of formation from oxides of NHsMPO, (M = Co, Zn)

NH; (g, 298 K) + 1/2 P,Os (s, 298 K) +3/2 H,O (1, 298 K) > NH,H,PO, (s, 298 K)*
NH,H,PO, (s, 298 K)+H™" (sol, 298 K)»NH," (sol, 298 K) + H;PO, (sol, 298 K)

MO(s, 298 K)+2 H* (sol, 298 K)—>M>" (sol, 298 K) + H,O (sol, 298 K)
H,O (I, 298 K) - H,O (sol, 298 K)

NH,MPO, (s, 298 K)+3 H™ (sol, 298 K) - NHJ (sol, 298 K)+M>* (sol, 298 K) + H;PO, (sol, 298 K)
NH; (g, 298 K) + 1/2 H,0 (I, 298 K)+ MO (s, 298 K) + 1/2 P,Os (s, 298 K) - NH4MPO, (s, 298 K)

AH.ox, 208k (NH4H,PO4)
AHq,(NH4H,PO4)

AH sln(MO)

AHsln(HZO)
AI—Isln(1\11{41\/‘[PC)4)
AHp oy, 295 k(NH,MPO)

AH¢ox, 208 k(NH{MPOy) = AHi o, 298 k(NH4H2POy) + AH(NH4H,PO,) + AHpy(MO)—A Hgn(NH4MPO4) - A Hy 1, (H,0)

“Value of enthalpy of formation from ammonia and oxides of NH4H,PO, in Table 6 was calculated following this reaction.

d
0.2 4 @
(c)
0.0 A (b)
5
§ 0.2
E (a)
?
R .0.41
-0.6 1 Exo
-0.8 A

600 700 800 900
Temperature (K)

Fig. 2. DSC traces around temperature of ferroelastic phase transition of
(a) heating a-KCoPQy, (b) heating y-KCoPOy, (c) cooling a-KCoPQy,, and
(d) cooling y-KCoPO,.

ferroelastic phase transition is sluggish on cooling under
the conditions of our DSC experiments.

DSC experiments also help to constrain the relative
stability of p-KCoPO, compared to o-KCoPO, and
7-KCoPOy. Because of the sluggishness of the phase
transitions on cooling, enthalpies of a—f and y—pf phase
transitions were derived from heating only. The enthalpy of
the a—p KCoPO, phase transitions is 6.7+0.2kJ mol™!
(average and standard deviation from three measurements)
at 850 K. This is similar to the enthalpy of the a—f phase
transition of NaZnPOy [18] (see Table 6). These relatively
small enthalpies of transformations reflect the similar
geometries of T atoms (7 = Co, Zn, P) in the o and f
phases of KCoPO,4 and NaZnPQO,. The endothermic peak

associated with the y—f KCoPQ, phase transition has a
shifted baseline before the main peak (see Fig. 2).
Consequently, the enthalpy of y—f KCoPO, phase
transition varies depending on the temperature ranges
taken for integrals. It is 6.2+0.6kJ mol~! for the integral
from 713 to 913 K, but 474+0.2kImol™" for the integral
from 813 to 913 K. Either way, they are relatively large
compared with many ferroelastic phase transitions that
have AH less than 1 kJmol~' [36-38].

Other experiments were performed by heating
oa-KCoPOy4 and y-KCoPOy, at 673 K (near the temperature
of the ferroelastic phase transition) in a muffle furnace for
15 days. ¢-KCoPO4 was unchanged after this treatment,
but the XRD pattern of y-KCoPO,4 showed the growth of
the o-KCoPO, phase (see Fig. 1A). This suggests
a-KCoPOQy is not a metastable phase and it is more stable
than y-KCoPO, at 673 K. a-KCoPO4 and y-KCoPOy are
enthalpically essentially the same at room temperature; and
entropies of the o, 5, and y phases are not known. The slow
transformation at 673 K may suggest that the equilibrium
temperature for the y to o transition may be lower. Further
thermodynamic analysis is not possible.

For KCoPQy, the ABW form (y-KCoPQ,) is denser than
the HEX form (a-KCoPOQy). Thus, the ABW phase could
be a high-pressure phase. The ABW phase transforms to
the HEX phase at 673 K at atmosphere pressure. Thus, the
less dense HEX phase appears to be a high-temperature
phase, implying a positive dP/dT for any possible
ABW-HEX transition. The existence of f-KCoPO, at
higher temperature further complicates possible phase
relations.

3.4. Enthalpies of solution of NH,CoPO4 and NH,ZnPO,
in 5.0 M HCI and relative stability of their HEX and ABW
Sstructures

All ammonium cobalt and zinc phosphate samples and
supplementary chemicals (NH4H,PO,4, CoO, and ZnO)
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Table 6

Summary of the thermodynamic of phase transitions of cobalt and zinc phosphate frameworks

Compounds Transition T (K) AH (kJmol™") AS (JK "mol™)

NaCoPOy, [16] we B 1006 17.6+1.3 17.54+1.3

NaCoPO, [16] red - o° 827 —17.4+6.9"

KCoPO, a— f° 847 6.7+0.28 7.940.20

KCoPO, p— fF° 813-913° 47+0.28 5.540.20
713-913° 6.24+0.28 7.340.20

KCoPOy, y—af Partially transformed at 673 ~0F

NH,CoPO, HEX > ABW®¢ - 2.9+40.5

NaZnPO, [18] we 1160 6.8+0.18 5.940.1

NH,ZnPO, HEX —>ABW®¢ - 3.040.1°

Data without cited references are from this work.
“Reversible transition.
PIrreversible transition.
°Not clear whether reversible or irreversible.
9No phase transition observed on DSC.

“Enthalpies of the y—f KCoPO, transformation depend on temperature range chosen for DSC baseline.
fValues derived from enthalpies of drop solution (in high temperature oxides melt calorimetry) or solution (in acid solution calorimetry).

2Values derived from DSC experiments.
hReversible transition assumed for entropy calculations.

Table 7

Summary of thermodynamic data used and derived from acid solution calorimetry

Compound AHgy, (kJmol™") AH.ox, 295k (kJmol ™) AHY 55 (kI mol ™)
ZnO (cr) —71.9040.11 - —350.540.3 [34]
CoO (cr) —105.8240.36 - —237.9+1.3 [34]
H,O () —0.5° - —285.8340.04 [34]
NH; (g) - - —45.9+40.4 [34]
P,0s (s) - - —1054.940.5 [34]
NH,4H,PO, (cr) 25.26+40.19 —218.0+1.0° —1445.07+0.8 [39]
HEX-NH,4CoPO, (cr) —52.70+0.24 —2453+1.0 —1424.5+1.7
ABW-NH,CoPO, (cr) —55.59+0.39 —242.5+1.1 —1421.6+1.8
HEX-NH,ZnPO, (cr) —-10.7940.06 —2533+1.0 —1545.1+1.1
ABW-NH,ZnPO, (cr) —13.75+0.08 —250.441.0 —1542.1+1.1

AHy,, enthalpy of solution in 5M HCI solution at 298 K (uncertainties of those experimental enthalpies are two standard deviations of the mean);
AH? 545, standard enthalpy of formation (enthalpy of formation from elements); AHr.ox, 208k, €nthalpy of formation from oxides and NHj3. Numbers

without cited references are from this work.

“Enthalpy of solution of water (AHy,(H,0), enthalpy of dilution), expressed by the reaction: H,O (I, 298 K)>H,O (sol, 298 K), is varied on
concentration and composition of solutions. Value in this paper refers to the enthalpy of a limited dilution of a 5M HCI solution associated with our
experimental conditions. Data for this calculation were taken from Parker [28], small uncertainty was neglected for convenience.

This value refers to the enthalpy of reaction (*) in Table 5.

dissolved well in 5M HCI with a return to baseline in
60—70 min and provided reproducible enthalpies of solution
(AHg,, see Table 7). Relative stability of HEX and
ABW structures of ammonium cobalt and zinc phosphates
at 298K (AHHEX—ABW, 298K) were derived fOllOWil’lg
Eq. (3) and appropriate values of enthalpies of solution
in Table 7:

AHypx_aBwosk = AH ,(ABW) — AH i, (HEX). (3)

At room temperature, the HEX phases are 2.9 +0.5 and
3.0+0.1 kJmol~! more stable than the ABW phases for
NH4CoPO,4 and NH4ZnPO,, respectively. These enthalpy
differences are similar and relatively small. Both com-
pounds with the ABW structure are slightly denser but
higher in enthalpy than the HEX ones. This behavior may

be related to the relatively small size of NH, ions in the
eight ring channels of the ABW frameworks, leading to the
distortion of NH, ions and looser hydrogen bonds
between NH, ions and the frameworks, as discussed
elsewhere [1,3]. Since the enthalpically less stable form
(ABW) is the denser form, this implies that, if both ABW
and HEX forms have any equilibrium stability field, the
ABW form would be stable at high temperature and high
pressure, and the dP/dT for the HEX —>ABW transition
would be negative. KCoPO, also exists as HEX
(-KCoPO,4) and ABW (y-KCoPOy) polymorphs, but they
do not appear to follow the same P—T behavior (see above)
as ammonium cobalt and zinc phosphate. The reason for
the different slopes (and therefore enthalpies) for the
potassium and ammonium compounds is not known. One
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can speculate that hydrogen bonding in the ammonium
compounds may play a role.

3.5. Enthalpies of formation of NH,CoPO,and NH,ZnPO,

Enthalpies of formation from ammonia and oxides of
NH4MPO, (M=Co, Zn) are represented by reaction (4).
This is a useful formulation to discuss acid—base interac-
tions in these materials. For convenience, we simply
call these quantities enthalpies of formation from oxides

(AH.ox, 208%):
NH;(g, 298 K) + 1H,0(1, 298 K) + MO(cr, 298 K)
+ iP>,0s(cr, 298 K) — NH4MPO4(cr, 298 K)
AH 55208 kK (NH4MPOy). (4)

Thermodynamic cycle B in Table 5 and auxiliary values
of enthalpies in Table 7 were applied for the calculation of
enthalpies of formation from oxides of NH4sMPO,. These,
and standard enthalpies of formation (AHY y ., enthalpy
of formation from elements) of NH4MPO,, calculated
following Eq. (5), are shown in Table 7:

AHZ 595 x (NHsMPO4) = AH¢-ox 205 K (NH4MPOy4)
+ AH? 05 x (NH3)
+ SAH 59  (H20)
+iAH £ 208 kK (P205)AHY 595 1« (MO).
(5)

3.6. Relationships among enthalpies of formation from
oxides, acid-base interactions, and structures of cobalt and
zinc phosphates compared with aluminosilicates

In a previous paper [16], we highlighted that, comparing
NaCoPO, and NaAlSiO,4 with related structures, acid—base
interactions in NaCoPO, are much stronger than in
NaAlSiO, since the acidity difference between CoO and
P,Os is bigger than that between Al,Oz and SiO,. Here,
enthalpies of formation from oxides of ACoPO, and
AAISiIO4 (A = Na, K, Rb, all with similar frameworks) are
plotted against the acidities of alkaline oxides (Smith’s
scale [40]) in Fig. 3. The graph exhibits not only analogous
trends in enthalpies of formation from oxides for
aluminosilicates and cobalt phosphates but also good
correlations between enthalpy of formation from oxides
and acidity of alkali oxides (R*> = 0.99 for both lines). The
stronger the basicity (weaker acidity) of the alkali oxide,
the more exothermic is the enthalpy of formation from
oxides, reflecting the stronger acid—base interactions. The
graph also shows the less exothermic enthalpies of
formation from oxides of aluminosilicates compared to
cobalt phosphates, confirming our previous reasoning that
acid—base interactions in aluminosilicates are significantly
weaker than those in cobalt phosphates. It is clear that
there is a strong relationship between enthalpy of forma-

-100 -
AAISIO,
‘T—o -200 -
1S
=
X
&
T
< -300 A
ACoPO,
4004 RbO KO Na,O
-15 -14 -13
Acidity of A,O

Fig. 3. Enthalpies of formation from oxides (AH.ox, 205 k) of alkali cobalt
phosphates (4CoPO,) and alkali aluminosilicates (4AlSiO,4) as functions
of the acidity of alkali oxides (alkali 4 = Na, K, and Rb; Co, P, Al and Si
are all in tetrahedral coordination). Uncertainties of enthalpies are
approximately the same as the sizes of the symbols in the graph. Acidity
of Na,O, K,0, and Rb,0O are —12.0, —14.6, and —15.0, respectively [40].
Enthalpies of formation from oxides of KCoPO4 and RbCoPO, are in
Table 4, those of f-NaCoPQ,, NaAlSiO,4 nepheline, and KAISiO,4 kalsilite
are —332.14+2.5kImol™" [16], —134.4+4.0kImol~" [15], and —194.6+
3.5kImol™" [15], respectively. Enthalpy of formation from oxides of
RDbAISIO, is extrapolated to be —204.3+5kJ mol~!, data for this
estimation are taken from Navrotsky and Tian [15].

tion from oxides and acid—base interaction in alkali cobalt
phosphates and alkali aluminosilicates.

The relationship between acid—base interaction and
enthalpy of formation from oxides of alkali cobalt
phosphates can be extended to ammonium cobalt phos-
phates. Egs. (6) and (7) represent the formations of alkali
cobalt phosphates (4CoPO4) and ammonium cobalt
phosphates:

1A;0(cr, 298 K) + CoO(cr, 298 K)
+1Py0s(cr, 298 K) — ACoPOy(cr, 298 K), 6)

NH;(g, 298 K) + 1H,0(1,298 K) + CoO(cr, 298 K)
+1P,05(cr, 298 K) — NH4CoPOy(cr, 298 K). )

Alkali oxide (A,O) in the formation of alkali cobalt
phosphate is replaced by ammonia and water for the
formation of ammonium cobalt phosphate (see Egs. (6)
and (7)). Both ammonia and water are weaker bases than
alkali oxides (Na,O, K,O, and Rb,0). Thus, acid—base
interactions in ammonium cobalt phosphates are weaker
than those in alkali cobalt phosphates and enthalpies of
formation from oxides of ammonium cobalt compared are
less exothermic than those of alkali cobalt phosphates (see
values in Table 6 and footnotes of Fig. 3). Fig. 4A
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demonstrates the extrapolation of the linear relationship in
Fig. 3 to ammonium cobalt phosphates. Acidity of a
hypothetical “ammonium oxide” ((NHy4),O) can then be
estimated to be about —6.7 in this extrapolation. This value
is less negative than the acidity of alkali oxides, even Li,O
(—9.2, in Smith’s scale [40]), and is reasonable for the
acidity of a weak base.

The relationship between acid and base interactions and
enthalpy of formation from oxides of compounds is
strengthened when comparing the thermodynamic data of
cobalt and zinc phosphates. The difference of enthalpies of
formation from oxides of NH4CoPO, and NH4ZnPO, are
small, about 8kJmol™' (see Table 6). This similarity
reflects similar acid—base interactions in cobalt and zinc
phosphate compounds and agrees with the similar acidity
of CoO and ZnO (—3.8 and —3.2, respectively, in Smith’s
scale [40] that ranges from —15.2 for Cs,O, the strongest
base, to 11.5 for Cl,O,, the strongest acid). This is also
consistent with our findings in a previous study [18], that
acidity of CoO and ZnO are similar, and f-NaCoPO, and
a-NaZnPO, (both having Co and Zn in tetrahedral
coordination) have similar enthalpies of formation from
oxides. Thermodynamic data of those zinc phosphates are
plotted as open circles in Fig. 4A to display the similar
enthalpies of cobalt and zinc phosphate frameworks.

It is interesting to emphasize that plotting enthalpy of
formation from oxides of alkali cobalt phosphates against
the ionic potential of alkali ions (Z/r: charge divided by
ionic radius) also gives a similar linear relationship as those
with the acidity of alkali oxides (Fig. 4B). However, ionic
potential of NH, is similar to that of K*, while the
enthalpies of formation of ammonium cobalt phosphates
are much less exothermic than those of KCoPOQO,. Thus, the
ammonium compounds do not follow the same trend as the
alkali ones. Enthalpy of formation from oxides of ACoPOy4
(A = NHy4, Na, K, and Rb) correlates better with acid—base
interaction (if creatable value of acidity is chosen for
“NH,),0”, see above) rather than with ionic potential of
A" ions.

Since the enthalpy differences among various poly-
morphs of aluminosilicates, cobalt phosphates, and zinc
phosphates are often less than 10kJmol™' [11-15, this
work], it is clear that acid-base interactions dominate the
enthalpy of formation of these compounds, while their
structures play a smaller role. The extensive polymorphism
seen in cobalt phosphates, zinc phosphate, and alumino-
silicates is allowed by small energy differences among
polymorphs.

Lithium oxide is a stronger base than ammonia and
water (or “(NH4),O”); therefore it is reasonable to expect
that acid-base interactions in LiCoPO, are intermediate
between those in NH4CoPO,; and NaCoPO,. However,
LiCoPO, does not possess any structures related to the
HEX or ABW frameworks seen in NH4CoPO, or
NaCoPO,. It is known only in the olivine structure in
which cobalt is in octahedral environment [42]. For the
small Li" ion, an open framework structure with Li" in
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Acidity of A,O
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NH,CoPO
-250 $NH, 4
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£ 3001
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X
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3 350 NaCoPO,
® KcoPo,
RbCoPO,
-400 -
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lonic potential (A™")

Fig. 4. (A) Extrapolation of the linear relationship between the enthalpy
of formation from oxides of alkali cobalt phosphates and the acidity of
alkali oxides in Fig. 3 to ammonium cobalt phosphates (showed by dotted
line) displays weaker acid-base interaction in ammonium cobalt
phosphates than in alkali cobalt phosphates. Thermodynamic data for
zinc phosphate frameworks (open circles) are analogous to those of cobalt
phosphate frameworks. Enthalpies of formation from oxides of a-
NaZnPO, is —339.6+ 2.6 kI mol~' [18]. (B) Enthalpies of formation from
oxides of alkali cobalt phosphates exhibit a linear relationship with ionic
potential of alkali ions, but NH,CoPO, does not follow that trend. Data
for the calculation of ionic potential (Z/r) were taken from Jenkins and
Thakur (cited in [41]) and Shannon (cited in [41]).

large cavities is apparently not stable, and a more denser
structure with both Li™ and Co®" in octahedral coordina-
tion is adopted. Furthermore, ionic radii of Co*" and
Zn>" are similar, acidity of CoO and ZnO are similar, but
LiZnPQOy, is known in various structures and none of them
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is similar to LiCoPO,. All the known frameworks of
LiZnPO, are constructed from ZnO,4 and PO, tetrahedra
[43-45]. The 0, form of LiZnPO, possesses a cristobalite
like structure, which is related to the HEX structure of
NH4ZnPO, [44]. These differences emphasize that,
although acid-base chemistry may dominate the magni-
tude of the enthalpy of formation, other factors, such as
ionic radius and electron configuration of the transition
metal, help determine the actual structures formed.

4. Conclusion

a-KCoPO4 and y-KCoPO, are enthalpically equivalent
at room temperature. At 673K, y-KCoPO, transforms
slowly to «-KCoPO,. The high-temperature phase
B-KCoPO, is 5-7kJmol™" less enthalpically stable than
y-KCoPO, and «-KCoPO, at 850K. HEX phases of
NH4MPO, (M = Co, Zn) are 3kJmol~' more enthalpi-
cally stable than ABW phases. There is a strong correlation
between enthalpy of formation from oxides and acid—base
interaction in cobalt phosphate, zinc phosphate, and
aluminosilicate frameworks, but other factors may deter-
mine the actual structures formed.
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