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Abstract—Mixtures of ammonium dihydrogen phosphate and basic nickel carbonate with P/Ni molar ratios of
2/3, 1/1, and 2/1 were ground in a planetary mill. The thermal behavior of the milled samples was investigated
by differential thermal analysis, x-ray diffraction, and Fourier transform infrared spectroscopy. In addition, the
samples were characterized by ultraviolet—visible reflectance spectroscopy, particle size distribution, scanning
electron microscopy, and nitrogen adsorption measurements. As a result of mechanochemical effects, the tar-
geted nickel phosphates were formed at |ower temperatures, had amore vivid color, and consisted of more reg-

ularly shaped particles.

INTRODUCTION

Phosphates transform to other phosphates in hyd-
rolysis and dehydration reactions at elevated tempera-
tures [1, 2]. The group of condensed phosphates
includes polyphosphates, cyclophosphates, and ultra-
phosphates. Polyphosphates have a chain structure in
which each PO, unit shares two oxygen atoms with
other PO, units. Cyclophosphates have a cyclic struc-
ture, and ultraphosphates have a network structure [3].

Phosphates are used for the preparation of ceramics,
catalysts, fluorescent materials, dielectrics, metal sur-
face treatment agents, detergents, food additives, fuel
cell materials, pigments, etc. In genera, inorganic
phosphate pigments are prepared by mixing starting
materials, followed by calcination, crushing, and
adjusting their color. There are reports on the calcina-
tion temperature and time, but less information about
the mixing of starting materials. Because the particle
shape and size distribution influence many properties,
for example, the color of pigments, the study of the
mixing of starting materialsisimportant for the devel-
opment of new inorganic functional materials.

The physical and chemical properties of solids are
influenced by crushing, pressing, milling, and other
mechanical treatments [4-8]. These phenomena are
known as mechanochemical effects and lead to an
increase in specific surface area, defect density, and
strain; bond cleavage; and other processes. Owing to

* The text was submitted by the authorsin English.

these effects, mechanically treated materials are
regarded as being in an active state. Such mechanical
treatments have been applied to inorganic materials.
Using mechanical treatment, new materials, higher
yields, and lower temperature sintering can be
achieved.

In previous work, mechanochemical effects were
investigated in mixtures of ammonium dihydrogen
phosphate, manganese carbonate, and neodymium
oxide in the molar ratios P/((2Mn + 3Nd) = 1/2 and
Mn/Nd = 10/0, 9/1, and 8/2 [9]. In these systems, since
the mixed materials were mechanically activated,
Mn,P,0, was formed at lower temperature. During
mechanical treatment, the change of hue was observed
a a lower temperature, and phosphates had a more
vivid color. Mechanochemical treatment of starting
materials was shown to be effective method of produc-
ing functional inorganic materials.

In this work, we assess the mechanochemical effect
on the formation and properties of various nickel phos-
phates from ammonium dihydrogen phosphate and
basic nickel carbonate.

EXPERIMENTAL

Mixtures of ammonium dihydrogen phosphate,
NH,H,PO,, and basic nickel carbonate, NiCO; -
2Ni(OH), - 4H,0, with P/Ni molar ratios of 2/3, 1/1,
and 2/1 were ground in a Fritsch planetary mill for sev-
eral minutes. These ratios are the same as those in
nickel orthophosphate, Niz(PO,),, nickel pyrophos-
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Fig. 1. DTA curves of sampleswith P/Ni = 2/3: (a) without
milling; (b—d) milling for 10, 20, and 30 min, respectively.
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Fig. 2. XRD patterns of samples with P/Ni = 2/3:
(a—c) without milling, (d—f) milling for 30 min; heat treat-
ment at (a, d) 500, (b, €) 700, and (c, f) 1000°C.

phate, Ni,P,0,, and nicke cyclotetraphosphate,
Ni,P,04,. The mill had five ZrO, balls (15-mm diame-
ter) and a ZrO, vessal (40-mm inner diameter, 40-mm
height). The thermal behavior of the mixtureswas stud-
ied by differential thermal analysis (DTA), x-ray dif-
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fraction (XRD), and Fourier transform infrared (FTIR)
spectroscopy. DTA was carried out with a Rigaku
Denki DTAS50 at a heating rate of 10°C/min. XRD pat-
terns were recorded on a Rigaku Denki RINT 2000M
diffractometer using monochromatized CuK,, radiation.
IR spectra were recorded on a Shimadzu FT-IR8600
spectrometer using a KBr disk method.

The thermal products hest-treated at different tem-
peraturesfor 1 h were characterized by ultraviolet—vis-
ible (UV—Vis) reflectance spectroscopy, scanning elec-
tron microscopy (SEM), particle size distribution, and
specific surface area measurements. UV-Vis reflec-
tance spectra were measured with a Shimadzu
UV-3101PC. SEM images were obtained using a Hita-
chi F-4300. Particle size distributions were measured
with alaser diffraction/scattering particle size distribu-
tion HORIBA LA-910. The specific surface area of
phosphates was evaluated from the amount of nitrogen
gas adsorbed at liquid-nitrogen temperature by the BET
method using a Belsorp mini (BEL JAPAN).

RESULTS AND DISCUSSION
Formation of Nickel Orthophosphate

Figure 1 shows DTA curves of sampleswith P/Ni =
2/3 milled for severa minutes. All of the DTA curves
have endothermic peaks below 150 and at 200°C. The
endothermic peak at 200°C becomes weaker with
increasing milling time. The unmilled sample has an
exothermic peak at 400°C (Fig. 1, curve a). The sample
milled for 10 min has exothermic peaks at 425 and
770°C (Fig. 1, curve b). The sample milled for 20 min
has exothermic peaks at 250 and 745°C (Fig. 1,
curve c). The exothermic peak at 750°C is aso present
in the DTA curve of the sample milled for 30 min
(Fig. 1, curved).

Figure 2 shows the XRD patterns of the samples
without milling and milled for 30 min and then heated
at different temperatures. The peaks of Ni,P,O, and
NiO were observed in the XRD patterns of the unmilled
samples heated at 500 and 700°C (Fig. 2, scans a, b).
The XRD pattern of the sample heated at 1000°C has
the peaks of NiO, Niz(PO,),, and Ni,P,0O,; (Fig. 2,
scan ¢). The sample milled for 30 min and heated at
500°C is x-ray amorphous (Fig. 2, scan d). The peaks
of Ni,P,0; and NiO were observed in XRD pattern of
the sample heated at 700°C (Fig. 2, scan €). The XRD
pattern of the sample heated at 1000°C is similar to that
of Niy(PO,), (Fig. 2, scan f). Figure 3 shows the IR
spectra of the sampleswith P/Ni = 2/3 heated at 700°C.
The sampleswithout milling and milled for 10 min had
absorption peaks due to Ni,P,0;, and Ni,P,O, (Fig. 3,
spectraa, b) [10]. The peaks of Ni,P,0,, inthe IR spec-
trum of the sample milled for 10 min were stronger than
those of the unmilled sample. The samples milled for
20 and 30 min had the adsorption peaks due to Ni,P,0O,
(Fig. 3, spectraa, b).
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The XRD and FT-IR datafor the P/Ni = 2/3 samples
are summarized in Table 1. Nickel oxidewasformed in
the unmilled sample by the reaction

NiCO; - 2Ni(OH), - H,0 — 3NiO + CO, + 6H,0. (1)

The endothermic peaks below 150 and at 200°C in the
DTA curves of milled and unmilled samples are due to
the volatilization of water and ammonia, respectively
(Fig. 1). Mechanical treatment caused the volatilization
of water and ammonia. The sample milled for 30 min
had weaker endothermic peaks. The exothermic peaks
at 400 and 450°C in the DTA curves of the samples
without milling and milled for 10 min are probably
related to the formation of Ni,P,0;, (Fig. 1, curvesa, b;
Table 1). The intensities of these exothermic peaks cor-
responded to those of the IR absorption peaks of
Ni,P,0,,. However, Ni,P,0;, was generally formed in
an endothermic dehydration reaction. It was difficult to
clarify the origin of these peaksin thiswork. It was also
difficult to explain the higher Ni,P,0,, content of the
sample milled for 10 min compared to the unmilled
sample (Fig. 3). Ni,P,0;, was considered to be formed
according to the schemes [11]

NiCO, [2Ni (OH), [(#H,0 + 6NH,H,PO, ,
—>3N|(H2P04)2+C02+6NH3+9H20, ( )

2N1(H2PO4)2 —— Ni2P4012 + 4H20 (3)
At higher temperatures, the following chemical reac-
tions were also considered in the samples without mill-
ing and milled for 10 min:

Ni2P40]_2 + 2N|O : 2Ni2P207, (4)

Ni,P,Oy, + 4NiO - 2Ni(PO,),. (5)

The exothermic peak at 250°C in the DTA curve of
the sample milled for 20 min was considered to be due
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Fig. 3. IR spectra of sampleswith P/Ni = 2/3 heat-treated at
700°C: (a) without milling; (b—d) milling for 10, 20, and

30 min, respectively.

to the formation of NiHPO, (Fig. 1, curve c) [9].
Ni,P,O; was formed through NiHPO, by the reactions

NiCO, [2Ni(OH), (4H,0 + 3NH,H,PO,

6
— 3NiHPO, + CO, + 3NH, + 9H,0, ©

2N1HPO4 _— Ni2P207 + Hzo. (7)
These reactions were considered to occur in other sam-
ples. However, the exothermic peak at 250°C was not
observed in DTA curves (Fig. 1, curves a, b, d). It was
difficult to rationalize these results in this work. The
following chemical reaction was also considered in the
sample milled for 20 min at higher temperatures:

Ni2P207 + NIO _— Ni3(PO4)2. (8)
The small exothermic peaks at about 750°C were con-
sidered to be due to Niy(PO,), crystalization.

Table 1. Thermal products with P/Ni = 2/3 obtained at different temperatures

Thermal products
Milling P
time, min
250°C 350°C 500°C 700°C 1000°C
0 Amorphous | NiO NiO + Ni,P,0;| NiO + Ni,P,O; + Ni,P,O;, NiO + Ni3(PO,), + Ni,P,0O,

10 Amorphous | Amorphous | Amorphous NiO + Ni,P,O; + Ni,P,O1, Ni3(POy4), + NioP,O4

20 Amorphous | Amorphous | Amorphous Ni,P,0O; + NiO Ni3(PO,)»

30 Amorphous | Amorphous | Amorphous Ni,P,0O; + NiO Ni3(PO,)»
INORGANIC MATERIALS Vol. 41 No. 10 2005
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Fig. 4. XRD patterns of samples with P/Ni = 1/1 hesat-
treated at 700°C: (a) without milling; (b—d) milling for 10,
20, and 30 min, respectively.

Ni5(PO,), was finaly formed in the P/Ni = 2/3 system
by the overall reaction

NiCO, [2Ni(OH), (4H,0 + 2NH,H,PO,

9

Sufficient mechanical treatment prevented nickel oxide
formation. It was considered that nickel orthophosphate
was formed not by way of NiO.

Formation of Nickel Pyrophosphate

Thermal productsin the P/Ni = 1/1 system wereless
changed by mechanical treatment than those with
P/Ni = 2/3. Figure 4 shows the XRD patterns of sam-
ples milled for several minutes and heated at 700°C.
The peaks of Ni,P,0;, and Ni,P,O; were observed in
the XRD patterns of the samples without milling and
milled for 10 min (Fig. 4, scans a, b). The peaks of
Ni,P,0;, became weaker upon mechanical treatment
(Fig. 4, scansc, d).
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Fig. 5. UV-Vis reflectance spectra of therma products
obtained at 700°C: P/Ni = (a, b) 2/3, (c, d) 1/1, (e, f) 2/1;
(a, ¢, €) without milling, (b, d, f) milling for 30 min.

The XRD and FT-IR datafor the P/Ni = 1/1 samples
are summarized in Table 2. As a result of the mecha-
nochemical effect, Ni,P,0O, became easier to prepare at
700 and 1000°C. It was considered that Ni,P,O,, was
formed by Egs. (2) and (3) and then reacted with NiO
to form Ni,P,0; by Eq. (4).

Formation of Nickel Cyclotetraphosphate

Since NH,H,PO, ishighly reactive, Ni,P,O,, iseasy
to prepare in the P/INi = 2/1 system. Therefore, the
changes of thermal products were less pronounced in
thissystem. The XRD and FT-IR datafor the P/Ni = 2/1
samples are summarized in Table 3. The samples with-
out milling and milled for 10 min and then heated at
1000°C consisted of Ni,P,0;, and Ni,P,0O,, while the
samples milled for 20 and 30 min consisted of Ni,P,O;,

Table 2. Thermal products with P/Ni = 1/1 obtained at different temperatures

Milling time, Thermal products
min 300°C 500°C 700°C 1000°C
10 Amorphous Ni,P4015 Ni,P,0;, + Ni,P,0O; Ni,P,0,
20 Amorphous Ni>P40;5 Ni,P,0; Ni,P,0;
30 Amorphous Nio>P4042 Ni,P,0; Ni,P,0;
INORGANIC MATERIALS Vol. 41 No. 10 2005
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Fig. 6. SEM images of thermal products with P/Ni = 2/3: (a) without milling, 700°C; (b) milling for 30 min, 700°C; (c) without

milling, 1000°C; (d) milling for 30 min, 1000°C.

only. Nickel cyclotetraphosphate was formed by
Egs. (2) and (3) and transformed to nickel pyrophos-
phate at high temperatures with P,Os volatilization:

Ni2P4012 —_— Ni2P2O7 + P205. (10)

Hue of Thermal Products

Figure 5 shows the UV-Vis reflectance spectra of
the thermal products a 700°C. The samples with
P/Ni = 2/3 had low reflectance (Fig. 5, spectra a, b).

The P/Ni = 2/3 samples without milling and milled for
30 min were dark and light gray, respectively. After
mechanical treatment, the therma products with
P/Ni = 2/3 had a vivid color. It was thought to be
related to NiO formation. Mechanochemical effects
were clearly observed in the UV—Visrefl ectance spec-
tra of the thermal products with P/Ni = 1/1 and 2/1
(Fig. 5, spectra c—). The samples without milling had
low reflectance, while the samples milled for 30 min
had high reflectance. The P/Ni = 1/1 samples without
milling and milled for 30 min were gray and light

Table 3. Thermal products with P/Ni = 2/1 obtained at different temperatures

Milling time, Thermal products
min 300°C 500°C 700°C 1000°C
0 Amorphous Ni,P,O15 Ni,P,O15 Ni,P,O45 + Ni,P,0Oy
10 Amorphous Ni,P,O15 Ni,P,O15 Ni,P,O45 + Ni,P,0;
20 Amorphous Ni,P,O15 Ni,P,O15 Ni,P,O15
30 Amorphous Ni,P,O15 Ni,P,O15 Ni,P,O15
INORGANIC MATERIALS Vol. 41  No. 10 2005
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Fig. 7. SEM images of thermal productswith P/Ni = 1/1: (a—c) without milling, (d—f) milling for 30 min; heat treatment at (a, b) 500,

(c, d) 700, and (e, f) 1000°C.

green, respectively. The P/Ni = 2/1 thermal products
without milling and milled for 30 minwerelight green
and lighter green, respectively. After mechanical treat-
ment, the thermal products with P/Ni = 1/1 and 2/1
also had avivid color tone at the same temperature. At
lower temperatures, the samples were dark owing to
the presence of nickel oxide. The samples had a
brighter color at higher heat-treatment temperatures.
Mechanical treatment produced inorganic phosphate
pigments at lower temperatures. Condensed nickel

phosphates had a clearer color compared to nickel
orthophosphate.

Powder Properties of Thermal Products

The particle shape and size distribution are of inter-
est from many viewpoints. The study of the particle
shape and size distribution isimportant in the develop-
ment of new inorganic functional materials.

INORGANIC MATERIALS Vol. 41 No. 10 2005
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Fig. 8. Particle size distributions of thermal products:
(a) without milling, 500°C; (b) milling for 30 min, 500°C,
(c) without milling, 1000°C; (d) milling for 30 min, 1000°C.

Figure 6 shows SEM images of thermal products
with P/Ni = 2/3 at 700 and 1000°C. The particle shape
of the thermal products obtained below 700°C was
insensitive to mechanical treatment (Figs. 6a, 6b), in
contrast to that of the therma products obtained at
1000°C (Figs. 6c, 6d). The sample milled for 30 min
and heated at 1000°C had some degree of regularity in
the particle shape. Figure 7 shows SEM images of the
thermal products with P/Ni = 1/1 obtained at different
temperatures. The unmilled sample heated at 500°C
consisted of large particles (Fig. 7a). On the other hand,
many small particles were observed in the samples
milled for 30 min and heated a 500 and 700°C
(Figs. 7b, 7d). Many large rounded particles were
observed in the unmilled samples heated at 700 and
1000°C (Figs. 7c, 7€). The sample milled for 30 min
and heated at 1000°C had some degree of regularity in
the particle shape (Fig. 7f). The samples with P/Ni =
2/1 aso had more regularity in the particle shape after
mechanical treatment.

Figure 8 shows the particle size distribution of ther-
mal products with P/Ni = 1/1. The samples heated at
lower temperatures had much broad distributions after
mechanical treatment (Fig. 8, curves a, b). The particle
size distribution of the sample milled for 30 min and

Table4. Specific surface area of thermal products obtained
at 700°C

Specific surface area, m?/g
P/Ni . . . - -
without milling |milled for 30 min
2/3 12.8 10.2
11 8.1 74
2/1 23 10
INORGANIC MATERIALS  Vol. 41 No. 10 2005
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heated at 500°C consisted of two normal distributions.
After mechanical treatment, the particle size was
smaller, and then larger particles were formed by heat-
ing. This sample consisted of particles in two size
ranges. |n the samples heated at the higher temperature,
smaller particles were obtained as a result of the mech-
anochemical effect (Fig. 8, curves ¢, d). The thermal
productswith P/Ni = 2/3 and 2/1 a so had asmaller par-
ticle size after mechanical treatment. The particle size
distribution of the samples depended dightly on the
degree of dehydration/condensation of the phosphate,
but it was difficult to find the regularity.

Table 4 shows the specific surface area data for the
thermal products obtained at 700°C. In all of the sys-
tems, mechanical treatment reduced the specific sur-
face area. Since the particle size decreased as a result
of the mechanochemical effect (Fig. 8), it was consid-
ered that nickel phosphate particles had higher den-
sity. The specific surface area of the thermal products
decreased as the degree of dehydration/condensation
of the phosphates and the heat-treatment temperature
increased.

CONCLUSIONS

The formation of nickel ortho-, pyro-, and cyclotet-
raphosphates from ammonium dihydrogen phosphate
and basic nickel carbonate was studied. Owing to
mechanical treatment, the targeted nickel phosphates
were obtained at lower temperatures. The thermal
products had a vivid color and regular particle shape
as a result of mechanochemical effects. The particle
size distribution and specific surface area of the ther-
mal products were also influenced by mechanical
treatment.
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