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Abstract. Novel crystals of pure nickel cadmium oxalate (NCO) and calcium-doped nickel cadmium oxalate (CNCO)
were grown by single diffusion method in silica hydrogel by optimizing the growth parameters. The grown crystals were
characterized using field-emission scanning electron microscope, energy-dispersive X-ray (EDX) analysis, Fourier
transform infrared spectroscope, X-ray diffraction (XRD), thermogravimetric analysis (TGA) and UV–visible spectrometer. Ca2? ions were used to occupy the vacancies of intrinsically available Ni2? and Cd2? ions in the lattice of NCO
crystals. This causes change in morphology of NCO crystals and resulted in the growth of CNCO. Crystallinity and lattice
parameters of the grown crystals are analysed by XRD technique. Thermal studies show the thermal stability of grown
crystals. Number of water molecules present and molecular weight of the crystals were also determined using EDX and
TGA studies. Electrical susceptibility, real and imaginary parts of the dielectric constant, energy gap of the as-grown
crystals were calculated using the UV–visible spectroscopy. The results of doped crystal were compared with undoped
NCO crystal.
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Introduction

With Lissegang’s remarkable and renowned exploration of
regular and repeated crystallization in gels, an organized or
efficient study of crystal growth in gels begins. Due to its
simplicity and efficiency in growing single crystals of few
compounds, this technique has attained appreciable consideration [1,2]. This method is considered to be more
advantageous for the solution growth due to its properties
like controlled diffusion, free from convection and thermal
strain [3]. Degree of saturation, solvent type, pH of the gel
medium, presence of impurities and the variation in growth
temperature are considered to be the various process
parameters that unquestionably influence to the crystal
morphology [4]. On the growth of immense quality, defectfree single crystals, multitudinous researches are carried out
in modern years, since they play a crucial or indispensable
role in the field of solid-state lasers and optoelectronics [5].
For the preparation of oxalates of metal ions or mixture of
metal ions, plenty of publications are concerned. Because of
the exceptional chemical and physical properties and also
due to the vast applications, alkaline earth element-based
crystals have acquired extensive appreciation in modern
years [6].
Growth, thermal and spectroscopic exploration of
undoped and calcium-doped nickel cadmium oxalate
(CNCO) single crystals are described in this article. Since

oxalates are moderately soluble in water and decompose
before melting, gel method is considered to be the best
method to grow these crystals. The gel technique can be
used successfully at room temperature to extinguish
nucleation centre, since it is a simple technique [7,8]. The
novel crystals were grown by varying various parameters to
achieve the optimum growth condition. Silica gel was
prepared by varying specific gravity (1.030–1.060 g cm–3)
and the concentration of oxalic acid (0.1–0.7 M). The
mixture of oxalic acid (0.5 M) and specific gravity (1.042 g
cm–3) of sodium metasilicate solution (SMS) produces gel
within 4 days by maintaining constant temperature. After
the growth, crystals were harvested and analysed using
various characterization tools. The structural characterization of the grown crystals was done by X-ray diffraction
(XRD) analysis. The high intense peaks in the diffractograms confirm the high crystallinity of parent and doped
crystals. Both the crystals exhibit triclinic crystal system
with P-1 space group. The cationic distribution of crystals
reveal the domination of parent ions over dopants. Using
energy-dispersive X-ray analysis (EDX) and thermogravimetric analysis (TGA), the molecular weight, number of
water molecules in the crystal lattice and proposed molecular formula were determined. The determined molecular
formula Ni0.1989:Cd0.8010C2O43H2O for nickel cadmium
oxalate (NCO) and Ca0.0429[Ni0.2096:Cd0.7476C2O4]3H2O
for CNCO crystals had molecular weight 253.31 and
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274.85 g mol–1, respectively. The different functional
groups associated with the crystals were identified by
Fourier transform infrared spectroscopy (FTIR). The existence of water molecules in the crystal lattice was confirmed
by the presence of O–H bonding in the FTIR spectrum. The
energy bandgap, reflectance, refractive index and electrical
susceptibility of the grown crystals were also determined
using UV–visible spectroscopic studies.
In order to understand the physical, chemical and also
optical properties of solids, single crystals are considered to
be appropriate. In modern electronics, oxalate crystals
possess very prominent role and are also applicable in the
development of semiconductor laser diodes, crystal oscillators, etc. In the development of metal–oxide–semiconductor field-effect transistors and capacitors, single crystals
are used, as they exhibit special dielectric properties. New
demands have been emerged for doped crystal research and
applications due to the development of lasers and masers.
Great thermal stability (600–800°C) and dielectric nature
illuminated by NCO and CNCO crystals explore its use in
various high-temperature device applications [9].

2.
2.1

Experimental
Crystal growth

In this study, the single diffusion gel growth technique was
employed to grow the undoped and CNCO crystals. Oxalic
acid-impregnated silica hydro gel [8–11] was used to grow
NCO and CNCO crystals. Glass test tubes of length 12.5 cm
and diameter 1.5 cm were used as crystal growth apparatus.
Chemicals used to grow these crystals are sodium metasilicate (SMS; Na2SiO39H2O), oxalic acid (C2H2O42H2O),
nickel chloride (NiCl26H2O), cadmium chloride
(CdCl22.5H2O) and calcium chloride (CaCl22H2O) of AR
grade.
SMS was prepared by dissolving 22 g SMS into 250 ml
of distilled water with constant stirring and kept in dark and
cool place [12]. The SMS solution was diluted to attain
specific gravity of 1.042 g cm–3. A quantity of 0.5 M oxalic
acid was prepared by dissolving 15.76 g in 250 ml of
double-distilled water [13–15]. SMS solution of specific
gravity 1.042 g cm–3 was mixed with 0.5 M oxalic acid in a
beaker by adding SMS solution drop by drop with constant
stirring in the ratio 5:4 ml. Mixed solutions of 9 ml were
collected in test tubes and allowed to set. Once the gel set in
the test tubes, the solution of nickel chloride and cadmium
chloride (1:1 M) was poured to gel carefully through the
walls of the glass test tubes to avoid gel breakage [14,16]. In
the similar way, the solutions of nickel chloride, cadmium
chloride and calcium chloride (1:1:0.5 M) were poured to
gel for the growth of CNCO crystals. The openings of the
test tubes were tightly covered to prevent contamination of
the gel surface by atmospheric impurities [17,18]. Crystals
grew within a week and well-shaped crystals were visible in
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3 weeks. Grown crystals are shown in figure 1. The obtained
optimum growth parameters are summarized in table 1.

2.2

Characterization technique

The powder X-ray diffraction (PXRD) pattern of as-grown
crystal was carried out by Rigaku MiniFlex600 X-ray
diffractometer of X-ray wavelength 0.15406 nm (CuKa) at a
scan speed of 5° min–1. Single-crystal X-ray diffraction
(SXRD) measurements were carried out using Bruker
Kappa APEX II diffractometer, operated at maximum
power of 50 kV and 40 mA. Fourier transform infrared
(FTIR) spectrum of as-grown crystal was recorded using IR
Prestige-21 SHIMADZU FTIR spectrometer in the region
400 to 4000 cm-1. Field-emission scanning electron
microscope–energy dispersive X-ray (FESEM–EDX) spectrum of as-grown crystals was analysed using CARL ZEISS
FESEM, attached with the EDS system (Oxford Instruments) having the scanning image at 2.73 kX to analyse the
observed defects. Thermogravimetric analysis (TGA) and
differential thermal analysis (DTA) of grown crystals were
carried out using the DSC–TGA TA (SDT-Q600) system in
the nitrogen gas atmosphere. UV–visible–NIR absorption
spectrum was recorded in the UV–Vis–NIR spectrophotometer (UV-1800 SHIMADZU) with a scanning speed of
480 nm min–1 between the wavelength ranges of 190 and
1100 nm.

3.
3.1

Results and discussion
Field-emission scanning electron microscope

The fabrication of electronic devices for various applications needs defect-free crystals, therefore the interpretation
of plastic deformation, morphology of the crystals are
important. The FESEM images are shown in figure 2. The
FESEM image of width 20 lm with magnification 4000X
recorded at EHT 5 kV shows the crystal topography rockshaped structures with rough surface. The valley shaped
dislocations are due to the plastic deformation caused by
thermal stresses at the nucleation site [19]. Due to the
doping of calcium, the crystal surface becomes fine with
well-shaped sharp edges.

3.2

EDX analysis

The EDX spectrum is shown in figure 3. The spectrum
depicts the occurrences of expected major elements, such as
cadmium, nickel, calcium, carbon and oxygen of the title
compound. The weight % and atomic weight % of the
elements present in the lattice of NCO and CNCO crystals
are summarized in table 2. The EDX result shows the
cationic distribution of NCO as Cd2?:Ni2? = 4.03:1,
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Figure 1. Growth of NCO and CNCO crystals in gel.

whereas CNCO crystals constituted with cationic distribution, Ca2?:Cd2?:Ni2? = 17.44:4.89:1. EDX analysis clearly
reveals the domination of Cd2? and Ni2? ions over the
dopant Ca2? ions.

depicted by the strong peaks, while the calcium-doped
crystal shows less absorption throughout the spectrum. This
shows that the effect of incorporation of alkaline earth
element (calcium) changes the absorption capacity of the
as-grown crystal. The broad vibrational band extending
from 2800 to 3600 cm-1 is assigned to be due to the
symmetric and asymmetric stretching modes of the water
molecules [20]. The strong band appearing in the IR spectrum around 1600 cm-1 can be identified as due to the
asymmetric stretching vibrations of C–O groups of the
C2O42- ions, together with the bending mode of water [21].
The strong peak around 1300 cm-1 is also assigned to the
asymmetric stretching of C–O groups. The strong bands
appearing below 800 cm-1 are due to the combined effect
of the in-plane deformation mode O–C–O and M–O bond
[14,19,22]. The FTIR spectroscopic analysis of single
crystals of NCO and CNCO confirmed the presence of
functional groups associated with the oxalate ligands and
the metal–oxygen bond. The band assignments of NCO and
CNCO crystals are tabulated in table 3.

3.3

3.4

Table 1.
crystals.

Optimum condition for the growth of NCO and CNCO
Optimum condition

Parameters
Density of sodium metasilicate
pH of gel
Concentration of CdCl2 and NiCl2
SMS:oxalic acid
Concentration of CaCl2
Period of growth
Physical appearance

NCO

CNCO

1.042 g cm–3
4.50
1M
5:4 ml
—
3 Weeks
Transparent

1.042 g cm–3
4.50
1M
5:4 ml
0.5 M
3 Weeks
Transparent

FTIR spectroscopy

FTIR absorption spectra of the grown pure and CNCO
single crystals are given in figure 4. In the figure, it is clear
that the undoped NCO crystal shows high absorption

XRD studies

The powder diffractograms of NCO and CNCO crystals are
shown in figure 5. The occurrence of highly resolved
intense peaks at specific Bragg angles 2h indicates the high
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Figure 2.

FESEM images of NCO and CNCO crystals.

Figure 3.

EDX spectrum of (a) NCO and (b) CNCO crystals.

Table 2. Average weight and atomic weight percentage of
crystals.
Crystals
NCO

CNCO

Elements

Weight %

Atomic %

C
O
Cd
Ni
Total
Ca
C
O
Cd
Ni
Total

16.78
44.72
34.08
4.42
100
0.65
17.34
46.14
31.80
4.65
100

30.57
61.15
6.63
1.65
0.34
30.68
61.27
6.01
1.68
Figure 4.

FTIR spectrum of the gel-grown crystals.
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Band assignments of NCO and CNCO crystals.

Table 3.

–1

Wavenumber (cm )
NCO

3494.2830
3194.8454
1596.5136
1314.3768
785.3702
649.9635
513.8800

Band assignments

Water m(OH)
m(C–O) ? d(O–H)
m(C–O) ? (C–C)
d(OC=O) ? m(M–O)

Thermal analysis

TGA and DTA plots of NCO and CNCO crystals are shown
in figures 6 and 7, respectively. The TGA plots show two
major steps. The first is due to the evaporation of water,
which starts at 40°C and ends at 190°C, which results in
the formation of anhydrous NCO and CNCO crystals
[16,23,24]. The next represents the decomposition of pure
and CNCO crystals into their oxide forms in the temperature range of 260 and 400°C. This shows the release of CO2
and CO molecules as gases [25,26].

Figure 5.

a (Å)
b (Å)
c (Å)
a°
b°
c°
Volume (Å3)
Space group
Crystal system

NCO

CNCO

5.9998
6.6497
8.4605
74.561
74.323
81.090
311.07
P-1
Triclinic

5.988
6.648
8.457
74.51
74.49
80.99
311.3
P-1
Triclinic

m(M–O)

crystalline nature of the grown crystals. In the case of
CNCO crystal, it is observed that the original peaks are
slightly shifted from those of pure NCO crystal. From the
diffractogram, h k l values for different d-values were
computed using PowderX software and obtained (h k l)
values (without considering the small and overlapped
peaks) are shown in the figure. The standard ICDD file
corresponding to NCO and CNCO crystals was not found.
From the single XRD studies, crystal parameters have been
identified and tabulated in table 4. The crystal parameters
are in agreement with the calculated data of PXRD [20–22].

3.5

Crystal parameters of NCO and CNCO crystals.

Crystal parameters
CNCO

3503.5939
3425.0796
3190.1874
1587.1978
1310.3843
780.7123
712.1743
582.4179
499.2409

Table 4.

185

In the DTA plot, there was an endothermic peak due to
the decomposition of hydrated crystals into anhydrous
crystal. The exothermic peak results in the formation of
undoped and CNC oxide due to the release of carbon
monoxide and carbon dioxide [25,27]. The observed and
calculated weight loss, decomposed molecules and the
molecular weight of the crystals are calculated from the
EDX and TGA, data are summarized in table 5.

3.6

UV–visible spectral studies

The absorbance spectrum of NCO and CNCO crystal is
active in the visible and ultra–violet region having the
lowest cutoff wavelength of 244.01 and 233.18 nm,
respectively (shown in figure 8). The small peaks associated
with optical absorption at around 230 nm as a result of
excitation may be due to the excitons. These excitons
extremely influence the shape of the absorption spectra near
the fundamental edge.
The optical band energy gap (Eg) has been evaluated
from the absorption spectra and the optical absorption
coefficient (a) near the absorption edge using Tauc’s relation [28]:

_ 1=n ¼ C Eg  hm ;
ðahmÞ
ð1Þ

X-ray diffraction spectrum of the gel-grown crystals.
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Figure 6.

TGA and DTA plots of NCO crystal.

Figure 7.

TGA and DTA plots of CNCO crystal.

Figure 8. Absorption and transmittance spectrum of NCO and
CNCO crystals.

Figure 9.

where C is a constant, Eg is the optical bandgap, h is the
Planck’s constant and m is the frequency of the incident
photons. The exponent n depends on the type of transition
(n = 1/2 for direct allowed transition, n = 2 for indirect
allowed transition, n = 3/2 for direct forbidden transition
and n = 3 for indirect forbidden transition) [28].
The Tauc’s plot is shown in figure 9. The extrapolation of
the linear part of the graph gives the optical bandgap
energy, Eg = 5.17 eV for NCO and 5.32 eV for CNCO,
Table 5.
Crystals
NCO
CNCO

Tauc’s plot of NCO and CNCO crystals.

respectively. The crystal shows wide transparency in the
visible region, also shown in the inset of figure 8.
The relation between the refractive index (n) and the
energy gap (Eg) is given by the expression [29–31]
Eg  en ¼ 36:3

ð2Þ

This relation is suitable for the energy gap greater than 0
eV. Using this equation, the refractive index of the crystals

TGA results of the gel-grown crystals.
Weight loss (calculated) (%)

Weight loss (observed) (%)

Molecule decomposed

Molecular weight (g mol–1)

21.319
28.430
19.649
26.207

22.040
27.626
21.058
27.648

3H2O
CO and CO2
3H2O
CO and CO2

253.31
274.85

Bull. Mater. Sci. (2021)44:185

Page 7 of 8

185

Calculated optical parameters of as-grown crystals.

Table 6.

Dielectric constant
Crystals

Bandgap energy
(direct), Eg (eV)

Ref. index (n)

NCO
CNCO

5.17
5.32

1.95
1.92

Reflectance (R)

Electrical
susceptibility (ve)

er

ei 910–5

0.103
0.099

2.79
2.68

3.79
3.68

4.44
2.67

was calculated. Further studies on the refractive index (n)
and reflectance (R) of the crystals are calculated using the
expression [15,16,32],
R¼

ðn  1Þ2
ðn þ 1Þ2

ð3Þ

The calculated bandgap energy, high value of the
refractive index and low value of reflectance are summarized in table 6. The optical parameter of CNCO crystal
compared with the parent NCO crystal shows that, there is
an increase in the energy gap and decrease in the refractive
index and reflectance.
From the optical constants, electric susceptibility (ve)
could be calculated using the following relation [31,32]:
e r ¼ 1 þ ve ¼ n2

ð4Þ

Therefore,
ve ¼ e r  1 ¼ n 2  1

ð5Þ

The real part of the dielectric constant (er) and the
imaginary part of dielectric constant (ei) could be calculated
from the following relations [32]
e ¼ er  iei

ð6Þ

where,
er ¼ n2  k 2

ð7Þ

ei ¼ 2nk;

ð8Þ

where k is the extinction coefficient; calculated from the
values of absorption coefficient (a) and wavelength (k)
using the equation [32]:
k¼

ka
4p

ð9Þ

The calculated values of electric susceptibility, real and
imaginary parts of the dielectric constant are also tabulated
in table 6. It is clear that the values of dielectric constant
and refractive index decreases with the increase in energy
gap.

4.

Conclusion

Pure NCO and CNCO single crystals were grown by the
single diffusion method. By varying the various growth
parameters, the optimum condition for the growth of

as-grown crystals were obtained and reported. EDX spectral
studies confirm the presence of expected major elements.
Thermal stability, molecular weight and number of water
molecules present in the lattice were determined by thermal
studies. Undoped NCO crystals were stable up to 600°C,
whereas CNCO crystals were stable up to 800°C with 50%
of weight. This confirms the increase of thermal stability
due to the doping of calcium into the NCO lattice. XRD
measurements confirm that the crystals belong to triclinic
crystal system with P-1 space group. Spectroscopic study
revealed that calcium doping led to an increase in the
bandgap and shifting of absorption edge to the lower
wavelength. This high bandgap confirms that the crystal is
an insulator, suitable material for the fabrication of optoelectronic devices. The high value of electrical susceptibility of the as-grown crystals suggests that, when high
intense radiation strikes, the crystals easily get polarized.
The dielectric constant of material is due to the concentrations of electronic polarizations.
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