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Abstract A new dichromium(III) cobalt(I) diphosphate(V)
of the formula CoCr,(P,0O7), was detected in the CosCry
(PO4)¢—Cr(PO3); system. The new compound was obtained as
a result of high-temperature solid-state reactions between
CoCO3, Cr,05 and (NH,),HPO, as well as between Cr(PO3);
and Co;3Cry(POy4)s. CoCr,(P,05), was characterized using
XRD, DTA and IR methods. Results demonstrated that
CoCr,(P,05), crystallizes in the triclinic system and its unit
cell parameters were calculated. Its infrared spectrum was
presented. CoCr,(P,05), melts incongruently at 127010 °C
with a formation of solid o-CrPO,4. The compound Co3Cry
(PO4)g, component of the system under study, was obtained
for the first time as a pure phase. Its thermal stability was also
investigated. CozCry(PO4)s is stable in air up to
1410 £+ 20 °C.

Keywords Chromium cobalt phosphate - System CoO-
P,05-Cr,03 - CoCr,(P,05), - XRD - DTA - IR
Introduction

The phosphates(V) of di- and trivalent metals are the objects

of extensive studies as they have many possibilities of
application. Some of such phosphates exhibit anticorrosion
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properties [1], and the other can be used as ceramic pigments
[2, 3], as an anode material for lithium-ion batteries [4] or as
efficient catalysts [5, 6]. Research work aimed at synthesis
and characterization of new phosphates(V) is very important
for designing of new materials which can be applied in dif-
ferent areas of contemporary technology. Such new phos-
phates can be formed inter alia in the ternary oxide system
Co0-P,05—Cr,05. Cobalt(Il) phosphates(V) and chromiu-
m(III) phosphates(V), forming in the lateral systems of the
mentioned ternary oxide system, are known and widely
investigated [1, 2, 4-9], but only one article [10] was found
referring to a phase, which is formed with an involvement of
all three oxides, i.e. Co3Cry(POy4)s. The compound was
synthesized by heating the mixture of Co3z04, Cr,O3 and
NH4H,PO, at a molar ratio 1:2:6 up to 1000 °C for 300 h
[10]. The authors [10], however, could not obtain Cos;Cry
(POy4)¢ as a pure phase. However, they assumed that this
compound is isostructural with the compounds from the
family M32+M43+(PO4)6, and on this basis, the structure of
Co5Cr4(PO4)6 was solved [10]. The compound crystallizes in
the triclinic system, and its unit cell parameters are the fol-
lowing: a = 7.8561 A, b =192350 A, c¢=6.2785 A,
o = 108.173°, f = 101.808°, y = 105.329° [10]. To the
best of our knowledge, there is no literature information on
thermal stability of Co3zCry(POy)s.

Therefore, it follows from literature survey that, till now,
there were no systematic investigations on phase formation
in the CoO-P,05—Cr,05 system. The main aim of the pre-
sented work was to check whether in one of the cross sections
of the CoO-P,05—Cr,O; system, i.e. in the system
Co3Cr4(PO4)6—Cr(PO3);, any new phosphate(V) is formed
and if so—the second point of the study was to determine
some of its physicochemical properties. Additionally, nec-
essary investigations, verifying and supplementing literature
data relating to CosCr4(PO,)s, were conducted.
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Experimental

As the initial reagents were used: Cr,Oz (p.a., Aldrich,
Germany), CoCOs; (p.a., Fluka, Switzerland), (NH4),HPO,
(p.a., POCh, Poland).

Reactions were conducted by the conventional method of
calcining samples [9-14]. Appropriate portions of reacting
substances were homogenized by grinding, pressed into
pellets and heated in air atmosphere in several stages, until an
equilibrium state was attained. The first heating stage (at
350 °C) of samples containing in initial mixtures precursors
of CoO and P,05 was applied mainly to remove NH3, H,O
and CO,, so they were pressed into pellets only from the
second heating stage. Next, the heating temperature was
gradually increased, because it follows from our earlier
studies that heating immediately at higher temperatures
leads to obtaining the samples in glass form. After each
heating stage, samples were gradually cooled down in the
furnace to room temperature and next the pellets were
ground and examined by XRD method or by DTA, too.
Generally, to avoid the melting of the samples the maximum
temperature of their heating was several dozen of °C lower
than their melting temperatures, which were read from their
DTA curves.

The XRD method was used to determine the type of the
phases occurring in particular samples [13, 14]. The powder
diffraction patterns of samples were recorded with the aid of
the Empyrean II diffractometer (PANalytical, Netherlands)
using CuK,, radiation with graphite monochromator. The
identification of phases, present in the samples, was con-
ducted based on their XRD characteristics contained in the
PDF cards. The powder diffraction pattern of the new com-
pound was indexed by means of the POWDER programme
[15]. The internal standard was a-Al,O5. The parameters of
the unit cell were refined by the refinement programme of
DHN/PDS package.

Thermal stability of some obtained samples was inves-
tigated using the F.Paulik-J.Paulik-L.Erdey-type derivato-
graph Q — 1500 D (MOM, Hungary), in the temperature
range 20-1400 °C, at a heating rate of 7.5 °C min~! and
sample mass 500 mg. The investigations were conducted
also in temperature range 20-1500 °C using an optical
pyrometer (Raytek, model RAYMMIMHSF2V, Germany).

The density of the new compound was determined with
the help of an Ultrapyc 1200e ultrapycnometer (Quan-
tachrome Instruments, USA) using argon (5 N purity) as a
pycnometric gas. The measurements were taken in five
repetitions using ~2 g of each sample for the test.

The IR spectroscopic measurement (the Specord M 80
spectrometer, Carl Zeiss, Germany) was conducted apply-
ing the technique of pressing pastilles of the sample with
KBr [13, 16, 17] at the ratio 1:300 by weight.
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Results and discussion
Synthesis and thermal stability of Co;Cr4(POy)¢

Preliminary stage of the study was devoted to verification
and supplementation of the information needed for real-
ization of the main aim of the work and concerning one of
the components of Co3Cry(PO4)s—Cr(PO3); system, i.e.
CO3CT4(PO4)6.

The authors [10] have synthesized a compound of the
composition corresponding to the formula CozCry(PO,)s.
Despite the prolonged heating time of the reactants mixture
(300 h) in the temperature range of 800—-1000 °C, they have
not obtained a monophase sample. Therefore, the aim of the
first stage of the study was to obtain pure Co;Crs(POy4)g
compound and to determine its thermal stability in air
atmosphere. The stoichiometric mixture of CoCOs3, Cr,0O3
and (NH4),HPO, was heated in the following stages:
350 °C(12 h) + 500 °C(12 h) + 650 °C(12 h) 4+ 700 °C
(12 h) 4+ 950 °C(12 h) 4+ 1050 °C(12 h) x 2 + 1100 °C
(12 h) x 2 4+ 1200 °C(12 h). XRD phase analysis of the
sample obtained after its last heating stage has proved that it
is monophase, because its diffractogram contains only a set
of lines characteristic for CozCrs(POy4)¢ (PDF 49-0499).
These results testify that shorter heating stages, but at
higher temperatures (in comparison with those given in the
literature [10]) allowed to obtain pure Co3Cry(POy4)g com-
pound, according to the complete stoichiometric reaction:

3 COCO3(S) +2 Cr203<s> +6 (NH4)2HPO4(S)
= CO3CI‘4(PO4)6(S)+3 COz(g) + 12 NH3(g) +9 HzO(g).

(1)

As thermal stability of Co;Cry(PO,)s has not been
known, it was subjected to DTA measurements in air in the
temperature range 20-1400 °C. In this range on DTA
curve, no thermal effects were recorded. This result means
that Co3Cry(PO4)g undergoes decomposition or melting at
temperature higher than 1400 °C. In order to assess its
thermal stability, the sample containing Co3;Cry(POy4)¢ was
heated in air in a horizontal tube furnace equipped with an
optical pyrometer. Based on the result of the study, it was
found that the resulting compound is stable in air up to
1410 + 20 °C.

It is known from the literature that the second com-
pound, constituting the system under study, i.e. Cr(PO3)s,
decomposes to Cr,P,0;3 and P,O5 at 1325 °C [9].

Reactions in the Co3;Cr4(PO,4)¢—Cr(POs3); system

In order to determine the kind of phases forming in the
system Co3Cry(PO4)¢—Cr(PO3); 11 mixtures of CoCOs;,
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Cr,05 and (NH,4),HPO,4 were prepared. The composition of
initial mixtures, in terms of the components of the system
Co3Cry(PO4)6—Cr(PO5); as well as of the system CoO-
P,05—Cr,03, is given in Table 1. All the samples were
heated in the following stages: 350 °C(12 h) + 500 °C(12 h)
+ 650 °C(12 h) + 700 °C(12 h) 4+ 950 °C(12 h) + 1050 °C
(12 h) x 2, while samples 5-11 were additionally heated at
1100 °C (12 h) twice. Table 1 presents XRD analysis
results for the samples after their last heating stage. In the
diffractograms of all the investigated samples, a set of
unidentified lines denoted by X was detected. However,
only as a result of heating a mixture initially containing
33.33 mol% CosCry(PO4)¢ and 66.67 mol% Cr(POs); [in
terms of the components of the system CozCry(POy)g
—Cr(PO;3);] a monophase sample was obtained whose
diffractogram consisted only of a set of unidentified lines X.
These lines were not assigned to any initial reactants as well
as to any previously known phases that belong to the lateral
binary systems constituting the ternary oxide system CoO-
P,05—Cr,05. It has been concluded that the recorded set of
lines X is an XRD characteristic of a new compound of the
formula CoCr,(P,O5), that is formed according to the
complete stoichiometric reaction:

COCO3(S) + CI‘203(S) + 4 (NH4)2HPO4(S)
= CoCrz(P207)2(s)+C02(g> + 8 NH3(g) +6 HzO(g>.
(2)

In the component concentration range up to 33.33 mol%
of Co3Cry(POy) (in terms of the components of the Cos
Cry(PO4)s—Cr(PO3); system), in the cross section under

study, Cr(POs3); also occurs. In the remaining component
concentration range, i.e. above 33.33 mol% of CosCry
(POy)s, apart from CoCr,(P;07),, CozCry(POy)g is formed.
The new compound has been also obtained by reaction
occurring by heating the stoichiometric mixture of Cr(PO3);
and Co3Cry(POy,)s in the following stages: 700 °C(12 h) +
950 °C(12 h) + 1050 °C(12 h) x2 4 1100 °C(12 h) x2:

2CI‘(PO3)3(S) +Co3Cry4 (PO4)6(S) =3 CoCr;, (P207)2(S) . (3)

In the next stage of the study, two mixtures (Table 1,
samples 12 and 13) were prepared with their compositions
being very close to that which corresponds to the formula
CoCr,(P>,05), but not representing the system under study
(Fig. 1). Heating conditions for sample 13 were the same
as for samples 1-4, while sample 12 was additionally
heated at 1100 °C (12 h) twice (as samples 5—11). After the
last heating stage, besides of CoCry(P,0O7),, the other
compounds were also identified in sample 12 and 13
(Table 1). The obtained results additionally prove that the
composition of the new phase corresponds to the formula
COCY2(P207)2.

Figure 1 shows the positions of: the Co3;Crs(POy)e—
Cr(PO3); cross section studied, samples 12 and 13 as well
as the new obtained compound in the component concen-
tration triangle of the ternary oxide system.

Some properties of the new compound
CoCr;(P207);

In a further part of the work, some physicochemical
properties of the new compound were investigated.
CoCr,(P>05), has a patina colour; its density amounts to

Table 1 Composition of initial mixtures and their composition after the last heating stage

No. Composition of initial mixtures in terms of the components Composition of initial mixtures in terms  Phase composition of samples

of the system Co3Cr4(PO,)s—Cr(PO3)3/mol%

of oxides percentage/mol%

after their last heating stage

Co5Crs(POY)g Cr(PO5); CoO P,0s Cr,0;

1 500 95.00 6.52 68.48 25.00 X, Cr(PO5);
2 111 88.89 12.50 62.50 25.00

3 20.00 80.00 18.75 56.25 25.00

4 3000 70.00 23.68 51.32 25.00

5 3333 66.67 25.00 50.00 25.00 X

6 36.00 64.00 25.96 49.04 25.00 X, Co3Cra(POy)s
7 50.00 50.00 30.00 45.00 25.00

8 5714 42.86 28.12 46.88 25.00

9 66.67 33.33 33.33 41.67 25.00

10 80.00 20.00 35.29 39.71 25.00

11 95.00 5.00 37.01 37.99 25.00

2 - - 24.32 48.65 27.03 X, a-CrPO,
13 - - 24.00 52.00 24.00 X, Cr(PO3)s
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Fig. 1 Positions of the Co;Cry(PO4)e—
Cr(PO3); cross section studied, samples 12
and 13 as well as the new obtained
compound in the component concentration
triangle of the CoO-P,05—Cr,03 system

sample 13

CoO

CoCr,0,

Co,Cr,(PO,)s

CoCr,(P,0,),

/.

sample 12

dops = 3.63(5) g cm . Figure 2 shows a powder diffrac-
tion pattern of the new compound, whereas Table 2 pre-
sents the results of its indexing. CoCr,(P,O7), crystallizes
in the triclinic system. The parameters of its primitive unit
cell are as follows: a = 6.684(3) A b= 10.295(5) A,
c=20.13609) A, o= 121.41(8)°, B =94.254)°, vy =
86.04(4)°. The unit cell volume V = 1178.5 1&3; the num-
ber of stoichiometric formula units in the unit cell Z = 5;
the XRD calculated density d.,. = 3.60 g cm .

It is known from the literature that there exist com-
pounds of the formulae CuFe,(P,0;), [18] and Culn,
(P,O7), [19], i.e. with a composition analogous to the
composition of the obtained new compound. However,
some considerable differences

T T T H , T T T T
PO, 10 20 30 40 50 60 70 80 9  Cr,0,
c 9 <
+ mol% Cr,O -
% %8 Bt
(@) (@) (@]
3
g
=
‘D
c
Q
£
between the powder T T T T T T T T T
10 15 20 25 30

diffraction patterns of CoCr,(P,07), and CuM,(P,0O),
(M = Fe, In) indicate that these compounds are not
isostructural.

In the DTA curve of CoCry(P,07),, two endothermic
effects were recorded (Fig. 3), with onset temperatures
1270 and 1350 °C, respectively. In order to determine the
type of the transformation that the first effect is due to, a
sample of CoCr,(P,0O5), was heated for 2 h at 1285 °C, i.e.
at the temperature of the maximum of this effect, and next
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Fig. 2 Powder diffraction pattern of CoCr,(P,05),

it was rapidly cooled to room temperature and subjected to
XRD analysis. The obtained results indicate that the first
endothermic effect is due to incongruent melting of
CoCr,(P,057), with a formation of solid a-CrPOy.
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Table 2 Indexing results for the CoCr,(P,07), powder diffraction

pattern

No e/ A deae 1A hkl Iy %

1 8.8363 8.8462 0-12 9 1350

2 6.6321 6.6137 0-13 28

3 6.5491 6.5593 011 by

4 63256 6.3064 ~101 6

5 5.1287 5.1230 1-12 5

6 49279 49310 0-23 4

7 44219 44231 0-24 12

8 42970 42921 004 5

9 41311 41217 —1-23 6 1270

10 4.0547 4.0551 121 1

1 4.0042 4.0002 112 13

12 3.8684 3.8744 1—14 16

13 3.8112 3.8061 021 16 1285

14 3.7246 3.7277 120 6

15 3.6806 3.6839 104 7

16 3.6057 3.6071 1-20 1

17 3.5202 3.5184 “1-15 5 iEndo

18 3.4270 3.4233 0-3-3 17

19 3.3759 3.3747 113 10

20 33155 33139 1-15 21

21 3.2761 3.2751 121 17

2 3.1655 3.1706 0-31 2

23 3.1469 3.1519 210 35

24 3.0988 3.0984 1-34 7

25 3.0059 3.0092 116 9 1365

26 2.9844 2.9814 211 10

27 2.9374 2.9364 203 100 ——f—t+—t—

28 2.9140 2.9139 1-34 9 1200 1300 1400
Temperature/°C

29 2.8847 2.8850 2-13 7

30 2.7508 2.7504 015 6 Fig. 3 Fragment of DTA curve of CoCr,(P,O7),

The IR spectrum of CoCr,(P,05), is shown in Fig. 4.
Univocal attribution of the recorded absorption bands to
the specific vibrations is not possible, because the full
structure of the new compound is unknown. However,
probable attribution can be made in the light of literature
data [20-25]. IR spectrum of CoCry(P,O5), is complex,
but in general, four characteristic groups of bands are
observed in the range 1500-300 cm™'. The broadening
character observed in the region 12701190 cm™" corre-
sponds to asymmetric stretching vibration of O-P-O
groups, while the next broad band in the region
1120-1000 cm ™" is related to the symmetric stretching
vibration of those linkages, e.g. O-P-O [20-22]. The
absorption bands at 970, 945, 925 are assigned to the
asymmetric stretching vibration of P-O-P linkages, while

(0]
o
c
8
€
7]
c
o
|_
T T T T UNSEARRARE IR AR AR I
140 1200 1000 800 600 400
Wavenumber/cm-1
Fig. 4 IR spectrum of CoCry(P,07),
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the relatively weak band around 725 cm™' is due to the

symmetric stretching vibration of those linkages: P-O-P
[20-23]. A weak band registered at 745 cm ™' occurring in
the IR spectrum of CoCr,(P,0;), is probably due to
symmetric stretching vibration of the P-O bonds with an
internal oxygen atom [23, 24]. The shoulder at about
625 cm™!' can be assigned to asymmetric bending vibra-
tions of the O-P-O groups [20, 21] and to stretching
vibrations of the Cr—O bonds [20, 23, 25]. The absorption
bands at 570, 540, 510 and 460 cm”! may be assigned
either to the harmonics of P-O-P bending vibration or to
the characteristic frequency of the P,O,%~ group
[21, 22, 25]. Stretching vibration of Co—O bonds appears
in the spectra below 400 cem~! [22, 25].

Studies on the other properties of the new obtained
compound CoCr,(P,05),, especially from the point of view
of its application as ceramic pigment, are in progress.

Conclusions

The results obtained in this study showed that in the ternary
oxide system CoO-P,Os—Cr,05, besides Co3Crs(POy)g, a
new compound of the stoichiometric formula CoCr,(P,07), is
also formed in air atmosphere. The new compound, forming
in the cross section CozCrs(PO4)¢—Cr(PO3)3, was obtained as
aresult of reaction between CoCQOs, Cr,05 and (NH4),HPO,,
mixed at a molar ratio 1:1:4 as well as in the reaction of
mixture of CI'(PO3)3 and CO3CI'4(PO4)6 (21) COCI'2(P207)2
has a patina colour and crystallizes in the triclinic system
with the primitive unit cell parameters: a = 6.684(3) A,
b = 10.295(5) A, ¢ =20.136(9) A, o = 121.41(8)°, f =
94.25(4)°, y = 86.04(4)°. The volume of such selected unit
cell is V=1178.5 10\3, and the number of stoichiometric
formula units in the unit cell Z = 5 and the density, calculated
from the unit cell parameters, is 3.60 g cm ™. CoCr,(P,0O7),
melts incongruently at 1270£10 °C with a formation of solid
o-CrPOy. Co3Cry(PO4)6 compound, one of the components of
the system studied, was obtained for the first time as a pure
phase. It is stable in air up to 1410 £ 20 °C.
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