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The diffusion of ammonia vapors to the magnesium/manganese/nickel nitrate solution results
in the formation of their respective metal hydroxides, while the diffusion of ammonia vapors to
copper and zinc nitrate solutions results in the crystallization of layered hydroxysalts. The
PXRD patterns show that highly crystalline phases of samples are obtained. Infrared spectra
were used to get information on the local coordination of ions. The thermogravimetric analysis
justifies the phases concluded from powder X-ray diffraction and infrared spectroscopy. This
clearly demonstrates that the crystal structure is mainly dictated by the nature of the metal ion,
its site selectivity and specificity under identical synthesis conditions.
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INTRODUCTION

The crystal structure of cationic clays comprises stacking of negatively charged aluminosilicate
layers, with alkali and alkaline earth metal ions in the interlayer region for charge neutrality [ 1 ].
These cationic clays are used as sorbents, catalytic supports and in ion exchange reactions [ 2—4 ].
It is easier to design and synthesize anionic clays with the properties exactly inverse to those of cati-
onic clays, such as anion exchange, surface basicity, sorbents, etc. [ 5—7 ]. Anionic clays derive their
structure from mineral brucite [Mg(OH),]. The crystal structure of magnesium hydroxide consists of
hexagonal close packing of hydroxyl ions, in which every alternate layer of the octahedral site is oc-
cupied by Mg*" ions. This leads to stacking of charge-neutral hydroxide layers, held together by van
der Waals interactions [ 8 ]. Such a structure throws light on the possibility of synthesizing layered
metal hydroxides and hydroxy salts, layered double hydroxides, oxide-hydroxides, and trivalent metal
hydroxides [ 9, 10 ]. The physical properties of these compounds are affected by their structure, com-
position, and morphological features. There are numerous methods to prepare the above mentioned
compounds, but the limitation is to control the nature of the reaction [ 13—151].

Thermodynamic and kinetic factors control the phase formation and crystallinity of these com-
pounds. Ordered crystalline phases of metal hydroxides are generally obtained by an energy intensive
hydrothermal technique, thereby controlling the thermodynamic parameter [ 16 ]. De Hann obtained sin-
gle crystals of metal hydroxides and metal hydroxysalts by a simple vapor phase diffusion method at
25—30 °C [ 17]. Inspired by biological mechanisms in nature, Schwenzer et al. synthesized thin films
of highly ordered crystalline hydroxysalts of cobalt, copper, and zinc [ 18 ]. They also prepared zinc
oxide and manganese phosphate thin films using the vapor phase diffusion method [ 19 ]. To the best
of our knowledge, there are no reports correlating the changes in the crystal structure, chemical composi-
tion, and morphological features based on the property of the metal ion. Using the interdiffusion method,
we were able to synthesize layered metal hydroxides and layered hydroxysalts with different chemical
compositions using the acidic property of the cation under ambient conditions (25—30 °C).
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EXPERIMENTAL

Inter-diffusion method. The diffusion of ammonia vapors to the required metal nitrate solution
results in the formation of highly crystalline compounds. A metal nitrate solution (2 M; 15.4 ml)
[M*" = Mg(NOs),] was added by means of a pipette to a 100 ml beaker containing 75 ml of water. This
solution together with aqueous ammonia (2 M, 150 ml) in a separate beaker was placed in a vacuum
glass desiccator. After 2 days, the precipitated compound settled down at the bottom of the beaker.
After 5 days, a fresh aliquot of aqueous ammonia was replaced and the reaction was allowed to con-
tinue further. At the end of the 8" day, pH of the metal nitrate solution was around 9. Using the above
procedure, a series of compounds were obtained with different metal nitrate solutions (Co, Ni, Cu, Zn,
and Cd) at 25—30 °C.

In the case of nickel, the blue nickelammine complex was formed in addition to a green precipi-
tate of nickel hydroxide. For cobalt ions, single crystals of the cobalt hexamine complex formed. The
precipitates obtained in all these cases are not quantitative.

CHARACTERIZATION

All the samples were characterized by PXRD using a Siemens D5005 diffractometer with a Cuk,,
(L =1.5418 A) source. IR spectra were obtained using a Nicolet Model Impact 400D FTIR spectrome-
ter (KBr pellets, resolution 4 cm ). Thermogravimetric analysis of all the samples was carried out us-
ing a Mettler Toledo Model 850e TG/SDTA system (heating rate 5 °C/min). The metal content was
determined by weighing the final products obtained (MgO, NiO, CuO, ZnO, CdO) after thermal de-
composition at 700 °C. SEM images were recorded using a SIRON electron microscope. Rietveld re-
finement was carried out on the crystal structure of the samples using the Fullprof program to compare
it with standard samples [ 20 ].

RESULTS AND DISCUSSION

The solid obtained immediately on precipitation is not only highly disordered, but also thermody-
namically unstable with a free energy close to that of the reactants [ 21 ]. The disordered phase trans-
forms into a more stable phase by lowering the free energy in a step-wise manner. The factors that can
affect the product formation are: (i) conditions under which experiments are carried out; (ii) reaction
path taken during the transformation to thermodynamically stable phases and (iii) charge and size of
the metal ion. The charge of the metal ion is directly proportional to the acidity of the metal ion, while
when the metal ion size decreases, the metal ion acidity decreases.

The diffusion process provides an opportunity to control the kinetics of the reaction thereby al-
lowing the crystal growth. Metal nitrate solutions are acidic in nature with pH around 1—3. During the
diffusion process, ammonia vapors dissolve in water forming ammonium hydroxide

NH;(v) + H,O()) > NH," + OH.
On a prolonged exposure, the hydroxide ion concentration increases in the metal nitrate solution.
When the solubility product (X,,) of the metal ion exceeds, the
metal ion  precipitates as its  respective  hydrox-
Solubility product of various metal  ide/oxyhydroxide/hydroxysalt [22]. Table 1 lists the solubility
hydroxides at 25 °C product of all the metal ions.

Table 1

Compound | Solubility product (K,,) The diffusion of ammonia vapors to the nickel nitrate solu-
- tion results in the formation of a blue-colored nickelammine com-

Mg(OH), 3.1073 plex. Slow hydrolysis of the nickel ammine complex results in the

Ni(OH), 548.107'6 formation of nickel hydroxide. The overall reaction can be ex-

Co(OH), 592.10° pressed as follows:

Mn(OH), 56-10712 NI(NO3)2 +6 NH4(OH) = [NI(NH3)6]2+ +6 HzO +2OH

Cd(OH), 7210 [Ni(NH;)s]*" < Ni*" + 6 NH;
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Fig. 1. (a) Rietveld refinement of the PXRD pattern of magnesium hydroxide, () IR spectrum, (c) thermogram,
and (d) SEM of magnesium hydroxide

The amphoteric nature of nickel hydroxide allows it to precipitate as nickel hydroxide
Ni*" + 6 NH4(OH) < B-Ni(OH),.

Polycrystalline samples are obtained in contrast to single crystals obtained by de Hann. In the
case of a magnesium nitrate precursor, the precipitation takes place immediately without any interme-
diate stages.

Figs. 1, a and 2, a show the PXRD patterns of magnesium and nickel hydroxides obtained by the
diffusion of ammonia vapors to magnesium and nickel nitrate solutions respectively. The reflections in
the PXRD patterns of magnesium and nickel hydroxides match well with the mineral brucite structure
having interlayer spacings of 4.7 A (ICSD 89823) and 4.6 A (ICSD 28101) respectively. Rietveld re-
finement was carried out on the PXRD patterns of magnesium and nickel hydroxide samples to char-
acterize the crystalline nature of the compounds (see open circles in Figs. 1, a and 2, a).

The IR spectrum of magnesium hydroxide shows two absorptions: (i) a 3698 cm ' peak due to
non-hydrogen bonded OH groups and (ii) Mg—O stretching at 468 cm ™' (Fig. 1, b). The IR spectrum
of nickel hydroxide also displays the features similar to that of nickel hydroxide (data not provided).
Figs. 1, ¢ and 2, b show the thermograms of magnesium and nickel hydroxides respectively. Magne-
sium hydroxide shows single step weight loss of 25.6 %, while nickel hydroxide shows 17.6 % weight
loss. In both cases, the decomposed products are MgO and NiO. Figs. 1, d and 2, ¢ show the SEM ima-
ges of magnesium and nickel hydroxides respectively. They reveal the platelet type of morphologies.

The diffusion of ammonia vapors to the cobalt nitrate solution produces orange colored single
crystals. These single crystals dissolve immediately on washing with water indicating it to be the
hexamine cobalt(Il) nitrate complex. The usage of a concentrated cobalt nitrate solution tends to form
the hexamine cobalt complex. Schewenzer and coworkers obtained thin films of cobalt hydroxysalts
by the diffusion of ammonia vapors to the cobalt nitrate solution at a lower concentration [ 18 ].
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Fig. 2. (a) Rietveld refinement of the

PXRD pattern of nickel hydroxide, (b)

thermogram, and (¢) SEM of nickel
hydroxide

Fig. 3, a shows the PXRD pattern of copper hydroxynitrate obtained by the diffusion of ammonia
vapors to the copper nitrate solution. The reflections in the PXRD pattern of copper hydroxynitrate
match with those of Cuy(OH);NO; (ICSD 31353). Rietveld refinement was carried out on the PXRD
pattern of copper hydroxynitrate (see open circles in Fig. 3, a). The PXRD pattern of the product ob-
tained by the diffusion of ammonia vapors to the zinc nitrate solution matches well with that of
Zns(OH)3(NO3),-2H,0 (ICSD 16023, Fig. 4, a). Cu(OH);NO; and Zns(OH)g(NO;),-2H,0 are gener-
ally considered as layered hydroxysalts, which also derive their structure from brucite mineral. The
structure of layered hydroxysalt comprises stacking of hydroxyl deficient positively charged layers
having the composition [M(OH),_,]"". The coordinative unsaturation of the metal ion is satisfied by the
anion that grafts directly to the metal ion yielding compounds with the general formula [M(OH),_.J*"x
x(A")yn [ 9] The interlayer spacing between the metal hydroxide layers is mainly determined by the
anion size and usually varies from 6.9 to 9.2 A[23,24]. Cu* prefers to crystallize as a layered hydrox-
ysalt instead of a hydroxide due to the Jahn—Teller distortion. The Zn*" ion can occupy both octahedral
and tetrahedral sites forming a monoclinic structure by decreasing the free energy of the crystal.

In Cuy(OH);NO;, Cu®" ions occupy two different crystallographic positions with the first Cu*" ion
being coordinated by four OH groups and two oxygens of NO*", while the second Cu?" ion is coordi-
nated by four OH anions in the plane and one OH other oxygen from the NHj [11].

Zns(OH)3(NO3),-2H,0 can be formulated as [Znycw3Zngena2(OH)g][NOs]>-2H,0, where x = 0.25. The
structure consists of [Zn3(OH)s]* layers with x = 0.25 of the octahedral positions being unoccupied.
Above and below the unoccupied octahedral positions, two zinc ions occupy tetrahedral positions. The
coordination of tetrahedra around zinc is completed by the contribution of oxygen atoms from water
molecules and the nitrate ion [ 25 ].

The IR spectrum of copper hydroxynitrate shows broad peaks in the region of 3547 cm ' and
3429 cm™' due to OH stretching and hydrogen bonded OH™ vibrations. Peaks observed in the region
of 800—400 cm ' are due to §(Cu—O—H) (677 cm ') and (Cu—O) (457 cm ') vibrations, whereas
peaks due to the nitrate groups are in the 1600—1000 cm ' region. Copper hydroxynitrate shows three
strong absorptions (vi: 1347 cm™'; v,: 1048 cm™', and vy 1423 cm™) assigned to the strongly bound
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Fig. 3. (a) Rietveld refinement of the PXRD pattern of copper hydroxynitrate, (b) IR spectrum, (c) thermogram,
and (d) SEM of copper hydroxynitrate

nitrate group. A large splitting Av =76 cm™' between the v, and v, vibrational modes of the nitrate ion
in the IR spectrum of copper hydroxynitrate provides a direct evidence for grafting one of the oxygen
atoms of the nitrate to the metal atom to complete the octahedral coordination around the metal ion via
covalent bonding [ 26 ]. This will lower the free energy of the crystal by minimizing the enthalpy due
to the completion of the first coordination shell. In this coordination mode, one of the C, axes (N—O)
of the nitrate ion is parallel to the ¢ crystallographic axis [ 27 ]. The IR spectrum of Zns(OH)g(NO;),-
-2H,0 shows the hydroxyl stretch at 3433 cm'. The presence of the nitrate ion coordinated to the
layer is revealed by the split of a single band to 1512 cm ™', 1417 cm', and 1384 cm ™' respectively.
Fig. 3, ¢ shows the thermogravimetric data of copper hydroxynitrate. Copper hydroxynitrate decom-
poses in a single step at 290 °C. Deanation and dehydroxylation take place simultaneously leading to
the formation of CuO. In Figs. 3, d and 4, ¢ are shown the SEM images of Cu,(OH);(NO;) with the
hexagonal platelet-like morphology and Zns(OH)g(NOs),-2H,0O with the sheet-like morphology re-
spectively.

The PXRD pattern of the product obtained by the diffusion of ammonia vapors to the manganese
nitrate solution is X-ray amorphous (data not shown). Thermogravimetric data of the product obtained
by the diffusion of ammonia vapors to the manganese nitrate solution show the total weight loss
(14.2 %). This weight loss matches with the expected weight loss for manganese hydroxide (14.25 %).
The IR spectrum of manganese hydroxide exhibits a broad peak at 3343 cm ' due to O—H stretching.
Peaks at 1633 cm ', 607 cm™!, and 498 cm™! are due to water bending, M—O—H, and M—O stretch-
ing vibrations respectively.

The PXRD pattern of the compound obtained by the diffusion of ammonia vapors to the cadmium
nitrate solution results in the formation of a biphasic mixture of CdO and Cd(OH),. Table 2 gives the
hydrolysis constants (K) and precipitation pH (at 25 °C) for various metal nitrate solutions.
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Fig. 4. (a) PXRD pattern, (b) IR spec-
trum, and (¢) SEM of zinc hydroxyni-
trate

Hence, when we move from left to right in the periodic table of the transition metal series (Fe to
Zn), the acidity of the metal ion decreases and the structure of the compound changes.

Magnesium, nickel, and manganese nitrate solutions precipitate as their respective metal hydrox-
ides, whereas copper and zinc nitrate solutions are at the end of the transition metal series with less
acidity leading to the formation of their respective hydroxysalts. These layered hydroxysalts are inter-
mediate phases between metal nitrate and metal hydroxide. The copper ion acidity is slightly higher
than that of the zinc ion resulting in changes in the chemical composition within the class of layered
hydroxysalts. The copper ion prefers octahedral coordination, while the zinc ion can occupy both oc-

Table 2

Hydrolysis constants for
M" +H,0 < MOH" " + H"

with the precipitation pH as their

respective hydroxides

Metal ion K pH
Fe(III) 24120
Mn(Ill) | -10.6 | 8.0
Ni(II) -10.5 | 8.0
Cu(Il) -8.0 1 6.0
Zn(1D) -9.117.0
Mg(I) | -10.5| 8.0

tahedral and tetrahedral sites due to a smaller ionic radius. Thus, the
structure and chemical composition of these compounds are mainly
dictated by (i) the size, (ii) site selectivity, and (iii) the nature of the
metal ion.

CONCLUSIONS

We have synthesized layered materials that display diverse
crystal structures, chemical compositions, and morphologies. The
crystal structure is mainly controlled by packing of hydroxyl ions
derived from mineral brucite. When all the crystallographically de-
fined anion sites in the hydroxide layers are occupied by hydroxyl
ions, the compounds can be referred to as hydroxides [Mg(OH), and
Ni(OH),]. When some of the crystallographically defined sites in the
hydroxide layers are occupied by nitrate ions, which are grafted to
the metal, then the compounds can be referred to as basic salts. The
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structure is also dictated by the size and site specificity of the metal ion. In conclusion, the mecha-
nisms of generating anionic clays, hydroxides, and hydroxysalts are dictated by the property of the
cation.
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