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Abstract The single phase NH4NiPO4-6H,O was syn-
thesized by solid-state reaction at room temperature using
NiSO,-6H,0 and (NH,4)3PO4-3H,0 as raw materials. XRD
analysis showed that NH4NiPO4-6H,O was a compound
with orthorhombic structure. The thermal process of
NH4NiPO4-6H,O experienced three steps, which involves
the dehydration of the five crystal water molecules at first,
and then deamination, dehydration of the one crystal water,
intramolecular dehydration of the protonated phosphate
groups together, at last crystallization of Ni,P,O;. In the
DTA curve, the two endothermic peaks and an exothermic
peak, respectively, corresponding to the first two steps’
mass loss of NHyNiPO4-6H,O and crystallization of
Ni,P,0O;. Based on Flynn—Wall-Ozawa equation, and
Kissinger equation, the average values of the activation
energies associated with the thermal decomposition of
NH4NiPO4-6H,O, and crystallization of Ni,P,O; were
determined to be 47.81, 90.18, and 640.09 kJ molfl,
respectively. Dehydration of the five crystal water mole-
cules of NH4NiPO4-6H,0, and deamination, dehydration
of the crystal water of NH4NiPO,4-H,O, intramolecular
dehydration of the protonated phosphate group from Ni-
HPO, together could be multi-step reaction mechanisms.
Besides, the thermodynamic parameters (AH”, AG”, and
AS7) of the decomposition reaction of NH4NiPO4-6H,0
were determined.
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Introduction

The synthesis and structural characterization of nickel (II)
phosphates have received considerable amount of attention
due to diversity of structure types and abundance of nickel
(IT) phosphate framework compounds as well as to their
potential applications as new materials that may have ion
exchange, ionic conductivity, and interesting magnetic
properties [1]. Nickel (IT) phosphates occur in many forms:
such as Ni3(PO,),-8H,O [2], NH4NiPO4-H,0, KNiPOy-
H,0, and NH4NiPO,4-6H,0, etc. The choice of synthetic
method and raw materials is important, as it can lead to the
production of several phases with predetermined structure
types [1]. Ammonium phosphates of general formula
NH,M"PO,-H,O were first described in 1864 by Debray.
The series of nickel (II) phosphates M'NiPO,-H,O
(MI = K, NH,) were reported by Bassett and Bedwell in
1933 [3]. Infrared spectroscopic measurements [4] showed
that the ammonium compounds contained coordinated
water and ammonium ions, instead of having the alterna-
tive composition NiHPO4NH3-H,O. Carling et al. [5]
obtained NH4NiPO4-H,O by precipitation from aqueous
solution using a method derived from that of Bassett and
Bedwell, and determined the crystal and magnetic struc-
tures of the compound. Aintzane et al. [1] prepared
NH4NiPO4-nH,O (n =1, 6) via direct precipitation
method in which NiCl,-6H,O was used as the source of
nickel (II), H3PO,4 was used as the source of phosphorus,
and NH,OH was used as the source of ammonium, in
which the presence of three different nickel (IT) phosphates
has been observed: Niz(PO,),-8H,0, NH4NiPO,-H,0, and
NH4NiPO4-6H,O. Therefore, single phase nickel (II)
phosphates can be obtained only with special attention to
the control of the pH in the solvent medium, which was
regulated by addition of NH,OH.
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The aim of this work is to prepare single phase NH,
NiPO4-6H,0 via solid-state reaction at room temperature
and to study the kinetics and thermodynamics of the
decomposition of NH4NiPO,4-6H,O using TG-DTA tech-
nique. Non-isothermal kinetics of the decomposition process
of NH,NiPO4-6H,O was interpreted by Flynm—Wall-
Ozawa (FWO) method [6, 7], and the Kissinger method [8].
The kinetic (E,, A, mechanism) and thermodynamic
parameters (AH”, AS™, AG”) of the decomposition reac-
tion of NH4NiPO,4-6H,0 are discussed for the first time.

Experimental
Reagent and apparatus

All chemicals were of reagent grade purity. TG/DTA
measurements were made using a Netsch 40PC thermo-
gravimetric analyzer. X-ray powder diffraction (XRD) was
performed using a Rigaku D/max 2500 V diffractometer
equipped with a graphite monochromator and a Cu target.
The FT-IR spectra of the product and its products of
thermal decomposition were recorded on a Nexus 470
Fourier transform IR (FT-IR) instrument. The morphology
of the product and its calcined samples were examined by
S-3400 scanning electron microscopy (SEM).

Preparation of NH,NiPO4-6H,O

The binary ammonium nickel phosphates NH4,NiPO,4-6H,0O
were prepared by solid-state reaction at room temperature [3]
using NiSO,4-6H,0 and (NH,4);P0O,4-3H,0 as starting mate-
rials. In a typical synthesis, NiSO4-6H,O (27.21 g),
(NH,);PO4-3H,0O (24.63 g), and surfactant polyethylene
glycol (PEG)-400 (1.5 mL) were put in a mortar, and the
mixture was fully ground by hand with a rubbing mallet for
40 min. The grinding velocity was about 90 circles/min, and
the strength applied was moderate. The reactant mixture
gradually became damp, and then a paste formed quickly. The
reaction mixture was kept at room temperature for 4 h. The
mixture was washed with deionized water to remove soluble
inorganic salts until SO4>~ ion could not be visually detected
with a 0.5 mol L™! BaCl, solution. The solid was then
washed with a small amount of anhydrous ethanol and dried
at 353 K for 3 h to give the single phase NH4NiPO,4-6H,0.

Method of determining Kinetic parameters
Determination of activation energy by FWO method [6, 7]

Kinetic equation of solid-state reaction can be expressed as
Eq. 1:
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When heating rate is kept fixed value, that is: f = dT/dt.
Equation 1 can be rewritten into the Eq. 2:

"f (@) (2)

A EIRT () (1)

de A g
a5
where E, is apparent activation energy, A is pre-
exponential factor, R is the gas constant, and o is called
reaction degree. The f(«) is a function of «, which reveals
the mechanism of reaction. By a series of transforms, thus
Eq. 2 can be rewritten as the Eq. 3:

AE E
log = [1og7‘“* —logg(a) —2.315] — 0.4567ﬁ (3)

If o is a fixed value, thus log g(«) is a fixed value, too. The
dependence of log f on 1/T must give rise to straight line.
Thus, reaction activation energy E, can be obtained from
linear slope (k = —0.4567E./R).

Determination of activation energy and pre-exponential
factor by Kissinger method [8]

According to DTA curve and the Kissinger equation
(Eq. 4), the activation energy and pre-exponential factor of
thermal decomposition reaction of NH4NiPO4-6H,O and
crystallization of Ni,P,O, can be obtained.

p E, AR

Int — 2t 4
"7 TRk "E )

where f§ is the heating rate (K min~Y), Tp is the peak
temperature in DTA curve (K), E, is the activation energy
(kJ mol™") of thermal process, R is the gas constant
(8.314 T mol™" K™"), and A is the pre-exponential factor.
The dependence of In(B/T5)on 1/Tp must give rise to a
straight line. Thus, reaction activation energy E, can be
obtained from linear slope (k = —E,/R), and the pre-
exponential factor A can be obtained from linear intercept
(h = In(AR/E))).

Determination of thermodynamic parameters of thermal
decomposition reaction [9, 10]

The change of the entropy (AS”) may be calculated
according to the Eq. 5:

Ah
AS” =R1 5
S n(eXkBTP) ®)

where A is the pre-exponential factor obtained from the
Kissinger method, e = 2.7183 is the Neper number, y is
the transition factor, which is unity for monomolecular
reactions, kg is the Boltzmann constant (1.381 x 1072
J K™Y, h is the Plank constant (6.626 x 107>* J s); Tp is
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the peak temperature in DTA curve, R is the gas constant
(8.314 T mol ™' K™1).

The change of the enthalpy (AH”) may be obtained
according to the Eq. 6:

AH? = E* —RTp (6)
where E” is the activation energy, E,, obtained from the
Kissinger method. The change of Gibbs free energy AG™

for the decomposition reaction can be calculated using the
well-known thermodynamic Eq. 7:

AG” = AH” — TpAS” (7)
Results and discussion

XRD analysis of the product and its calcined samples
Figure 1 shows the XRD patterns of the product dried at

353 K and the products resulting from calcination at dif-
ferent temperatures for 2 h.
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Fig. 1 XRD patterns of the product and its calcined samples at
different temperatures for 2 h

From Fig. 1a, the results show that strong intensity and
smoothed baseline, a wide and low diffraction pattern of
the product is observed, which indicates that the product is
crystalline with a higher crystallinity. All the diffraction
peaks in the pattern are in agreement with that of ortho-
rhombic NH4NiPO4-6H,0, with space group Pmm?2(25)
and cell parameters: a = 0.6104 nm, b = 0.6923 nm,
¢c=1.117 nm, and V = 0.4720 nm3, from PDF card
21-0034. No diffraction peaks of other impurities, such as
Ni3(PO,4),-8H,0 and NH4NiPO,4-H,>O, are observed, which
indicates that the single phase NH4NiPO4-6H,0 are syn-
thesized by solid-state reaction at room temperature. From
Fig. 1b, it can be found that two XRD patterns of calcined
products at 423 and 523 K are similar, and all the dif-
fraction peaks in the two XRD patterns are found to be in
agreement with that of orthorhombic NH4NiPO,4-H,O,
space group Pmnm(59), from PDF card 50-0425. The
strong diffraction peak at about 10.20° for 20 is attributed
to the layered structure of NH4NiPO4-H,O. The interlayer
distance of the products from thermal decomposition at
temperatures of 423 and 523 K are 0.874 and 0.870 nm,
respectively. However, characteristic diffraction peaks of
crystalline NH4NiPO,4-H,O disappeared when it was kept
at 623 K for 2 h, suggesting that the structure of the
crystalline NHyNiPO4-H,O was destroyed and a new
amorphous compound had been formed. When the sample
was heated at 1073 K for 2 h, strong intensity and smooth
baseline, and a wide and low diffraction pattern of the
thermal decomposition product was observed. This indi-
cates that the thermal decomposition product has a high
degree of crystallinity. All the diffraction peaks in the
pattern are in agreement with that of monoclinic nickel (II)
pyrophosphate (Ni,P,07), space group B21/c(14), from
PDF card 74-1604.

TG/DTA analysis of the synthetic product

Figure 2 showed the TG/DTA curves of the synthetic
product at four different heating rates from ambient tem-
perature to 1073 K, respectively.

The TG/DTA curves show that thermal decomposition
of the NH4NiPO,-6H,0 below 1073 K occurs in two well-
defined steps. The first step starts at about 334 K, ends at
about 537 K, and characterized by a strong endothermic
DTA peak at about 418 K that can be attributed to the five
water molecules eliminated from NH4NiPO4-6H,0O and the
formation of NH4NiPO,4-H,O. The observed mass loss in
the TG curve is 32.11%, which is in good agreement with
32.20% theoretic mass loss of five water molecules elim-
inated from NH4NiPO,4-6H,O. The second decomposition
step begins at about 537 K, and ends at 973 K, which
involves an endothermic process with broad DTA peak
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Fig. 2 TG/DTA curves of the NH;NiPO,-6H,O at different heating
rates

at about 568 K, attributed to the decomposition of
NH4NiPO4-H,O and the formation of Ni,P,O,. The cor-
responding observed mass loss in the TG curve is 14.40 %,
which close to 15.73% theoretic mass loss of two ammonia
molecules and three water molecules eliminated from two
NH4NiPO4-H,0 molecules. The exothermic DTA peak at
about 1035 K can be attributed to the phase change from
amorphous Ni,P,O; to monoclinic Ni,P,0;.

IR spectroscopic analysis of the product and its calcined
samples

FT-IR spectra of the prepared and its calcined samples are
shown in Fig. 3. From Fig. 3, the strong bands of the
prepared sample at 1013 cm™' is attributed to the P-O
stretching vibrations. The bending OPO vibrations appear
in the region of 500630 cm™'. The weak band at about
740 cm ™! is the water libration (hindered rotation), while
the strong and broad band at about 3000 cm™" is assigned
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Fig. 3 FT-IR spectra of the product and its calcined samples

to the stretching OH vibration of the water molecule
and the stretching vibration of NH," [3, 4, 11]. The band
at 1432 cm™! can be due to the bending mode of NH4+,
the weak bands which appear at 1677 and 1579 cm™' in
the spectrum of NH4NiPO,4-6H,0 can be ascribed to the
bending mode of the HOH [1, 12-14]. The band at
2375 cm ™! (OH mode) reveals that the water molecule in
NH4NiPO4-6H,0 forms a weak hydrogen bond, which is in
agreement with that of NHyNiPO4-6H,O obtained by
conventional precipitation method [1, 4], which OH mode
in the NH4NiPO4-6H,O appear at wavenumbers higher
with about 21 cm™' than OH mode of KMnPO,-H,O
obtained by solid-state reaction at room temperature
[15]. The deviation cause is not clear. When sample was
calcined at 523 K, FT-IR spectra of calcined sample,
NH4NiPO4-H,0, have a little difference in comparison
with that of NH4NiPO,4-6H,O. Such as, the band at about
1432 ecm™' of NH,NiPO,4-H,0 is split into two bands at
1432 and 1467 cmfl, which is attributed that NHACL tet-
rahedra present high symmetry in the structure of
NH4NiPO4-6H,0, however, the monohydrated compound
take places distortions in the NH, " polyhedra [1]. Besides,
the band at 2375 cm™' (OH mode) for NH,NiPO,-H,0O
becomes weaker than that of NH4;NiPO,-6H,O, which can
be presumed that hydrogen bond of the water molecule in
NH4NiPO4-H>O is weaker than that of the water molecule
in NH4NiPO4-6H,O. The intensity of bands at 2300-3500
and 1677 cm™' decrease as the calcination temperature
increase, and disappear at 623 K. It is explained by the fact
that NH4NiPO,4-6H,O finish elimination of its six crystal
water and an ammonia at 623 K. The band at about
1470 cm ™' from calcined sample at 623 K disappears,
which indicates the structure of the calcined samples at
623 K takes place during transformation.
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SEM analysis of the synthetic product and its calcined . 1.
samples NH4N1PO4'H20(CI') — §N12P207 (am) + NH3 (g)
3
' , , +-HxO(g) (10)
The morphology of NHyNiPO4-6H,O and its calcined 2
sample are shown in Fig. 4. From Fig. 4a, it can be seen  Ni,P,07(am) — Ni,P,O7(cr) (11)

that the NH,NiPO,-6H,0 sample is composed of platelets.
NH4NiPO4-6H,O samples illustrated polyhedral grains,
which conains particles having a distribution of small
particles (150-300 nm) and large particles (300 nm—
1.2 pm). From Fig. 4b, NH,NiPO4-H,O samples obtained
at 523 K can still keep platelet morphology of NH4NiPO,-
6H,O. However, thickness of NH4NiPO,-H,O samples
becomes thinner than that of NH4NiPO4-6H,O samples.
With the increase of calcining temperature, the calcined
samples are split into smaller particles further. Figure 4c
and d show the SEM micrographs of samples obtained at
973 and 1073 K, respectively. It can be seen that the
morphology of two samples have been became near
spherical shapes, and there is soft agglomeration phe-
nomenon among one particle of sample. Average particle
diameters of samples obtained at 973 and 1073 K are about
70 and 90 nm, respectively.

Activation energy of thermal decomposition
of NH4NiPO,4-6H,0 and Ni,P,05 crystallization
process

In accordance with TG/DTA analysis and XRD analysis of
the synthetic product, and its calcined products mentioned
above, thermal process of NH4;NiPO,4-6H,0 below 1073 K
consists of three steps, which can be expressed as follows:
NH4NiPO4 -6H20(CI’) — NH4NiPO4 -HQO(CI‘)

+5H;0(g) 9)

Fig. 4 SEM micrographs of NH4NiPO,-6H,O and its calcined
samples: a 353 K, b 523 K, ¢ 973 K, d 1073 K

According to non-isothermal method, the basic data of «
and T collected from the TG curves of the thermal
decomposition of NH4NiPO,4-6H,0 at various heating rates
(5, 10, 15, and 20 K minfl) are illustrated in Tables 1 and
2. According to Eq. 3, the plots of log f versus 1000/T
corresponding to different conversions « can be obtained
by a linear regression of least-square method, respectively.
The FWO analysis results of four TG measurements below
1073 K are shown in Fig. 5. In accordance with FWO
equation, the slopes of these straight lines can be deter-
mined, then average activation energy for the thermal
decomposition reaction of NH4NiPO,4-6H,0 was obtained.
Table 3 showed the activation energy and correlation
coefficient (%) calculated by FWO method for the thermal
decomposition steps of NH4NiPO4-6H,0.

Figure 6 shows Kissinger plots of the thermal process of
NH4NiPO4-6H,O. From the slopes of the straight lines, the
activation energy values of three thermal processes of
NH,4NiPO,4-6H,O were determined to be 47.81, 90.18, and

Table 1 Correlative data used for drawing plot of log 5 versus 1000/T
for step 1

o B/K min~!
5 (T/K) 10 (T/K) 15 (T/K) 20 (T/K)

0.2 373 387 395 400
0.3 381 396 404 410
0.4 388 404 413 419
0.5 396 413 424 431
0.6 404 423 435 442
0.7 415 434 447 455
0.8 432 451 466 476

Table 2 Correlative data used for drawing plot of log f vs. 1000/T
for step 2

o B/K min~!
5 (TIK) 10 (T/K) 15 (T/K) 20 (T/K)

0.2 548 564 578 588
0.3 563 580 594 605
0.4 580 596 613 624
0.5 599 617 633 644
0.6 625 645 661 671
0.7 657 678 695 707
0.8 701 726 745 757
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640.09 kJ mol™', respectively (Table 4). The step 3
exhibits particularly high activation energy value in com-
parison with the other two steps, which suggests that
crystallization of amorphous Ni,P,O, have a slower con-
version rate.

From Tables 3 and 4, it is seen that the activation energy
values calculated by the FWO method are close to that
obtained by Kissinger method, so the results are credible.
The relative errors of the slope of the FWO equation
straight line for stepl and step 2 are higher than 10%,
which implies that E, values for step 1 and step 2 depend
on reaction degree (). So, we draw a conclusion that the
thermal decomposition processes for step 1 and step 2 of
NH4NiPO4-6H,0 could be multi-step reaction mechanisms
[10, 16-18].

Thermodynamics of thermal decomposition
of NH4N1PO46H20

Thermodynamic parameters (AS”, AH”, and AG”) were
calculated from Eq. 5-7, and the results were shown in
Table 5. As can be seen from Table 5, the values of AS™
for step 1 and step 2 are negative. It means that the corre-
sponding activated complexes have lower disorderness than
the initial state. However, the entropy change of the second

Table 3 Activation energies (E,) and correlation coefficient (rz)
calculated by FWO method

Table 4 Peak temperature (7p) and kinetic parameters of thermal
process of NH4NiPO4-6H,0 obtained from Kissinger method

Step 1 Step 2 Step 3
Tp (K) in four heating rates/K min~!
5 405 552 1025
10 425 569 1035
15 434 582 1041
20 443 589 1043
E,/kJ mol™! 47.81 90.18 640.09
InA 12.44 17.94 74.09
P 0.9973 0.9950 0.9888
-9.0
—9.5
step 1
-10.0
~ step 2
E:" -10.5
S
S -11.0
~11.5 1 step 3
—12.0 -
-12.5
— T T T T T T T T T T T T T T T
08 10 12 14 16 18 20 22 24 26
1000/T K

o Step 1 Step 2

Fig. 6 Kissinger plots of the thermal process of NH4NiPO,4-6H,O

E /K] mol ™! 7~ E /K] mol ™! 7 & gerp P * M
0.2 59.95 0.9980 87.63 0.9919
0.3 58.93 0.9985 88.72 0.9926 Table 5 Th q ) ¢ the d o .
able ermodynamic parameters of the decomposition reaction

0.4 57.06 0.9983 88.28 0.9835 of NH,NiPO,-6H,0
0.5 53.04 0.9995 93.06 0.9920
0.6 50.84 09984  98.92 09970 ~ Parameters Step 1 Step 2
0.7 51.25 0.9994 101.29 0.9955 AS7/T mol ™' K! —153.09 —107.05
0.8 50.86 0.9976 102.97 0.9983 AH7 /kJ] mol ™" 44.13 85.28
Average 54.56 £+ 5.39 0.9985 94.41 + 8.56 0.9930 AG7/kJ mol ™! 111.95 148.33
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activated complex was higher than that of the preceding
one. In the terms of the theory of activated complex (tran-
sition theory), the step 1 of the thermal decomposition of
NH4NiPO,4-6H,0 may be interpreted as a ‘‘slow’’ stage,
while the step 2—as a “fast” stage [10, 19, 20]. The positive
values of AG” at all studied steps are due to the fact that
dehydration of the crystal waters of NH4NiPO,4-6H,0,
deamination, and intramolecular dehydration of the pro-
tonated phosphate group from NiHPO, are not spontaneous
at room temperature. The larger AG”, the harder decom-
position process. So, the second decomposition process
(step 2) occur harder than the first decomposition process
(step 1). The endothermic peaks in DTA curve agree well
with the positive sign of the activation enthalpy (AH”). The
value of AH” of the second decomposition process was
larger than that of the first decomposition process, which
means that the second decomposition process needs more
energies than the first decomposition process.

Conclusions

This research has successfully achieved a simple room
temperature synthesis of single phase NH4;NiPO,4-6H,0.
XRD analysis suggested the formation of binary phos-
phates of orthorhombic NH4NiPO,4-6H,O, and its decom-
position product NH4NiPO4-H,O with layered structure.
The thermal process of NH4NiPO,4-6H,O in the range of
ambient temperature—1073 K is a complex process, which
involve the dehydration of the five crystal water molecules
at first, and then deamination, dehydration of the one
crystal water molecule, intramolecular dehydration of the
protonated phosphate groups to form amorphous Ni,P,O;
together, and at last crystallization of Ni,P,O5. The kinetics
of the thermal decomposition of NH4NiPO4-6H,O was
studied using non-isothermal TG technique applying
model-fitting method. The average values of the activation
energies associated with the NHyNiPO4-6H,O thermal
decomposition and crystallization of Ni,P,0; were 47.81,
90.18, and 640.09 kJ mol ™', respectively. Dehydration
of the five crystal water molecules of NH4NiPO,4-6H,0,
and deamination, dehydration of the crystal water of
NH4NiPO4-H,O, intramolecular dehydration of the pro-
tonated phosphate group from NiHPO, together could be
multi-step reaction mechanisms. The thermodynamic
parameters (AS™, AH”, and AG”) of the decomposition
reaction of NH,NiPO,-6H,0 are obtained. These data will
be important for further studies of the studied compound,
and to solve various scientific and practical problems
involving the participation of solid phases.
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