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INTRODUCTION

Novel and high-quality crystalline materials with unique
physical and opto-electrical properties are essential for today’s
technological applications. Transition metal ions exhibit various
coordination numbers and geometries in complex forms. This
adaptability arises from their ability to accommodate distinct
ligands around the metal core. The divalent metallic complexes
gather special interest due to their very good coordination geo-
metry with oxalates [1-4]. Oxalate crystals of various metallic
complexes exhibit very high thermal stability in the metal oxide
states [5,6]. In present investigation, among the transition metals,
cobalt and zinc are taken with lead and cadmium to form comp-
lexes during the growth of mixed oxalate crystals. The heavy
element lead is formed in high abundance as the end product
during the radioactive decay of elements in cosmic events [7].
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Cobalt-lead mixed cadmium oxalate (CoLMCO) and zinc-lead mixed cadmium oxalate (ZnLMCO) extrinsic crystalline materials were |
grown in oxalic acid embedded silica hydrogel. In an optimized gel environment, the extrinsic Co**-Pb** and Zn**-Pb** combinations fit |
well in the parental Cd** vacancies and emerged as distinct COLMCO and ZnLMCO novel materials. The inherent properties of COLMCO
and ZnLMCO crystals were characterized by analytical and spectroscopic methods. Energy dispersive X-ray (EDX) analysis attached |
with field emission scanning electron microscope (FESEM) was employed to identify the chemical composition and morphology of the |
crystals. Fourier transform infrared (FTIR) spectral analysis confirmed the presence of oxalate group, water of crystallization and metal- |
oxygen bonds in the crystals. Thermal studies confirmed two phases of decomposition and ensured stability up to 1112.78 °C for CoLMCO |
crystals and 1071.65 °C for ZnLMCO crystals in a metal-oxide state. Bragg’s diffraction patterns revealed the high crystallinity of the
materials and observed triclinic geometry in them. The UV-visible spectral studies of COLMCO and ZnLMCO crystals showed maximum |
transparency to visible light and absorption in the UV region, possessing absorption maximum A, = 1.588 and 1.276; optical band gap |
energies E, = 5.638 eV and 5.845 eV, respectively. The V-I characteristics of the prepared crystals unveiled a feeble current flow (nA), |
exhibiting linear variation with applied DC voltage (0-200 V) leading leakage resistances of 1.187 G2 (CoLMCO) and 5.176 G2 (ZnLMCO). |
Dielectric constants of mixed crystals varied inversely with applied frequency and became almost stable at the mid-radio frequency range. |
|

Keywords: Band gap energy, Crystals, Dielectric constant, Oxalate.

Lead is the major constituent in lead-acid batteries whereas
cadmium in nickel-cadmium batteries [8,9]. Cobalt is used in
electroplating due to its attractive appearance, hardness and
resistance to corrosion. Cobalt in lithium-ion batteries as LiCoO,
cathode, offers high conductivity and structural stability during
charge cycling [10,11]. Zinc is used in electrical and automo-
bile industries due to its galvanizing and die-casting applications
[12]. Thus, cobalt-lead mixed cadmium oxalate (CoLMCO)
and zinc-lead mixed cadmium oxalate (ZnLMCO) crystalline
materials were fabricated in purest form using gel crystal growth
technique; their chemical constituents and opto-electrical-
dielectric parameters were analyzed.

EXPERIMENTAL

Growth of CoLMCO and ZnLMCO crystals: The
fabrication of cobalt-lead mixed cadmium oxalate (CoLMCO)
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and zinc-lead mixed cadmium oxalate (ZnLMCO) crystalline
materials was accomplished by gel technique with oxalic acid
reinforced silica hydrogel as growth media. Oxalic acid embe-
dded silica (OES) hydrogel was prepared by mixing sodium
metasilicate (SMS) solution of specific gravity 1.0375 g cm™
and oxalic acid of concentration 0.5 M in 5:4 ratio and allowed
to set for gelling (gel pH =4.2) [13,14]. To the set gel (gel sets
in 5 days at 26 °C), the solution of nitrates of Cd**:Pb**:Co**
cations in the ratio 1:1:1 were added to form CoLMCO crystals;
zinc nitrate, lead nitrate and cadmium nitrate mixture in the
ratio 1:1:1 as a supernatant solution to fabricate ZnLMCO
crystals. At an optimized growth environment (Table-1) diffu-
sion of the cations into nucleation sites began, the growth estab-
lished and advanced for up to 15 days (CoLMCO) and 10 days
(ZnLMCO) (Fig. 1). After growth saturation, CoOLMCO and
ZnLMCO crystals were extracted from the gel (Fig. 2) and were
found hard, transparent, water-insoluble and corrosion resistant.

The chemical process describing the growth of CoLMCO
and ZnLMCO crystalline materials as follows:

COZJr + PbZJr + Cd(NOz)24H20 + C2H204'2H20 —_—
CdeCO(CzO4)3H20 + 2HNO3 + 3H20

ZI'IZJr + PbZJr + Cd(NO3)24H20 + C2H204'2H20 —_—
CdeZn(C204)3HZO + 2HNO} + 3H20

Characterization: After the extraction, the CoLMCO and

ZnLMCO crystals were subjected to analytical, optical and
electrical characterizations to determine their inherent prop-

Fig. 2. Extracted CoOLMCO and ZnLMCO crystals

erties. CARL ZEISS FESEM attached EDS system measured
the chemical constituents and cationic distribution present in
the prepared crystals. The Thermo-Nicolet iS50 FTIR spectro-
meter was used to identify various bonds that form the skeleton
of the crystals. TGA-DTA (Hitachi STA 7300) was utilized to
study the thermal behaviour of CoOLMCO and ZnLMCO crystals
from room temperature to 1300 °C. Utilizing the Bruker D8
Advance A25 diffractometer, the Bragg’s diffraction patterns
of crystalline materials were found. The crystal transparencies
to UV-visible light were studied using a UV-VIS-NIR 6/26
spectrophotometer (HO-SPA-1990P). The V-I characteristic
of embedded crystals was explored by two probe method and
the dielectric measurements were done with Agilent 4294A
Precision Impedance Analyzer.

TABLE-1
OPTIMAL GROWTH CONDITIONS OF OXALATE CRYSTALS
Growth parameters CoLMCO ZnLMCO
Specific gravity of SMS solution 1.0375 g cm™ 1.0375 g cm™
Concentration of oxalic acid 05M 05M
SMS:Oxalic acid 5:4 5:4
Gel pH 4.2 4.2
Concentration of cobalt nitrate, zinc nitrate, lead nitrate and cadmium nitrate 05M 05M
Ratio of cationic reactants 1:1:1 1:1:1
Crystal growth period 15 days 10 days
Physical appearance Pink transparent Colourless transparent

Size (1x b x h)

3.23 x 2.80 x 1.30 mm’

2.76 x 2.15 x 0.89 mm’
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RESULTS AND DISCUSSION

EDX-FESEM measurements: The presence of respective
elements in the prepared crystals (CoLMCO and ZnLMCO)
were identified in the characteristic peaks of respective energy
dispersive X-ray spectrums (Fig. 3) [15,16]. Various elements
and their corresponding quantities present in the crystal forma-
tion are shown in Table-2. CoLMCO crystal ingrains a cationic
distribution of Cd**:Pb**:Co*"=245:4:1, whereas in ZnLMCO
itis about Cd**:Pb**:Zn* = 59.25:2.25:1. Cationic distributions
measured using EDX analysis were in contrast to the cationic
mixture at growth phase (Cd*":Pb*:Co* = Cd*: Pb**:Zn* =
1:1:1). In CoLMCO and ZnLMCO embedded crystals, Cd**
ions predominate over Pb*, Co* and Zn** ions, proposed as
the primary cation in the emphasized crystals. The vacancies
of Cd** ions occupied by extrinsic Pb* ions and Co™ ions are
in the ratio Pb**:Co* = 4:1 in CoLMCO and in ZnLMCO the
occupation of extrinsic Pb** ions and Zn** ions is in the ratio
Pb**:Zn**=2.25:1. Both in CoLMCO and ZnLMCO crystals the
diffusion of Cd* ions and movements of C,O4> ions into the
nucleation sites balanced well compared to C,0,% ion inter-
action with other cations (Pb**, Co** and Zn*"). Thus, Cd** cations
form stable bonds with C,O4> ions and originated as a perfect
crystal in gel technique; whereas other extrinsic cations in the
mixture (Pb**, Co™ and Zn*") behave as dopant ions and occupy
only the parent Cd** vacancies and formed as stable mixed
oxalate crystals.

CoLMCO

ENT = 800KV Signal A= inLens Mag= 108X WD = 26mm

TABLE-2
CHEMICAL COMPOSITION OF
CoLMCO AND ZnLMCO CRYSTALS
CoLMCO ZnLMCO
Elements = = = =
Weight (%)  Atomic (%) | Weight (%) Atomic (%)

Cd 15.87 242 37.17 7.46

Pb 0.47 0.04 2.56 0.28

Co 0.08 0.01 - -

Zn - - 0.38 0.13

(0] 60.77 65.02 43.53 61.42

C 22.81 32.51 16.36 30.71

Total 100 100 100 100

The FESEM images of the CoLMCO and ZnLMCO crystals
at 5 kV with aresolution of 100 um (Fig. 4) revealed the aggre-
gates of unusual geometries in layered formations.

FTIR spectral studies: The functional groups such as
oxalate, water of crystallization and metal-oxygen (M-O) bonds
in CoLMCO and ZnLMCO crystals were identified by FTIR
spectrum (Fig. 5) with the wavenumber ranging from 4000 to
400 cm™ and the band assignments are listed in Table-3 [17,18].
The absorption peaks corresponding to symmetric and asym-
metric stretching of the O-H group and water of crystallization
indicate the presence of coordinated water molecules. The
absorption bands attributed to C=0 stretching, O-H bending,
C-C vibrations, C-O stretching, O-H out of plane bending, M-O
bonding and M-O stretching confirmed the presence of oxalate
group and M-O linkages in both crystals. The shift in the absor-

ZnLMCO
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Fig. 4. FESEM images of CoLMCO and ZnLMCO crystals
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Fig. 5. FTIR spectrum of CoLMCO and ZnLMCO crystals
TABLE-3
FTIR BAND ASSIGNMENTS OF CoLMCO AND ZnLMCO CRYSTALS
. Wavenumbers (cm™)
Band assignments
CoLMCO ZnLMCO

Symmetric and asymmetric stretching of OH group and water of crystallization 3555.61, 3505.95 3551.31, 3506.92

C=0 stretching, O-H bending 1615.09 1614.83

C-C vibrations, C-O stretching 1310.88 1311.17

O-H out of plane bending, M-O bonding 777.17 777.06

M-O stretching

597.82, 525.99 597.72, 526.10, 419.39

ption spectra and variation in fingerprint region specifies the
distinctness among the CoLMCO and ZnLMCO crystals.
Thermal studies: Thermogravimetric analysis (TGA),
derivative thermogravimetry (DTG) and differential scanning
calorimetry (DSC) were employed to study the decomposition
behaviour of CoOLMCO and ZnLMCO crystals from room
temperature to 1300 °C [19,20]. Fig. 6 consists of TGA, DTG
and DSC, show two phases of decomposition exhibited by the
mixed crystals. The dehydration of crystal was accomplished
at the temperature range Tp = 77.39t0 198.62°C (WL, =20.85%,
Tpre =156°C and Tpsc = 167 °C) for CoOLMCO. The ZnLMCO
crystal exhibits the first phase of decomposition for the Tp
range 71.38-175.94°C (WL, =21.32 %, Tp1c = 139°C and Tpsc
= 149°C). The second phase of degradation of CoLMCO crystal
occurs at Tp range 273.71-363.90 °C (WL, = 27.36%, Tprc =
333°C and Tpsc = 351 °C); whereas anhydrous ZnLMCO
crystal degrades at Tp = 284.56 to 391.80°C (WL, = 28.04%,

100 CoLMCO 600
Y {500
80 —TGA
— DTG -N 400
~60 ——DsC E [s00g
& E -2 €
£ 40 NP 200
K 3/1008
< 20 Tose = 351 °C —
—_——————— D |o
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0 -100
Tore =333 °C -200
-20 &

0 200 400 600 800

Temperature (°C)

1000 1200

Tore =349°C and Tpsc = 358 °C) both loosing carbon monoxide
and carbon dioxide simultaneously. Thereafter, both crystals
remained stable in the metal oxide state for temperatures above
1000°C (CoLMCO existed in Cd:Pb:Co-O state until 1112.78
°C and ZnLMCO in Cd:Pb:Zn-O up to 1071.65 °C), which were
evident from DTG and DSC curves. Tables 4 and 5 elucidates
the results of thermal studies. The observed weight loss %
(WL,) was in close agreement with theoretically estimated
weight loss % (WL.). TGA and FTIR spectral analysis confirm
the presence of crystalline water which accumulates as debris
in the crystal formation of both CoLMCO and ZnLMCO crysta-
lline materials. Overall, the CoOLMCO crystal ingrained with a
chemical formula Cdy o30Pbo,016C00.004(C204)-3H,O with a formula
weight of 255.78, whereas ZnL MCO suggested with a molecular
formula of Cd0.943Pb040362H0.0|6(C204)'3H20 (mW = 25713)
Powder XRD studies: Powder X-ray diffraction (PXRD)
measurements confirmed the high crystallinity of CoLMCO

a
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\°a

00 ZnLMCO
dy = 21329 ( —TGA \\
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Tore= 139 °C - DSC c
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Fig. 6. Degradation behaviour of CoOLMCO and ZnLMCO crystals
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TABLE-4
THERMAL STUDIES PROFILE OF CoLMCO AND ZnL.MCO CRYSTALS
Decomposition o o Weight loss (%)
Crystals Phase temperature, Ty, (°C) Tors ) Tose (O G ved WL, Calculated WL, v
I 77.39-198.62 156 167 20.85 21.13
AB80(00) 1T 273.71-363.90 333 351 27.36 28.16 LB
I 71.38-175.94 139 149 21.32 21.02
ZnLMCO 1T 284.56-391.80 349 358 28.04 28.01 25713
TABLE-5
CHEMICAL PROCESS FOLLOWED BY THE CRYSTALS IN THEIR DEGRADATION
Crystals Phase Degradation process
CoLMCO I (Cdy.950Pb0,016C00.004)C204:3H,0 ——> (Cdlg 050 Pbyg.g16 C0p.004) C204 + 3H,0
I (Cdo.980Pb0.016C00.004) C:05 —— (Cdp.080Pb.016C00.004)O + CO + CO,
ZnLMCO I (Cd0.94SPbO.036ZHO.Ol6)C204'3H20 e (Cd0.94SPbO.036znO.Ol6)C204 + 3HZO
I (Cdy.048Pb0.036Z10,016)C204s — (Cd.045Pbo036Z00.016) O + CO + CO,

and ZnLMCO compounds (Fig. 7). To identify the exact crysta-
lline nature, the diffraction patterns of the materials were
indexed using N-treor-09 program and refined with CHEKCELL
software [21,22]. The lattice parameters of both CoOLMCO and
ZnLMCO crystals (Table-6) exhibited triclinic geometry with
space group P1.

TABLE-6
UNIT CELL PARAMETERS —
CoLMCO AND ZnLMCO CRYSTALS
Cell parameters CoLMCO ZnLMCO
a(A) 5.994 5.992
b (A) 6.653 6.612
cA) 8.485 8.460
6 74.52 74.42
B 74.15 74.61
6 80.82 81.17
Volume (A% 312.323 310.018
Space group P1 P1
Geometry Triclinic Triclinic

The cumulative results of EDX, FTIR and TG analysis
confirmed the cationic matrix of Cd**:Pb**:Co?** and Cd*":Pb**:
7Zn**; nucleation of them with C,0,> ions formed the stable
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CoLMCO and ZnLMCO crystals. The crystalline materials
showed extremely high thermal stability in the Cd:Pb:Co-O
(1112.78°C) and Cd:Pb:Zn-0O (1071.65 °C) states. The embe-
dded crystals with exceptional thermal stability (in oxide state)
and high crystallinity encompass a variety of applications, duly
in high temperature and microelectronics.

Opto-electrical studies: Optical and electrical properties
of crystalline materials were unveiled using UV-visible spectro-
scopy, V-I characteristics and dielectric studies. Both CoLMCO
and ZnLMCO crystals showed narrow absorbance in the UV
region (Fig. 8) with an absorption maximum at A = 205 nm
(Amax = 1.588) and A = 199.5 nm (A = 1.276) sequentially.
In the wavelength range of 300-900 nm, the crystals exhibited
a wide transparency window. The Tauc plot (Fig. 8) measured
the optical band gap energy E, =5.638 eV (CoLMCO) and E,
= 5.845 eV (ZnLMCO) which prevailed the crystals as the
insulators. Further, refractive index (n), reflectance (R) and
electrical susceptibility ().) were calculated (Table-7) using
the following relations [23-25]:

2
n—1
Ee"=36.3, R= , =n’-1
& n+1 Xe
2500 =
s ZnLMCO
-2
20004 <
_ )
0 « -
2 S -
5 1500 = =~
<3 2 |5 —
z ~ |z 3
£ 1000 - ol 1. §= _
2 sl = = =2 N
£ I~ - oy -
S = e
500 - l I P
I
0 . T T T T T T
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26 (°)

Fig. 7. PXRD spectrum of CoLMCO and ZnLMCO crystals
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Fig. 8. UV-visible spectrum of CoLMCO and ZnLMCO crystals
TABLE-7
OPTO-ELECTRICAL PARAMETERS OF CoLMCO AND ZnLMCO CRYSTALS
Band gap Refractive Reflectance Electr_lc'a! Lgakage Elgct_rl(;al Electrl'ca'.l
Crystal enereT B (6Y) Ao () (R) susceptibility resistance, resistivity, conductivity,
o &) R, (GQ) p (Q m) G (Sm?)
CoLMCO 5.638 1.862 0.091 2.467 1.187 15.747 x 107 6.350 x 10
ZnL.MCO 5.845 1.826 0.085 2.334 5.176 68.667 x 107 1.456 x 10

Comparatively, the higher E, value of ZnLMCO crystal
reduced the refractive index (n = 1.826) in turn reflectance (R
=0.085) and electrical susceptibility (). =2.334). Further, the
electrical behaviour of embedded crystals were analyzed by
the variation of current for applied DC voltage [26] using two
probe method (Fig. 9) and reported in Table-7. The CoLMCO
crystal with lower band gap energy possessed leakage resistance
of Ri= 1.187 GQ, electrical resistivity p = 15.747 x 10°Qm
and DC conductivity 6 =6.350 x 10° S m™ while the ZnLMCO
crystal dominated over COLMCO with R =5.176 GQ and p =
68.667 x 10'Q m (6 = 1.456 x 10° S m™).

The dielectric behaviour of CoOLMCO and ZnL MCO crystals
was studied as a function of frequency. Both the crystalline

180+
CoLMCO

160 -
1404

120 4

nA)

— 100

801

Current

R, =1.187 GQ
p =15.747 x 10’ Om
6=6.350x 10" Sm"'

60
40

20 1

Ll L} 1
100 150 200

Voltage (V)

materials exhibited linear decay of dielectric constant (Fig. 10)
and dielectric loss (Fig. 11) with applied frequency up to 25 kHz
and thereafter almost stable state was observed at megahertz.
The reduced dielectric constant and dielectric loss at higher
frequencies indicate improved optical efficiency and its imple-
mentation as optoelectronics devices [27,28].

The AC conductivity (Fig. 12) of embedded crystals incre-
ased at the initial phase and a sudden decrease in its conduc-
tance indicates the resonance behaviour in both CoLMCO and
ZnL.MCO crystals. The maximum conductance of Gacmay =
1.744 x 10* S m™ at frequency f, = 2.125 MHz in CoLMCO
and Gacuma = 3.157 x 10° S m™" at frequency f, = 2.175 MHz
in ZnLMCO crystals were observed.

40 -
ZnLMCO
30 4
<
£
§ 201
3 R, =5.176 GQ
p =68.667 x 10’ Qm
10- 6=1456x 10" Sm"
0 -
L] 1 T L] 1
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Voltage (V)

Fig. 9. V-I characteristics of CoOLMCO and ZnLMCO crystals
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Fig. 12. AC conductivity of CoOLMCO and ZnLMCO crystals

The opto-electrical and physical characteristics of crys-
talline CoOLMCO and ZnLMCO compounds are intrinsically
different. Since both the crystals exhibit high thermal stability
in the metal oxide state, transmission in the visual spectrum,

high refractive index and low reflectance; find their applica-
tions in developing opto-electronic devices. The prepared
cadmium oxalate crystals due to their high leakage resistance
(GQ) and stable dielectric properties would provide good
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electrical insulation in microelectronic applications such as
gate insulation in MOSFET. The stability in dielectric behaviour
with applied frequency in both CoLMCO and ZnLMCO crystals
also could be used in generating radio frequency signals (MHz).

Conclusion

Newly grown high quality crystalline crystals viz. CoOLMCO
and ZnLMCO were fabricated using gel technique originated
as the reaction product of extrinsic Co” and Zn** doping to
lead mixed cadmium oxalate crystals, respectively. CoOLMCO
and ZnLMCO crystals characterized using EDX ingrained with
the cationic distribution of 245: 4: 1 (Cd*":Pb**:Co*") and 59.25:
2.25: 1 (Cd*:Pb*:Zn*) respectively, which are in contrast to
the cationic complex programmed in the growth phase (1:1:1).
The presence of water of crystallization, oxalate group and metal-
oxygen bonding in both crystals were identified by FTIR studies.
Thermogravimetric analysis of the prepared crystals displayed
two phases of decomposition and ensured high thermal stability
until 1112.78 °C in the Cd:Pb:Co-O state and up to 1071.65°C
in the Cd:Pb:Zn-O state. The PXRD measurements of foresaid
oxalate crystals revealed high crystallinity in the P1 space
group, indicative of triclinic geometry. Both crystals showed
absorption maxima in the UV region and complete transpar-
ency in the visible region; the ZnLMCO crystal exhibited
comparatively high optical band gap energy (E,= 5.845 eV),
lower refractive index (n = 1.826) and reflectance (R = 0.085)
than CoLMCO crystals (E,=5.638 eV,n=1.862 and R =0.091).
The linear variation of current to applied voltage yielded a
leakage resistance of 1.187 G and DC conductivity 6.350 x
10° Sm™ in CoOLMCO, whereas R, =5.176 GQ and 6 = 1.456
x 10® S m™ for ZnLMCO crystals. The approach to stability
in dielectric constant at higher frequencies and AC conductivity
results of crystalline materials signal their implementation for
resonance activities. Consequently, the superior thermal stabi-
lity, transparency in the visible region, wide band gap energy,
high leakage resistance and consistency in dielectric behaviour
at higher frequencies indicate these crystalline crystals are
instrumental as optical and electrical components in propelling
technological advancements.
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