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A B S T R A C T

The melding of nanomaterials with liquid crystalline materials is at the frontier of scientific research due to the 
transformative impact of nanoparticles on the functionalities of host liquid crystal materials. Here, we report the 
effect of doping of carbon dots (CDs) in the nematic liquid crystal (NLC), 5CB (4-cyano-4′-pentylbiphenyl) in 
indium tin oxide (ITO) sample cells without alignment layers (i.e., unaligned ITO (U-ITO) sample cells) using 
polarizing optical microscopy and dielectric spectroscopic techniques. Polarizing optical microscopy reveals 
largely dark optical textures under crossed polarizers confirming vertical alignment of Pure 5CB in U-ITO sample 
cells. However, defects present in the texture pose severe constraints on the use of induced vertical alignment in 
U-ITO sample cells for device applications. To improve the quality of vertical alignment, CDs of size 2.8 nm at 
concentrations of 0.03, 0.05 and 0.1 wt% are doped into 5CB. Optical texture studies show the quality of induced 
vertical alignment of the 0.03 wt% composite is better than pure 5CB and other composites. Frequency- 
temperature dependent dielectric studies verify the induced vertical alignment by observation of the short- 
axis molecular relaxation. The stability of the vertical alignment throughout the nematic phase of 5CB is 
confirmed through temperature dependent dielectric and optical texture studies. The induced vertical alignment 
of 5CB in U-ITO sample cells could be attributed to the stronger LC-LC interaction than the ITO-LC interaction. 
The improvement in the quality of vertical alignment of CDs-5CB composites could be due to the CDs influencing 
LC-LC and ITO-LC interactions. Finally, the effect of CDs on the increasing dc electrical conductivity of 5CB in U- 
ITO sample cells is investigated. Our results clearly indicate that CD-5CB composites would be useful in cost- 
effective display and other photonic devices devoid of alignment layers.

1. Introduction

Nematic liquid crystals (NLCs) are one of the widely known and 
leveraged classes of liquid crystals. In this phase the molecules have a 
general tendency of orientating on an average towards a common di
rection defined as director (n). NLCs are utilized in a wide spectrum of 

applications spanning from display devices, photonics, sensors to optical 
devices [1–5]. One of the most crucial factors for the employability of 
these NLCs in devices is their easy molecular alignment by alignment 
layers and external fields. Generally, the molecular alignment in a 
sample cell is categorized as either: planar (n is parallel to the sub
strates) or vertical (n is perpendicular to the substrates). Numerous 
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techniques are utilized to achieve a uniform alignment of NLCs 
including rubbing of polyimides [6], coating alignment layers [7], 
photoalignment [8], electric and magnetic fields [9,10], modification of 
the substrate surface [11] and doping of nanoparticles [12]. Polyimide 
coating is widely used in industry to obtain both planar and vertical 
alignment in display devices. However, coating a substrate with polymer 
layers to obtain uniform alignment of molecules is not budget-friendly, 
produces suboptimal display performance, have complex processing, 
and require a high curing temperature [13]. Because of these severe 
drawbacks alternate approaches to obtain consistent alignment have 
been developed. One such alternative approach, is the doping of nano
particles (NPs) in NLCs that has emerged as a promising technique and 
has garnered considerable attention in research circles [12].

It has been shown in the literature that certain cleaning processes 
performed on glass, oxides, and metals produce vertical alignment of 
NLCs; however, such induced alignment is not uniform and often shows 
defects and light leakages which are not suitable for their employment in 
applications [14-17]. Hence, addition of NPs offers a potential solution 
to overcome this limitation, as it influences not only the alignment but 
also the dielectric, electrical, and thermal properties of NLCs [18–27]. 
Amongst NPs, quantum dots (QDs)have been in the limelight over the 
last decade due to their relatively small size (size range ~2–10 nm), 
fluorescence property, quantum confinement effect, etc. [28–30] 
Doping of QDs in NLC has enabled the tuning of the properties of the 
host material significantly which researchers believed can be imple
mented for device application [31-34]. Some of the works conducted on 
the addition of QDs in positive dielectric NLC infiltrated in unaligned 
ITO glass plates or plain glass slides is reported by the Hegmann group 
[35] in which they doped two different QDs (hexadecylamine-capped 
CdSe and thioglycolic acid-capped CdTe) in a phenyl pyrimidine NLC 
and observed the induction of vertical alignment in the host material at 
concentrations of 1 and 2 wt% of CdSe QDs, and higher than 2 wt% for 
CdTe QDs. However, the obtained vertical alignment between plain 
glass slides was not free from defects and showed birefringent stripe 
patterns and optical textures which posed a hurdle in their utilization for 
application purposes [35]. Continuing this, in another study they re
ported doping of three different QDs (QD1, QD2 and QD3) in the same 
NLC material. Compositionally different Zn doped QD3 showed the in
duction of vertical alignment at all concentrations (1–5wt%) prepared 
for the investigation. The vertical alignment in this case also produced 
birefringent stripe patterns [36]. In recent years, driven by concerns 
regarding cadmium toxicity levels [37–45], researchers have increas
ingly prioritized the utilization of eco-friendly QDs. From this perspec
tive, less work has been reported on the doping of eco-friendly QDs in 
positive dielectric NLCs filled in unaligned LC cells. One such report 
from Lee and group elucidated the effect of doping CuInS2 (CIS)–ZnS 
core–shell QDs in a positive NLC material. They observed that the 
capillary filling method induced a planar alignment of NLC when filled 
in an unaligned ITO cell which was explained due to the formation of 
1D-chain like structures by the QDs clusters that then guide the LC 
molecules that are near the QD surface to align parallel to the substrate 
which gradually gets propagated into the bulk of the sample producing a 
uniform planar alignment [46].

A literature review shows that currently no report is available on the 
doping of carbon dots (CDs) in NLC infiltrated into a U-ITO coated cell 
[39-44]. Here, we report the effect of doping of varying concentrations 
of CDs on the induced vertical alignment of positive dielectric 5CB, NLC 
in the U-ITO sample cell. Optical texture and dielectric studies confirm 
that uniform and stable vertical alignment (without birefringent stripes 
or defects) is achieved for a 0.03 wt% CDs-5CB composite. The thermal 
stability of the alignment and the impact of CDs on the conductivity of 
5CB have also been elucidated in this study.

2. Experimental details

2.1. Details of material and preparation method

In the present work, we have employed 5CB (4-cyano-4′-pentylbi
phenyl), NLC acquired from Sigma-Aldrich and used without any further 
purification. The phase sequence of 5CB is Cr 25 ◦C N 35 ◦C Iso, where 
Cr, N and Iso denote Crystal, Nematic and Isotropic phases, respectively. 
Dopant CDs were synthesized using one pot selective synthesis method 
and characterized by Kumar et al. [47]. The size and morphology of the 
CDs were determined through HRTEM and found to be quasi-spherical 
of uniform size of 2.8 ± 0.72 nm [48]. The U-ITO coated LC sample 
cells of thickness 4 μm were purchased from Instec Inc. USA and utilized 
for optical, dielectric, and electrical investigations. 0.1 w/v% of CDs 
solution was prepared using chloroform as solvent. For our experiments, 
initially 5 mg of NLC was weighed in glass vials and 0.03,0.05 and 0.1wt 
% concentrations of CDs solutions were added into them. These mixtures 
were then ultrasonicated for two hours to attain a homogenous distri
bution of CDs in the NLC and thereafter the chloroform was evaporated 
by keeping the composite in a muffle furnace for 1 hour at 65 ◦C. These 
composites in the isotropic phase were capillary filled into U-ITO LC 
cells.

2.2. Apparatus and measurements

Optical studies were conducted on pure 5CB and its composites with 
CDs using a polarising optical microscope (POM) with crossed polarizers 
(CENSICO International 13809, India). For dielectric studies, an LCR 
meter (nF Corp, ZM2376, Japan) with an oscillating voltage maintained 
at 300 mV was employed in the frequency range of 100 Hz-5.5 MHz. The 
temperature of the sample cells were controlled using a customized hot 
stage equipped with a temperature controller integrated with a water 
bath (Thermotech, AQS-WB-200, India) having a precision control of ±
0.5 ◦C.

3. Results and discussion

Polarized optical microscope is used to verify the quality of disper
sion of nanoparticles in LC materials and the quality of alignment of the 
LC through observation of optical textures. Fig. 1 illustrates optical 
micrographs in nematic phase (29 ◦C) of Pure 5CB and CDs-5CB com
posites filled in U-ITO sample cells. Fig. 1(a) shows the induced vertical 
alignment of Pure 5CB in a U-ITO sample cell. However, the presence of 
numerous defects that cause light leakage, indicated reduced quality of 
induced vertical alignment. The occurrence of such induced vertical 
alignment of Pure 5CB when filled in U-ITO substrate can be explained 
by Friedel–Creagh–Kmetz (FCK) rule [14]. According to this rule, if γS <

γLC (where γS is the additional surface energy of the solid substrate, and 
γLC is the strength of LC-LC interaction) a vertical alignment will be 
produced [49]. Here, the intermolecular interaction between the polar 
“heads” of the 5CB molecules is relatively higher than the van der Waals 
interaction produced by the ITO substrate leading to the formation of 
vertical alignment [14,16,46]. To reduce the nonuniformity and light 
leakages of induced vertical alignment of 5CB in U-ITO sample cells, we 
doped CDs into 5CB. As seen in Fig. 1(b) and (c), doping of CDs pro
duced better vertical alignment of 5CB with relatively fewer defects and 
a more uniform texture for the lower concentrations of 0.03 wt% and 
0.05 wt% CDs. Since the sample cells employed for this investigation are 
U-ITO cells (i.e., no rubbed polyimide), it is observed that even the 
smallest concentration of CDs (0.03wt%) produces good vertical align
ment, unlike in our earlier report that used planar aligned sample cells, 
wherein vertical alignment is achieved for 0.3wt% CDs in 5CB [50]. 
Interestingly, the absence of an alignment layer proves to be an 
important factor in the achievement of a uniform vertical alignment at 
minimal concentrations. Nevertheless, CDs at higher concentrations 
don’t favor an optimal vertical alignment as demonstrated in Fig. 1(d). 
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At 0.1wt%, optical textures reveal the emergence of defects under
scoring an undesirable outcome at a higher concentration of CDs. The 
defects observed in Pure 5CB are significantly reduced with the addition 
of low concentration CDs. However, once the concentration of CDs is 
increased to 0.1 wt%, the defects reappeared in the texture. A point to be 
noted here that such defects have previously been reported in both 
micro and nano doped LC composites [49,51,52] and termed as, well 
patterned bright defect structures with four extinction lines [51], or 
doughnut-shaped birefringent structure [52]. The appearance of such 
defects could be due to distortion in the uniform vertical alignment of 
the bulk 5CB caused by doping of CDs of higher concentration.

After the confirmation of induced vertical alignment of 5CB, NLC at 
one temperature deep in the nematic phase, it is critical to assess its 
stability throughout the nematic phase. Fig. 2 demonstrates the optical 

micrographs of Pure 5CB and CDs-5CB composites at higher tempera
tures in the nematic phase. The induced vertical alignment remains 
stable over the complete nematic phase of pure and composite samples. 
This clearly shows that the strong interaction of CDs with LC molecules 
is not diminishing with rise in temperature. That means the accumula
tion of CDs on the ITO surface is also stable with temperature. The 
stability of alignment with changing temperature is one of the crucial 
parameters for display devices. So, the induced vertical alignment of 
5CB by CDs is certainly reliable throughout nematic phase. In other 
words, the induced vertical alignment is thermally stable throughout 
nematic phase of 5CB.

The pure and composite samples were examined through dielectric 
spectroscopic techniques at a constant temperature of 29 ◦C. Fig. 3
shows the frequency dependent relative real dielectric permittivity (εʹ) 

Fig. 1. Optical textures of the nematic phase of (a) Pure 5CB, (b) 0.03 wt%, (c) 0.05 wt% and (d) 0.1 wt% of CDs-5CB composites at 29 ◦C. Here, P and A denote 
polarizer and analyzer, respectively. The scale bar is 100 μm. The thickness of U-ITO sample cells is 4 μm.

Fig. 2. Temperature dependent optical textures in the nematic phase of Pure 5CB and CDs-5CB composites (0.03, 0.05 and 0.1 wt%) in U-ITO cells. Here, P and A 
denote polarizer and analyzer, respectively. The scale bar is 100 μm. The thickness of the U-ITO sample cells is 4 μm.
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for pure 5CB and CDs-5CB composites. The value of εʹ in the plateau 
region is observed to increase initially and thereafter, for higher con
centrations, decrease. At a constant frequency of 10 kHz, the value of εʹ 
for Pure 5CB is observed to be 15.46 which increased to the maximum 
value of 18.37 for 0.03 wt% and further increment in the concentration 
of CDs to 0.05 and 0.1 wt% illustrated a decrease in εʹ. The increase in 
the value of εʹ for lower concentration (i.e., 0.03 wt%) is attributed to the 
enhanced vertical alignment and reduction of the defects. However, for 
higher concentration (>0.03 wt%), such induced vertical alignment 
seems to get disturbed due to strong CD-CD interaction and eventually 
lead to reduction in the εʹ. Here, 0.03 wt% can be considered as the 
optimal concentration that helps in achieving a nearly perfect vertically 
aligned state. To the best of our knowledge, this is the lowest concen
tration of NP in LCs leading to induced alignment. The tendency of the 
ITO coating to vertically align molecules and the absence of alignment 
layers support the direct interaction of CDs with LC molecules in 
orientating them to the vertical state. However, higher concentrations of 
CDs seem to produce undesirable effect which is reflected in the form of 
decrement in the value of εʹ.

The frequency dependent dielectric loss (εʺ) and loss factor (tan δ) 
were also studied for pure CD-5CB and composites at 29 ◦C. Fig. 4(a) 
demonstrates the observance of a short axis relaxation peak (νR) at fre
quencies above 105 Hz in the in εʺ plot verifying the vertical alignment 
of pure 5CB and its composites [21]. For Pure 5CB, νR is 2.9 × 105Hz and 
further decrease to 2.48 × 105 Hz and 2.44 × 105Hz for 0.03 and 0.05 wt 
%, respectively. However, for the highest concentration i.e., 0.1 wt%, νR 
increased to 2.61 × 105 Hz. Fig. 4(b) shows the effect of CDs on the ionic 
relaxation for Pure 5CB and CDs-5CB composites. It is observed that the 
value of tan δ increases with an increase in dopant concentration. A shift 
in the ionic relaxation peak is also observed in the low frequency region. 
A point to be noted here is that ionic relaxation for Pure 5CB may be 
present at very low frequencies and hence not visible in the data shown 
in Fig. 4(b) as the frequency range was beyond the scope of the 
employed LCR meter. However, addition of CDs has produced a signif
icant shift towards higher frequency. The ionic relaxation peak fre
quency for 0.03 wt% was observed to be at 89 Hz that increased to 159 
Hz for 0.05 wt% and finally for 0.1 wt% the peak reached a frequency of 
223 Hz. For the lowest concentration of 0.03 wt% this could be attrib
uted to the faster relaxation of ions facilitated by the better vertical 
alignment produced by CDs. Furthermore, for 0.05 and 0.1 wt% the shift 
appears to be due to the enhanced space charge polarization effect due 
to increased ion density with concentration.

After probing the effect of CDs in 5CB at 29 ◦C (nematic phase), 
temperature dependent dielectric permittivity measurements were per
formed to examine the stability of the induced vertical alignment 
throughout the nematic phase. Fig. 5 shows the effect of temperature on 
εʹ of Pure 5CB and CDs-5CB composites at a constant frequency of 10 
kHz. At 29 ◦C, the value of εʹ for Pure 5CB is 15.46 and it increased to 
18.37 for 0.03 wt% and thereafter for 0.05 and 0.1 wt% it is reduced to 
18.07 and 17.58, respectively. The graph clearly shows a decrease in the 
value of εʹ with increasing temperature and could be attributed to the 
decrease in the orientational order of 5CB, NLC. Although εʹ is 
decreasing it maintains the vertical state in the composites thereby 
illustrating the stability of the induced vertical alignment. The nematic 
to isotropic transition temperature i.e., clearing temperature (TNI) for 
Pure 5CB is found to be 35 ◦C corroborating the reported value [53]. All 
CDs-5CB composites show the same TNI as that of Pure 5CB demon
strating that in the concentration range studied the addition of CDs does 
not have any noticeable impact on its clearing temperature.

Further insight on the dielectric properties of the composites can be 
obtained from conductivity measurements. To analyze the impact of CDs 
on the conductivity (σ) of 5CB, we have employed the fundamental 

Fig. 3. Frequency dependent relative dielectric permittivity (εʹ) of the nematic 
phase of pure 5CB and CDs-5CB composites at 29 ◦C. Inset shows the magnified 
permittivity graph.

Fig. 4. Frequency dependent (a) dielectric loss (εʺ) and (b) dielectric loss factor (tan δ) of the nematic phase of Pure 5CB and CDs-5CB composites at 29 ◦C.
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relationship between εʺ and σ as shown in Eq. (1) and obtained σ values 
for the acquired data. 

σ = 2πf ε0εʹ́ (1) 

The conductivity plots shown in Fig. 6 for Pure 5CB and CDs-5CB 
composites at a constant temperature of 29 ◦C clearly demonstrates 
the significant enhancement in conductivity even at the lowest con
centration of CDs i.e., 0.03 wt%. The plots were further fitted using the 
well-known Jonscher’s Power law (JPL) [54,43] which is represented as: 

σ(ω) = σDC + σAC = σDC + Aωn (2) 

Here σ(ω) denotes the total conductivity of the material as a function 
of angular frequency, σDC and σAC represents the DC and AC conduc
tivity, A is a pre-power-law factor, the exponent n is a constant varying 
between 0 < n < 1 for disordered solids. For the samples under inves
tigation, the value for the exponent ‘n’ lie above the “universal range” 
observed in disordered solids. Secondly, two regions can be observed in 
Fig. 6, a low frequency region exhibiting dc conductivity which can be 
seen as a plateau and secondly a high frequency region where the 

conductivity shows a dramatic increase with increasing frequency. In 
our earlier report [55] on planar anchored sample cells, we have ob
tained three different regions in the conductivity curve which includes 
an electrode polarization (EP) regime in the low frequency region. In 
this work, the EP region is not prominent for Pure 5CB and 0.03 wt%, 
but for higher concentrations 0.05 and 0.1 wt% it is slightly visible, and 
it doesn’t interfere with the dc conductivity regime. The effect of ions 
seems to be relatively lower in sample cells lacking an alignment layer as 
compared to cells with a planar polyimide alignment layer. The addition 
of 0.03 wt% of CDs in 5CB produces a one order of magnitude increase in 
the DC conductivity compared to Pure 5CB; however, for higher con
centrations it exhibits a modest increment. For instance, the value of σDC 
for Pure 5CB is found to be 1.34 × 10−7 S m-1 which increased to 1.37 ×
10−6S m-1 for 0.03 wt% (one order of magnitude increment) and for the 
higher concentrations of 0.05 and 0.1 wt% it exhibited a value of 2.43 ×
10−6 and 3.54 × 10−6S m-1, respectively. Since the doping of CDs was 
able to induce a better vertical alignment with fewer defects at 0.03 wt 
%, the mobility of ions gets facilitated thereby portraying the highest 
increment in conductivity. For 0.05 and 0.1 wt% CDs, the system is seen 
to be become more lossy (Fig. 4b). Formation of defects in the textures i. 
e. the distortion of alignment may produce more ions in the system 
thereby causing a marginal increase in the conductivity. The increase in 
conductivity in the unaligned sample cell is comparatively lower than 
the increment seen in planar anchored cell which may be attributed to 
the higher dissociation of ions experienced by CDs when interacting 
with polyimide alignment layers [55]. The variation of conductivity was 
explored with varying temperature through Arrhenius plots.

Fig. 7(a) shows the dependency of the longitudinal (σ||) component 
of DC conductivity with respect to the inverse of the absolute temper
ature plotted using the Arrhenius equation [43] given as: 

σdc = σoexp
(

−
Ea

kBT

)

(3) 

ln(σ‖) = ln(σ0) −
Ea

kBT
(4) 

Here, Ea is the activation energy, σo is a pre-exponential factor, kB 
represents the Boltzmann constant and T is the absolute temperature. 
From Fig. 7(a), where the parameters Ea and σo are obtained from the 
least squares fit to the data. Note that σ|| increases with increase in 
temperature for all samples under investigation. With an increase in 
temperature the molecules lose their orientational ordering and the 
nematic becomes less viscous which eventually eases the flow of ions 
within the material contributing to the rise in conductivity. Addition
ally, we observed that the variation of dc conductivity as a function of 
temperature slows down for the CDs-5CB composite as compared to Pure 
5CB. This slowing down can be ascribed to the addition of CDs in the 
Pure 5CB matrix that can cause a slight hindrance in the movement of 
ions, even though increasing temperature is making the system less 
viscous. However, it is not devoid of the constraints imparted by higher 
concentration of CDs (0.1 wt%) in the LC system as compared to Pure 
5CB system where the movement of ions remains unhindered. Further
more, Fig. 7(b) shows the variation of Ea with increasing dopant con
centration. The values of fitted σDC values at T = 29 ◦C and activation 
energy related to ionic conductivity is summarized in Table 1. For Pure 
5CB, Ea is 0.67 eV which is lowered by 21 % to a value of 0.531 eV for 
0.03 wt% and for 0.05 wt% it is again reduced to 0.465 eV (31 %). 
However, for 0.1 wt%, the value is observed to rise back to 0.534 eV. 
This can be attributed to the observance of defect formation in the op
tical texture (Fig. 1(d)) and decrease of εʹ (Fig. 3) which causes a hin
drance in the flow of ions leading to the increased Ea.

4. Conclusion

The effect of doping CDs on the molecular alignment, dielectric, and 
electrical properties of 5CB, NLC in U-ITO sample cells (i.e., without 

Fig. 5. Temperature dependent relative dielectric permittivity (εʹ) of Pure 5CB 
and CDs-5CB composites at a constant frequency of 10 kHz.

Fig. 6. Angular frequency (ω) dependent conductivity (σ) plots for the nematic 
phase of Pure 5CB and CDs-5CB composites at 29 ◦C. The symbols represent the 
experimental data and the solid lines denote the fitted data using Jonscher’s 
Power Law (JPL).
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alignment layer) has been investigated in detail using optical polarizing 
microscopy and dielectric spectroscopy techniques. The induced vertical 
alignment of 5CB is obtained in the U-ITO sample cell and could be 
attributed to the strong intermolecular interaction between the polar 
5CB molecules that lowers the van der Waals forces exhibited by the ITO 
surface. The quality of such induced vertical alignment is poor due to the 
presence of several defects. Therefore, to improve the quality of induced 
vertical alignment, doping of CDs of varying concentration into 5CB was 
performed. Optical texture and dielectric data confirm that the 0.03 wt% 
composite shows the best quality vertical alignment as compared to the 
composites of higher concentration and the pure sample. Interestingly, 
the thermal stability of vertical alignment is confirmed through tem
perature dependent optical texture and dielectric studies. The short axis 
molecular relaxation, a hallmark of vertical alignment, is also affected 
by the presence of CDs. Moreover, the DC conductivity is found to in
crease with an increase in the concentration of CDs. The activation en
ergy, evaluated from Arrehenius plots, is also found to vary with dopant 
concentration. Our results clearly show that the 0.03 wt% CDs-5CB 
composite demonstrates the most uniform and defect-free vertical 
alignment as compared to composites of higher concentration and pure 
the 5CB sample. However, it is worth pointing out here that the electro- 
optical switching of vertical aligned 5CB in the vertical switching cell is 
not feasible due to the LC’s positive dielectric anisotropy. To exploit the 
electro-optical switching, one could use either in-plane switching sam
ple cells for positive dielectric NLCs or negative dielectric anisotropic 
NLCs in vertical switching sample cells. Our results clearly indicate the 
use of CDs to align 5CB, NLC vertically will pave the way forward to 
eliminate the requirement of alignment layers. We anticipate the use of 
such uniform and defect free vertical alignment of NLC, 5CB in sensors, 
high quality displays and other photonic devices of low cost.
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Fig. 7. (a) Variation of the longitudinal (σ||) component of DC conductivity with inverse of absolute temperature (Arrhenius graph) where the symbols represent the 
experimental data and the solid lines denotes the fitting employed using Arrhenius equation, and (b) Concentration dependent activation energy for Pure 5CB and 
CDs-5CB composites. σ|| denotes the value of conductivity measured along the director (n) of NLC.

Table 1 
The fitted σDC values at T = 29 ◦C and activation energy related to ionic con
ductivity of Pure 5CB and its composites with CDs.

S. 
No.

Sample Fitted σDC values at T = 29 ◦C (S 
m-1)

Activation Energy 
(eV)

1. Pure 5CB 1.34 × 10−7 0.676
2. 0.03 wt% 

CDs
1.37 × 10−6 0.531

3. 0.05 wt% 
CDs

2.43 × 10−6 0.465

4. 0.1 wt%CDs 3.54 × 10−6 0.534
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