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ABSTRACT 
Cobalt doped zinc phosphate (CZP) and intrinsic zinc phosphate (IZP) crystals were grown by gel 
diffusion reaction technique. In the optimized growth environment with suitable Co2+ doping, pink 
coloured, hard, transparent CZP crystals were developed from the parent IZP crystals. Energy 
dispersive X-ray analysis (EDAX) identified Co2+, Zn2+ and PO4

3- ions complex in doped CZP 
crystals. FTIR spectral studies confirmed phosphate group, water molecule and M-O bond; which 
form armature of IZP and CZP crystals. Thermo gravimetric analysis (TGA) identified crystalline 
water, co-ordinated water and stability of the crystals in anhydrous phosphate phase above 500oC. P-
XRD measurements depict high crystallinity of CZP and IZP crystals. IZP crystal propounded with a 
chemical formula Zn3(PO4)2(H2O)2.2H2O(molecular weight = 458.174) and CZP crystal manifested 
with a chemical formula of (Co0.1228 Zn0.8772)3(PO4)2H2O.3H2O (molecular weight=455.795) 
respectively. Optical studies unveiled insulating behaviour of parent and doped crystals. Co2+ 
cationic incorporation to Zn2+ vacancies increased the electrical conductivity. IZP and CZP possess 
dielectric constants of 18.32 and 17.53 in order. Investigation on growth aspects and thermo-opto- 
electrical properties merely highlighted the distinctness of CZP and IZP crystals. 
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INTRODUCTION 
 

In modern days, production of pure and high quality crystals is essential in the field of material 
science [1]. Investigation of advanced and smart materials promoted an increased demand for them in 
industries and laboratories [2]. Crystals grown from gels built with fine morphologies and exhibit 
special physical and chemical properties [3]. Barium oxalate crystals in nano scale showed 
semiconducting properties [4]. Studies on oxalate crystals revealed high dielectric strength in them 
and have wide applications [5]. Doping [9]. With careful control over the nucleation centres in gels, 
the resulted crystals may form new generation advanced or smart materials. Certain crystals like 
quartz, sodium pottassium tartrate and Polyvinylidene flouride reported peizo- electricity and also 
behave as smart materials [10]. GaAs, CdS and InSb crystals exhibit semiconducting properties and 
extensively used as infrared LEDs, solar cells and energy storage devices [11]. 
 
       Earlier studies on phosphate crystals emphasized NLO properties, luminescence and corrosion 
resistivity [12-14]. In a refined growth environment adopting proper dopant, one can modify 
properties of the host crystal which propounds many new results. Only few investigations reported the 
doping of phosphate crystals [15, 16]. Recently we have reported the results of Cr3+-Cd2+ matrix on 
oxalate crystals which emphasized the insulating behaviour, high єr and thermal stability until 950oC 
in them [17]. Our present work mainly dealt on gel supported growth of phosphate crystals with Co2+-
Zn2+ matrix, their characterization and investigation on thermal, optical and electrical properties 
 

MATERIALS AND METHODS 
 

Single test tube gel diffusion method was employed to grow IZP and CZP crystals at ambient 
temperature. Chemicals used for growing IZP and CZP crystals were Sodium Meta Silicate (SMS-
Na2SiO3.9H2O), Phosphoric acid (H3PO4), Zinc Chloride (ZnCl2) and Cobalt Chloride (CoCl2.6H2O) 
of AR grade.  
 
       Polymerized Silica hydro gel was prepared by mixing 1N ortho-phosphoric acid (OPA) with SMS 
solution. To control damage and premature gelling, OPA was added drop by drop to SMS with 
constant stirring. The resulted solution was transferred to different test tubes (dimension-15x125mm) 
9 mL each and allowed to set for gelling [16, 18]. Gel sets in 30 hours and to the set gel the reactant 
mixture of 0.5M ZnCl2 and 0.5M CoCl2 (5:1) were added along the sides of the test tubes. Zn2+ ions 
diffused through the porous gel and nucleated with PO4

2- ions. Co2+ ions also diffused parallelly and 
occupied the vacancies of Zn2+ ions, which resulted in the formation of doped CZP crystal. Growth 
process was optimized and nucleation centres were controlled by varying gel parameters and 
concentrations of reactant mixtures [19]. Experiment was carried out at different specific gravities of 
SMS (1.03-1.07 g cm3-1 in steps of 0.025), various concentrations of OPA (0.5-2N in steps of 0.5), 
concentrations of reactant solution (0.25-2M in steps of 0.25M) and ratios of Zn+2 to Co+2 in reactant 
mixture (ranges from 5: 0.25 to 5: 2). 

 
       Silica hydro gel of SMS specific gravity 1.045 g cm3-1, Phosphoric acid of concentration 1N, in 
the ratio 5: 4 optimized the gel to grow good quality IZP and CZP crystals. Chemical process 
involved in the formation of CZP and IZP crystals are as follows. 
 

3Co+2 + 3ZnCl2 + 4H3PO4     (Co:Zn)3(PO4)2.4H2O +2POCl3 + 2H2O. 
 

3ZnCl2 + 4H3PO4  Zn3(PO4)2.4H2O + 2POCl3 + 2H2O. 
 

       IZP and CZP crystals propounded from independent growth environment. Colour, morphology 
and physical appearance of intrinsic and doped crystals were different and the results were recorded in 
table 1. Figure 1 and 2 illuminate the growth and extraction of IZP and CZP crystals respectively. 
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      Growth of IZP and CZP crystals in silica hydro gel spotlighted the formation of intrinsic and 
doped crystals with common nucleation centres, multi-nucleation and formation of liesegang rings. 
Initially when supernatant solution mixture (ZnCl2 (0.5M) and CoCl2 (0.5M) in the ratio 5:1) added 
over the set gel, a dense barrier below the gel interface was seen which then triggers the nucleation. 
As the growth advances, accumulation of charges (cations from supernatant solution mixture and 
anions from phosphoric acid impregnated silica gel) into the nucleation sites took place. Silica hydro 
gel in optimized growth environment controlled and regulated the flow of charges into nucleation 
sites and thereby governed the growth of IZP and CZP crystals. The charges which are restricted to 
flow into the nucleation sites precipitated in the form of liesegang rings [19]. 
 
      Our investigation on growth and characterization of chromium mixed cadmium oxalate crystals 
[17] and Barium mixed oxalate crystals [20] in a similar growth environment have not shown the 
formation of liesegang rings, whereas, in the present investigation the growth of IZP and CZP crystals 
exhibited change in chemical process which spotlighted the crystal formation and debris into the 
liesegang rings. This confirms the novelty in growth environment and hence the growth of novel IZP 
and CZP crystals. 
 

 
 

Figure 1. IZP crystals- (a) Growth in silica gel, (b) and (c) Extracted crystals. 
 

 
 

Figure 2. CZP crystals- (a) Growth in silica gel, (b) Extracted crystals. 
 

Table 1. Optimum condition for growth. 
 

Parameter Crystal 
IZP CZP 

Specific  gravity 1.045 1.0375 
Gel pH 6.15 5.9 
SMS : H3PO4 5:4 5:4 
Zn+2: Co+2       - 5 : 1 
Crystal Size (l× b× h) mm3 1.5x1.0x0.5 2.0x1.5x1.0 
Colour Colourless Pink 
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Characterization: Chemical constituents of the IZP and CZP crystals were estimated using CARL 
ZEISS FESEM attached with EDS system (Oxford instruments) [21]. Bruker (Alpha) KBr Fourier 
Transform Infrared Spectrophotometer (FTIR) was used to identify the functional groups associated 
with the crystals. The spectrum was recorded for the wave number range 400-4500 cm-1 [22].  TG 
measurements of the grown crystals were established using DSC-TGA TA (SDT-Q600). Percentage 
weight loss and decomposition behaviour of IZP and CZP crystals were described for the temperature 
until 700C [23]. Minflex 600 Rigaku (X-ray Cu-K alpha-wavelength 1.54A0) at a scan speed of 1˚ 
minute-1 was used to study the X-Ray Diffraction patterns of powdered crystalline samples of IZP and 
CZP crystals. Impact of UV-visible light on intrinsic and doped crystals were analyzed with the aid of 
UV-Visible spectrophotometer (UV-1800 Schimadzu) in the spectral range 200-1200 nm. Electrical 
conductivity measurements of the crystals were recorded using Roy instruments (IR-503, S. No. 
CDM-17076) operated for the conductivity range 0-1000 mMho/cm [17]. Dielectric studies were 
performed using Mittal instruments 2151/T-7C calibrated for sine wave of frequency 253.88 kHz in 
DSO. 

 
RESULTS AND DISCUSSION 

 
Chemical composition of IZP and CZP crystals were determined using EDX spectra. In FESEM 
arrangements powdered crystalline samples (IZP and CZP) were subjected to electron bombardment, 
which radiated the X-Rays. The plot of X-Ray energies released, extinguished as intense peaks which 
illuminate the characteristics of the elements Zn, Co, O and P present in the crystals. The resulted 
characteristic peaks and representative elements existing in IZP and CZP crystals are clearly seen in 
EDX spectra (Figure 3). Composition of elements present in the crystals is recorded in the table 2. 
FESEM images of IZP and CZP are displayed in Figure 4. At the resolution 100x with separation 100 
µm from the sample crystal, both the crystals exhibited best morphology and very rare surface 
damages. 
 
      The EDX measurements of IZP and CZP crystals confirmed Co2+ ions doping which merely 
occupied the Zn2+ vacancies. The estimated Zn2+: Co2+ cationic distribution is 7.15:1. Co2+ ions can fit 
well in Zn2+ vacancies due to similar ionic radii (Zn2+-0.88Ao, Co2+-0.89Ao) and comparable electro-
negativities (Zn-1.66, Co -1.70). According to EPR studies on Zn2+-Co2+ matrix; the co-ordination 
geometry of Zn2+  and Co2+ cations are similar (octahedral). The difference in chemical constituents, 
dissimilarities in morphologies confirmed Co2+ ion doping in the formation of novel CZP crystal. 

 

 
 

Figure 3.  EDX spectra of IZP (a) and CZP (b) crystal. 
 

       FTIR spectra of IZP and CZP crystals exhibited number of absorption bands correspond to 
various functional groups (Figure 5). Both the crystals show similar spectra but exhibit shift in 
absorption bands. 
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Table 2. Chemical constituents of IZP and CZP crystals 
 

Crystal Elements Present Weight % Atomic % 

IZP 
Zn 43.790 18.220 
P 16.770 14.731 
O 39.440 67.049 

CZP 

Zn 36.970 14.370 
Co 04.670 02.010 
O 46.550 73.930 
P 11.810 09.690 

 

 
 

Figure 4. FESEM images of (a) IZP and (b) CZP crystals. 
 

      Spectra identified water molecules, PO4 units, metal oxygen bonds (M–O) and transition metals 
(Zn and Co) as constituents of parental and doped crystals. Absorption in the range 3762 cm-1 to 3169 
cm-1 attributed to symmetric and asymmetric stretching of O-H group, indicates water of 
crystallization. Bending vibration of water molecules exists at 1603 cm-1 for both parental and doped 
crystals [23]. The absorption band around 1400 cm-1 corresponds to P=O stretching [24]. The spectra 
record asymmetric stretching of P-O bond around 1107 cm-1 for IZP crystal, where as for CZP crystal 
this resulted at 1023 cm-1. The peak at 948 cm-1 was due to P-O symmetric stretching. In the finger 
print region both the crystals exhibited O-P-O asymmetric bending around 635cm-1 and 578 cm-1 
respectively. The vibrations in the range 414-430 cm-1 represent O-P-O symmetric bending [25]. The 
dissimilarities in fingerprint region of CZP and IZP crystals confirm the matrix of Co2+-Zn2+ in doped 
crystal. Table 3 outlines the band assignments for absorption peaks of IZP and CZP crystals. 
 

 
 

Figure 5. FTIR spectra of IZP and CZP crystals. 
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Table 3.  FTIR results of IZP and CZP crystals 
 

Band assignments Wave number (cm-1) 
IZP CZP 

Symmetric and asymmetric O-H stretching (water of Crystallization) 3762  
3385 

3773 
3538  
3169 

Internal bending vibration of water molecule s 1603 1603 
P=O stretching 1401 1400 

Asymmetric P-O stretching 1107 
1024 

1106 
1023 

Symmetric P-O stretching 948 948 
Asymmetric O-P-O bending 635 

578 
635 
578 

Symmetric O-P-O bending 428 430 
 

       Thermal stability and decomposition status of IZP and CZP crystals were analysed using TG plots 
(Figure 6 and Figure 7). TG analysis of IZP and CZP showed association of four water molecules in 
both IZP and CZP crystals. However, the decomposition behaviour of the parent and doped crystals 
were different.  
 

  
 

Figure 6. TG plot of IZP crystal 
 

Figure 7.  TG plot of CZP crystal. 
 
       TG results of IZP and CZP crystals were shown in table 4 and table 5. First phase of 
decomposition in IZP crystal occurred in the temperature range 37-195C with observed weight loss 
of 7.86% (Calculated loss: 7.864%) at the loss of two crystalline water. TDTG peak for this structural 
deformation occurs at 150oC and corresponding TDTA endothermic peak at 159C. Second phase of 
decomposition accomplished in the Td range 240-315C with TDTG peak at 248C and endothermic 
TDTA peak at 253C suffering a  weight loss (observed) of 7.84% (Calculated loss: 7.864%) losing a 
matter of two co-ordinated water molecules and remains stable in anhydrous state.  
 
      Figure 7 illuminates the TG plot of CZP crystal. Incorporation of Co2+ cationic complex in ZP 
crystal altered the structural deformation of CZP crystal in its two phases. In the first phase of 
degradation (TD range 92 -223C) CZP crystal loses three molecules of crystalline water suffering a 
weight loss (observed) of 11.86% (Calculated loss: 11.857%). In the second decomposition phase (TD 
295-360C) CZP crystal lost one co-ordinated water molecule with observed weight loss of 3.73% 
(Calculated loss: 3.952%). Above 360C, crystal exists in the anhydrous state until 500C. DTG and 
DTA peaks corresponding to first decomposition phase occurs at TDTG=144C and TDTA=154C 
respectively. Further, in second degradation phase peaks fall at TDTG=319C and TDTA = 326C.  
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       The TG studies with evaluation by EDAX and FTIR characterization unveiled the chemical 
formula of IZP crystal as Zn3(PO4)2(H2O)2.2H2O extinguishing a molecular weight of 458.74. 
Additionally, novel CZP crystal come out with a chemical formula (Co0.1228Zn0.8772)3(PO4)2H2O.3H2O 
possessing a molecular weight of 455.795. 
 
       TG regime of IZP crystals confirms the existence of two crystalline water and two co-ordinated 
water bound to the crystal, whereas, in CZP crystals TG profile shows the presence of three 
crystalline water and one co-ordinated water. The variation in the results is mainly due to modulation 
in co-ordination environment of parental crystal imposed by Co2+ ion. According to EPR studies [26] 
on Co2+-Zn2+ complex, site symmetry of Zn2+ ions is similar to that of Co2+ ions and  doping ions can 
fit well in the vacancies of Zn2+ ions. In addition to this, in our investigation, TG studies followed by 
EDAX and FTIR analysis evidence the Co2+ doping into Zn2+ vacancies and come out with a cationic 
distribution of 7.15:1(Zn2+ : Co2+)  which reflects the success of developing novel CZP crystal. 

 
Table 4. Decomposition behaviour of IZP and CZP crystals 

 

Crystal Phase Decomposition 
Temp  TD(oC) 

Weight loss (%) Decomposition Process Observed Calculated 

IZP I 37-195 07.86 07.864 Zn3(PO4)2(H2O)2.2H2O→ Zn3(PO4)2(H2O)2+ 2H2O 
II 240-315 07.84 07.864 Zn3 (PO4)2(H2O)2→ Zn3 (PO4)2+ 2H2O 

CZP I 92-223 11.86 11.857 (Co:Zn)3(PO4)2H2O.3H2O→(Co:Zn)3(PO4)2H2O +3H2O 
II 295-360 03.73 03.952 (Co:Zn)3(PO4)2H2O→(Co:Zn)3(PO4)2+ H2O 

 
Table 5. TG results of IZP and CZP crystals 

 

Crystal Chemical formula Molecular  
weight Phase TDTG 

(oC) 

TDTA 
(oC) 

Molecule 
decomposed 

IZP Zn3(PO4)2(H2O)2.2H2O 458.74 I 150 159 2H2O 
II 248 253 2H2O 

CZP (Co0.1228Zn0.8772)3(PO4)2H2O.3H2O 455.795 I 144 154 3H2O 
II 319 326 H2O 

 
       Powder XRD Bragg’s reflections of IZP and CZP crystals were recorded for different 2θ values 
in the range from 8-90o. Figure 8 and figure 9 illuminate the Bragg X-Ray diffraction patterns of 
parental and doped crystals respectively. High intensity peaks of CZP crystal elucidate superior 
crystallinity than IZP crystal. N-TREOR09 program was used to index the peaks of P-XRD plots. 
Results obtained are in agreement with the standard values of JCPDS data reported [25]. Both IZP and 
CZP crystals exists in orthorhombic system. The lattice parameters of IZP and CZP crystals were 
recorded in Table 6. 
 

  
 

Figure 8.  Powder XRD pattern of IZP crystal. 
 

Figure 9.  Powder XRD pattern of CZP crystal. 
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Table 6. Lattice parameters of IZP and CZP crystals 
 

Lattice parameters IZP CZP 
a ( A0) 05.0275 05.05 
b ( A0) 10.6007 10.51 
c ( A0) 18.2630 18.24 
α  ( 0 ) 90 90 
β ( 0 ) 90 90 
γ ( 0 ) 90 90 

Space group Pbnm Pbnm 
System Orthorhombic Orthorhombic 

 
 

       Optical properties using UV-visible spectroscopy exhibits the extent of transparency of the 
crystals to the UV-Visible light [27]. Figure 10 (a) shows the UV-Visible absorbance spectra of IZP 
and CZP crystals. In the entire visible region both crystals showed maximum transparency. Tauc plots 
(Figure 10 (b)) were developed to determine band gap energies of parental and doped crystals. 
Resulted band gap energies of IZP and CZP crystals are 6.11eV and 5.98eV respectively and crystals 
behave as insulators. Further, IZP crystal showed selective absorption in the wavelength range 19-217 
nm (correspond to UV region) with absorption maximum (Amax) of 0.08 at the resonant wavelength 
197 nm. Absorption (A) decays exponentially, from 218 nm till 800 nm (IR).  However, CZP crystal 
showed selective absorption for the absorption band extended from 191nm to 222 nm with Amax 0.27. 
Above 232 nm, absorption follows exponential decay in two steps (I step: 232- 302 nm and II step:   
303-400 nm) due to impact of Co2+ doping. Co2+ incorporation to IZP crystal widens the absorption 
band, increases sharpness of resonance but retains the resonant wavelength (197 nm). 

 
 

Figure 10. UV-visible absorbance spectrum (a) and tauc plots (b) of IZP and CZP crystals. 
 
       Electrical conductivity measurements of IZP and CZP crystals were carried out by dissolving 10 
mg of crystals in 100 mL of H2SO4 (1.5N) at ambient temperature [28]. In view of heating effects of 
solids, electrical conductivities of the crystals were measured at two distinct temperatures, viz., 27oC 
(room temperature) and 40C (working temperature of electrical circuits). After calibration, the 
measured electrical conductivities of IZP and CZP crystals are recorded in table 7. Conductivity 
measurements showed improvement in conductivity due to Co2+ doping on parental crystal and 
suggest that the crystals are better dielectrics at ambient temperature. 
 

Table 7. Electrical conductivities of IZP and CZP crystals. 
 

Crystal Electrical conductivity mƱ/cm 
27oC 400C 

IZP 0.5 0.3 
CZP 4.6 2.7 
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       Dielectric measurements of IZP and CZP crystals were conducted for pelletized crystals of 
thickness approximately 1mm and area equal to the dimension of gold plated dielectric cell [20].Using 
dielectric constant measuring unit, the capacitance (C) of IZP and CZP crystals measured as  

ܥ = ௦ܸ௖ܥௌ
ௗܸ௖

 

Where, Vsc is the dc voltage across standard capacitance Cs and Vdc is the dc voltage measured across 
test crystals. Capacitance Co of air measured as 

௢ܥ =
∈଴ ܣ
݀  

Where, εo is absolute permittivity of free space, A and d are cross-sectional area and thickness of 
crystal pellets respectively. Dielectric constant εr of the crystals measured as 

 ϵ୰ =
ܥ
௢ܥ

 

Table 8. Dielectric properties of IZP and CZP crystals 
 

Crystal C (pF) r 
IZP 31.922 18.32 
CZP 30.545 17.53 

 
APPLICATION 

 
Investigation on thermal properties, UV-visible spectroscopic studies, electrical conductivity and 
dielectric measurements revealed that IZP and CZP crystals are thermally stable in anhydrous state 
above 500C and exhibited insulating behaviour with high band gap energies. Co2+ doping in CZP 
crystal enhanced its conductivity and the crystal is suitable to use as dielectric at ambient temperature. 
The insulating behaviour, extended dielectric strength and good thermal stability possessed by the 
crystals gather a spectrum of microelectronic and optoelectronic applications. Hence investigation on 
opto-electrical properties of the IZP and CZP crystals provides wide scope for research and with 
concentrated work, above crystals possibly come out as new smart material. 

 
CONCLUSION 

 
IZP and CZP crystals were successfully grown adopting gel method in independent growth 
environments spotlighted the debris in liesegang rings. EDAX measurements confirmed the existence 
of Co2+ and Zn2+ ions in the doped CZP crystal. FTIR results and TG plots of the parental and doped 
crystals elucidated the structural units, decomposition behaviour and established chemical formulae as 
Zn3(PO4)2(H2O)2.2H2O for IZP crystal and (Co0.1228Zn0.8772)3(PO4)2H2O.3H2O for CZP crystal 
respectively. PXRD studies predicted high crystalline nature of the crystals and their existence in 
orthorhombic system. UV-visible spectral studies measured the band gap energies and with the 
evidence of electrical conductivity measurements both IZP and CZP crystals behave as insulators. 
Investigation on growth, characterization and properties of IZP and CZP crystals emphasized that the 
crystals as cluster and coordination geometry of crystalline water, co-ordinated water, induced Co2+- 
Zn2+ matrix and inorganic PO4 units, which in turn highlighted the success in the formation of novel 
IZP and CZP crystals. 
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