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Aluminium (impurity ion) incorporated cadmium oxalate (ACO) crystals were grown in a silica hydrogel media by diffusion technique. |
ACO crystals emerged with the dimension 6 mm x 2 mm x 1.5 mm at the optimizing parameters of gel pH 4.2, gel density 1.01 g cm?, |
sodium metasilicate (SMS):oxalic acid of 5:4 and supernatant mixture at an equal ratio (1:1). Further, the extracted crystals were analyzed
by employing energy dispersive X-ray analysis (EDAX), Fourier transform infrared (FTIR) spectroscopy and thermogravimetric (TG) |
studies. EDAX measurements confirmed the presence of cations at the ratio Cd*:Al** = 65.67:1, whereas FTIR spectra identified O-H, C- |
C, C-0O, C=0 and M-O bonds in the crystal armature. TG analysis showed two decomposition phases of foregrounded crystals with |
thermal stability up to 1076.79 °C in the metal oxide state with minimum change in entropy (AS = -266.95 J mol” K™'). The ACO crystal
crystallized in a triclinic system. The optical and electrical behaviours of ACO crystals were compared with pure cadmium oxalate |
crystals. ACO crystals showed complete transparency to visible light and maximum absorption in the UV region like pure/parent crystals |
but the energy gap E, was reduced to 5.90 eV. The leakage resistance R, of ACO crystals was also reduced to 6.583 G£2 and the electrical |
conductivity coefficient 6 was enhanced to 0.152 S m™ °C™' from parent cadmium oxalate crystals. |
|
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INTRODUCTION

EXPERIMENTAL

Current trends in the field of science and technology in
general and crystallography in particular is, growing optimum
size doped/mixed crystals of divalent and trivalent cations for
optical and electrical applications. Crystal growth is a unique
field of research in science, where highest ordered substances
are developed. Of the various crystal growth methods, crystals
grown from gels stand unique because of their special prop-
erties like water insolubility, purity, mechanical strength and
thermal stabilities [ 1-4]. The literature review has reported the
growth kinetics and properties of many pure, doped and mixed
crystals. In particular, oxalate crystals showed the optical and
electrical applications [5-9]. Hence, by noting the adaptability
of oxalate anion with various metal cations the present work
focuses on the growth of trivalent ion, AI** incorporated cadmium
oxalate crystals and the study on modification caused by AI**
impurity in the optical and electrical properties of pure/parent
cadmium oxalate crystals.

Crystal growth: Aluminium (impurity ion) incorporated
cadmium oxalate (ACO) crystals were grown at laboratory cond-
itions by employing the chemical reaction method of gel technique
[10]. Crystal growth in gels was accomplished by optimizing
the gel media. The optimal growth condition was achieved by
amalgamating sodium metasilicate (SMS) solution (specific
gravity = 1.0375 g cm™) and oxalic acid (concentration = 0.5 M)
for the ratio 5:4 at 26 °C in turn to obtain oxalic acid impre-
gnated silica (OIS) hydrogel. AI** and Cd** cation mixture (1:1)
in their nitrate form were diffused through polymerized OIS
gel (gel set duration = 5 days) nucleated with C,0,> ions that
existed in the gel and produced as ACO crystals. Table-1 records
the growth parameters of ACO crystals. The growth aspects
of ACO crystals (Fig. 1) revealed that trivalent AI** cationic
mixing to Cd**ions vacancies increased the surface fineness
and transparency to light, which would induce improved optical
activity.
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TABLE-1
OPTIMIZED GROWTH PARAMETERS: ACO CRYSTALS
Growth parameters e GiE (O

crystals
Specific gravity of SMS solution (g cm?) 1.0375
Concentration of oxalic acid (M) 0.5
Ratio of SMS: Oxalic acid 5:4
pH of the gel 42
Gel density (g cm™) 1.01
Concentration of supernatant solutions (M) 0.5
Ratio of cationic reactants 1:1
Duration of crystal growth (days) 15
Size {I x b x h (mm®)} 6x2x1.5
Colour Colourless
Physical appearance Transparent and hard

]

ACO crystals

Acoicrystals

Fig. 1. (a) Growth of ACO crystals in silica hydrogel and (b) Extracted crystals

Characterization: The elemental composition in the ACO
crystal was identified by EDAX with the help of CARL ZEISS
FESEM attached EDS system. FTIR spectrum ranging from
4000-400 cm™ was obtained from the Thermo Nicolet iS50 FTIR
spectrometer. TG studies were carried out using TGA-DTA
(Hitachi STA 7300). Bruker D8 Advance A25 diffractometer
was used to obtain Bragg’s diffraction pattern to visualize the
pattern powderX software was used and the diffraction peaks
were indexed using N-treor-09 program and CHEKCELL
software to obtain lattice parameters. Optical and electrical
properties of ACO crystals were determined using UV-VIS-NIR

0/20 spectrophotometer (HO-SPA-1990P) followed by two
probe method and electrical conductivity by Roy instruments
(IR 503).

RESULTS AND DISCUSSION

EDAX-FESEM studies: The X-ray characteristic peaks
and area under the spectral lines of the EDAX spectrum have
confirmed the presence of oxygen, carbon, cadmium and alum-
inium in the ACO crystal (Fig. 2a). The FESEM image at 100
wm resolution (Fig. 2b) showed different ordered layers with
valley regions [11]. The weight and atomic percentages of
elements present in the foregrounded crystals are listed in
Table-2. The EDAX measurements confirmed the cationic distri-
bution of Cd**:Al**in the ratio 65.67:1. The addition of Al*
(impurity) into Cd** vacancies preserved the original shape of
pure cadmium oxalate crystals with different dimensions [6].

TABLE-2
CHEMICAL CONSTITUENTS OF ACO CRYSTALS
Elements Weight (%) Atomic (%)

Cd 40.15 8.06

Al 0.15 0.12

(0] 43.41 61.21

C 16.29 30.61
Total 100 100

FTIR studies: Fig. 3 illustrates the FTIR spectrum of ACO
crystals and the band assignments are listed in Table-3. The
broad band ranging from 3500.65 to 3195.49 cm™ exhibited
the symmetric and asymmetric stretching of the O-H group,
which confirmed the presence of water molecules. The strong
asymmetrical band at 1570.50 cm™ was due to C=0 stretching.
The sharp absorption peak at 1312.70 cm™ indicated the C-C
vibrations and C-O stretching. The absorption bands at 782.69
and 707.26 cm™ were due to O-H bending. The absorption
peaks at 560.22 and 444.23 cm™ correspond to M-O stretching
in ACO crystals [12,13]. FTIR spectral analysis of ACO crystals
reveals the shift in the absorption band but retained the pure

Fig. 2. (a) EDAX spectrum and (b) FESEM image: ACO crystals
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TABLE-3
BAND ASSIGNMENTS OF ACO CRYSTALS

Band assignments

Wavenumbers (cm™)

Symmetric and asymmetric stretching of OH group and water of crystallization

C=0 stretching, O-H bending

C-C vibrations, C-O stretching

O-H out of plane bending, M-O bonding
M-O stretching

3500.65, 3420.42, 3195.49
1570.50
1312.70
782.69, 707.26
560.22, 444.23

100

80

60

40 1

Transmittance (%)

20

560.22

)
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Fig. 3. FTIR spectrum of ACO crystals
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crystals armature [6]. The shift in the absorption band confirms
AI’* ion occupation into Cd** vacancies.

Thermogravimetric (TG) studies: The decomposition
behaviour and thermal stabilities of ACO crystals were studied
by thermogravimetric analysis (TGA), derivative thermogravi-
metry (DTG) and differential scanning calorimetry (DSC). These
TG studies determined the decomposition temperatures (Tp),
rate of weight loss (%) and chemical processes involved during
the decomposition of ACO crystals. Fig. 4 shows two structural
transformations of novel crystals. In the first phase of decompo-
sition, the crystal lost three water molecules with a weight loss
of 22.51% (calculated weight loss 21.34%) for the temperature
range (Tp=33.78-192.80 °C), which leads to Tprc peak at 139
°C and endothermic Tpsc peak at 158 °C, respectively. The second
phase of degradation occurs at Tp = 268.79-384.28 °C with a
Tore peak at 340 °C and an exothermic Tpsc peak at 362 °C with
a weight loss of 28.22% (calculated loss: 28.44%) due to the
degradation of CO and CO, molecules simultaneously [14,15].
The TGA curve clearly indicated the enhancement in the thermal
stability of ACO crystals up to 1076.79 °C in the Cd:Al-O state
(Tore= 1293 °C) [6]. Table-4 provides the TG profile of ACO
crystals. The TG studies followed by the evaluation from EDAX
and FTIR measurements, the ACO crystal possesses a mole-
cular formula CdgssAly.015(C204)-3H,0 with molecular weight
of 253.1945.

30
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Fig. 4. TG studies of ACO crystal

The TG studies were extended to the degradation phases
of ACO crystals. The activation energy, frequency factor, change
in entropy, change in enthalpy and change in Gibb’s free energy
during two stages of decomposition were measured.

The kinetic and thermodynamic parameters of degradation
phases were calculated using Coats and Redfern method [16,17].
Eqns. 1 and 2 are for orders of reaction n = 1.

—~log(1- ) AR (. 2RT E,
log( OgTZ jzlog{(ﬁ_&]{l_ E, J:I_ZBO.;:RT M

where o = fraction of sample (crystals) decomposed.
o= Wo — Wt

W, - W, 2)
where W, = weight of the sample at any given temperature, W,
= weight of the sample at the initial temperature, W; = weight
of sample at the end of decomposition, B = heating rate, T =
absolute temperature, A = frequency factor, E, = activation
energy and R = universal gas constant.

The plots of log [-log(1-)/T?] vs. 1000/T of phase 1 and
phase 2 are shown in Fig. 5. The slope of the plot in turn yielded
the activation energy (E,) and the frequency factor (A) was
calculated by using the intercept value.

In terms of E, and A values, the change in entropy (AS),
change in enthalpy (AH) and the change in Gibbs free energy
(AG) were calculated using eqns. 3-5 and reported in Table-5.

TABLE-4

DEGRADATION BEHAVIOUR: ACO CRYSTALS

Decomposition o o Weight loss (%) »
Phase temperature (Ty, °C) Tprg(°C)  Tpge (°C) Observed _ Calculated Decomposition phase
I 33.78-192.80 139 158 22.51 21.34 (Cdy055Al0015) C,0,:3H,0 — (Cdggg5Al5015) C,0,+ 3H,0
1T 268.79-384.28 340 362 28.22 28.44 (Cdy985Al0015) C,0, = (CdyggsAlyois) O + CO + CO,
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Fig. 5. Coats and Redfern method for degradation phase: (a) Phase 1 and (b) Phase 2
TABLE-5
KINETIC AND THERMODYNAMIC PARAMETERS
Phase Activation energy Frequency factor Entropy change Enthalpy change Change in Gibbs free energy
(E,, kJ mol™) (A, min™) (AS, J mol'' K (AH, kJ mol™) (AG, kJ mol™)
I 51.74 1.51 x 10° -182.48 48.32 123.52
1T 25.49 8.70 -266.95 20.39 184.07
TABLE-6
Ah UNIT CELL PARAMETERS OF ACO CRYSTAL
AS=RIn T 3)
B el Particulars Ll Particulars
parameters parameters
AH=E,-RT 4) a(A) 5.9922 B () 74.33
b (A) 6.6550 6 80.99
AG = AH - TAS ®) cA) 8.4760 Space group P1
where R = universal gas constant, h = Plank’s constant and kg o (°) 74.63 Crystal system Triclinic

= Boltzmann constant.

Thermodynamic parameters were calculated at the Tprg
(peak) temperature of each phase.

PXRD studies: The resulting PXRD pattern for the specific
20 values showed a high crystalline nature (Fig. 6) of crystals
[18]. ACO crystal crystallized in a triclinic crystal system and
retained the structure of the parent cadmium oxalate crystal [6].
Unit cell parameters of ACO crystal are recorded in Table-6.
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Bragg’s diffraction pattern of ACO crystals
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Characterization results of ACO crystals confirmed Al*
impurity ion occupation into Cd** pure cation vacancies with
unaltered triclinic geometry. Al** cation mixing with Cd** ions
increased the thermal stability with a change in entropy (mini-
mum) during the degradation process; which would promote
AI** incorporation into the parental sites of cadmium oxalate
crystals to design a better optical device. Hence, the distinctness
in optical and electrical properties of ACO crystals are compared
with pure cadmium oxalate crystals [6].

Optical properties: Optical studies of ACO crystals were
carried out by subjecting the crystal (solution form) to UV-visible
light for absorption (wavelength range 190-900 nm). ACO crystals
dissolved in 1.5 N H,SOsheated to 80 °C for 20 min. After cali-
bration, the crystal exhibited maximum absorption in the UV
region with A, (wavelength corresponds to maximum absor-
ption A = 1.538) equals 198 nm (Fig. 7). The crystal solution
showed complete transparency in the visible region. The Tauc
plot (graph of (0thv)* vs. hv) measured the optical band energy
E, =5.90 eV for ACO crystals. The reduced E, values for ACO
crystal (5.90 eV) from that of pure crystal (6.11 eV) [6] indicate
that both the crystals are distinct and insulators. Even though
these are insulators, a lower value E, for ACO crystal would
enhance its electrical conductivity.
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Fig. 7. UV-visible spectrum of ACO crystals

The UV-visible spectral studies of ACO crystals measured
higher refractive index n = 1.817 and reflectance R = 0.084
than pure cadmium oxalate crystals (n=1.782 and R = 0.079);
which were measured using eqns. 6 and 7 [19,20]:

E.e" = 36.3 (6)

n—-1Y
R =
e 2
where E, = band gap energy, n = refractive index and R =
reflectance.
Electrical properties: The Volt-ampere (V-I) character-
istic of ACO crystal was measured by two probe method. The

crystal exhibited linear variation of current with applied DC
voltage (Fig. 8a) and the reciprocal of the slope of straight-
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line measured leakage resistance Ry = 6.583 G€. The electrical
conductivity also varied linearly with temperature (Fig. 8b)
whose electrical conductivity coefficient 6, =0.152 S m™' °C".
Hence, the crystal behaves as a perfect insulator [5,21].

The optical and electrical properties of pure cadmium
oxalate crystals [6,21] are compared with the data obtained
for ACO crystals as listed below in Table-7. The characteriza-
tion results, optical and electrical studies of ACO crystals reveal
that the impurity addition (Al**) to pure crystal reduced band
gap energy by an amount of 0.21 eV (6.11 to 5.90 eV). Also,
adecrease in leakage resistance Ry = 6.583 GQ (pure cadmium
oxalate Rp =7.707 GQ) and an increment in electrical conduc-
tivity coefficient 6, = 0.152 S m™ °C™" (pure cadmium oxalate
6. =0.092 S m” °C") were observed.

Conclusion

Aluminium incorporated cadmium oxalate crystals (ACO)
were grown in silica hydrogel media by diffusion method.
During diffusion AI**ions incorporated into the Cd** ions lattice
and formed good quality crystals. Extracted ACO crystals subj-
ected to EDAX measurements confirmed the cationic distri-
bution as Cd**: AI**= 65.67:1. FTIR spectral analysis identified
the C=0, C-C, C-0, O-H and M-O bonds in crystal armature.
Thermal studies confirmed the stability of the ACO crystal up
to 1076.79 °C in the oxide state. The crystal with molecular formula
Cd()_985A1()_()15(C204)'3H20 and molecular Welght of 253.1945
remained in the triclinic system (unaltered from pure crystal).
AI** impurity ion incorporation caused the optical band gap
energy to decrease to 5.90 eV from 6.11 eV, increment in refra-
ctive index (1.782 to 1.817) and reflectance (0.079 to 0.084).
Further, the electrical properties also varied i.e. reduced leakage
resistance (7.707-6.583 GC) and enhancement in electrical

24 4

(b)
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20

—1

6,=0.1528m" °C”"

18

16

1 4 1 1 1 L] T T
20 30 40 50 60 70 80
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Fig. 8. (a) V-I characteristic and (b) electrical conductivity: ACO crystals

TABLE-7
OPTICAL AND ELECTRICAL PARAMETERS OF ACO CRYSTALS

Crystal Band gap energy Refractive Reflectance Leakage resistance Electrical conductivity
(E,, eV) index (n) (R) R, GQ) (6, Sm™ °C™)
ACO 5.90 1.817 0.084 6.583 0.152
Pure cadmium oxalate 6.11 1.782 0.079 7.707 0.092
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conductivity (0.092 S m™" °C"' t0 0.152 S m™ °C™"). As a result
of variations in physical, chemical, optical-electrical properties,
good thermal stability, water insolubility and transparency, the
ACO crystals find a spectrum of applications in ceramics, optics
and electronics industries.
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