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ABSTRACT: Effect of heating rate, Pd content, and syn-
thesis method on the thermal stability of the ex situ and
in situ Palladium/polycarbonate (Pd/PC) nanocomposites
was investigated. TEM images revealed discrete Pd nano-
clusters of about 5 and 15 nm sizes for 1 and 2 vol % ex situ
nanocomposites, respectively. However, agglomerated Pd
nanoclusters were noticed in the in situ samples, irrespective
of the Pd content. The ex situ Pd/PC nanocomposites
showed high onset temperature (T7) for thermal degradation
of PC than the in situ and pure PC samples. Pd content and
heating rates were found to have a positive influence on the
Ti and Tm (temperature at the maximum degradation rate
occurs) of the Pd/PC nanocomposites. Thermal degradation

of the PC was found to follow the first-order kinetics in the
Pd/PC nanocomposites. The activation energies associated
with the degradation were determined by using the
Kissinger method. These activation energies are used to
construct the Master decomposition curve (MDC) and
weight-time-temperature (o—t-T) plots that describe the
time-temperature dependence of the PC pyrolysis in the Pd/
PC nanocomposites. These constructed o—f—T plots were vali-
dated with the data from isothermal measurements. © 2010
Wiley Periodicals, Inc. ] Appl Polym Sci 118: 3602-3611, 2010
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INTRODUCTION

Using polymers with metal nanoparticles can result
in nanocomposites with a wide range of useful char-
acteristics.! For example, palladium nanoparticles
dispersed in polymers find useful applications as
sensors and catalysts.”™ In these applications, it is
important to understand the thermal stability of the
polymer nanocomposites so as to determine their
useful operating temperature limits.

There are two different approaches to synthesize
metal/polymer nanocomposites: in situ and ex situ.
The ex situ methods generally involve the addition
of metal nanoclusters to the polymer matrix.”® On
the other hand, the in situ methods involve the prep-
aration of nanoclusters in the presence of a polymer
or polymerization in the presence of nanoclusters.”®
Prior studies have been reported that these
approaches offer a greater possibility of synthes1zm%
nanocomposites with useful thermal,>*'? optical,'""!
and electrical properties.'*'*

In this study, the degradation behavior of the
pure polycarbonate (PC) and palladium /polycarbon-
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ate (Pd/PC) nanocomposites under N, atmosphere
was studied using the thermogravimetric analysis
(TGA). The influences of the heating rates, Pd con-
tent, and mode of synthesis (in situ and ex situ) on
the degradation temperatures were determined. The
activation energies associated with the thermal deg-
radation of these nanocomposites were calculated
from TGA data using the Kissinger method. The
master decomposition curve (MDC) and weight-
time-temperature (o—f-T) plots for the samples were
subsequently formulated based on the activation
energies and rate constant calculated by the Kis-
singer method. The o—f-T plots to the experimental
values were compared with the data from isother-
mal measurements.

EXPERIMENTAL
Materials

Palladium chloride (PdCl,), conc. hydrochloric acid
(HCI), and dichloromethane (CH,Cl,) were pur-
chased from Merck, India. Sodium borohydride
(NaBH4) and dodecanethiol (CioH»sSH) were pur-
chased from Aldrich, USA. Polycarbonate (Caliber
T303; molecular weight M,, of 160,000) was obtained
from Dow Chemicals, USA. Deionized water with a
resistivity of 18 x 10° Q cm was obtained from a
Millipore unit.
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Figure 1 Schematic representation of synthetic
approaches for preparing ex situ and in situ Pd/PC
nanocomposites.

Synthesis of Pd/PC nanocomposite films

The two methods of nanocomposite synthesis of Pd/
PC that were used in this study are shown in Figure 1.

» Ex situ method: C;,H,sSH-protected Pd nano-
clusters were prepared wusing the Brust
method.'® The Pd nanoclusters were then homo-
genously mixed with a solution of 40 mg of PC
in 20 mL of CH,Cl, followed by film casting at
room temperature.

 In situ method: PC (40 mg) was dissolved in
CH,CI, (20 mL). 15 mg (for 2 vol %) and 7.5 mg
(for 1 vol %) of PACI, was first dissolved in 2
mL of concentrated HCI so as to form a com-
plex [PACL,]*, and was further dissolved in 48
mL water to form a 1 mM solution. This bipha-
sic mixture was stirred continuously using a
magnetic stirrer for 30 min. A freshly prepared
solution of NaBHy in 20 mL water (0.1 M) was
added drop-wise to the mixture. The color of
the reaction mixture changed rapidly from
golden yellow to black, indicating the formation
of Pd nanoclusters. After stirring for 3 h, the or-
ganic phase was separated, washed with water,
and was directly cast into film at room tempera-
ture. Following reduction, the Pd nanoparticles
get transferred from the aqueous phase to the
organic phase.'®

Characterization of Pd/PC nanocomposite films

TEM micrographs were taken on a JEOL model 1200
EX instrument operated at an accelerating voltage of
120 kV. Samples for TEM analysis were of a stock
solution of 0.5 mL of 1 wt % nanocomposite solution
in dichloromethane. These stock solutions were cast
on a carbon coated Cu grid (400 mesh) and dried

slowly at room temperature. TGA was performed
using TA instruments thermal analysis system. The
instrument operated under N, atmosphere at a
purge rate of 50 mL/min. All TGA measurements
were carried out in the temperature range of 30 to
900°C with heating rates of 5, 10, 15, and 20°C/
minute. All isothermal measurements were done at
450°C for 1 h under the same N, atmosphere.

RESULTS AND DISCUSSION
Morphology of Pd/PC nanocomposites

The TEM images of the ex situ nanocomposites with
1 and 2 vol % Pd (on a stoichiometric basis) revealed
dispersed Pd nanoclusters of about 5 and 15 nm em-
bedded in PC matrix (Fig. 2a,b). The decrease in
nanocluster size is attributed to the higher metal
salt: thiol ratio in the case of the 2 vol % Pd sample.
Based on earlier reports on the synthesis and mor-
phology of n-alkanethiol-protected Pd nanoclus-
ters,'”'® the presence of dodecanethiol on the surface
of the Pd nanoclusters in this study is likely to
ensure the separation of the nanoclusters even after
mixing with PC. However, the average particle size
of the Pd nanoclusters in previous studies was
found to be below 5 nm size; using the Brust
method.'® Although similar range of metal salt: thiol
ratio and reducing agent were used in this study, an
increase in the size of the nanoclusters was found.
This was confirmed to be at least partly due to the
absence of the surfactant, tetraoctyl ammonium bro-
mide, in the reaction mixture, which helps in phase
transfer of reduced Pd nanoclusters. The effect of
increased temperature of the reaction mixture from
ice-cold condition in the earlier studies in compari-
son to the reaction room temperature may have also
contributed to the increased size of the nanoclus-
ters.' Alternatively, a difference in the concentration
of reducing agent may have also contributed to the
increase in the average size of nanoclusters.

In contrast to the above system, the in situ nano-
composites of Pd nanoclusters (1 and 2 vol % on a
stoichiometric basis) in PC showed significant

Figure 2 TEM images of ex situ nanocomposites revealing
dispersed Pd nanoclusters of about 10 nm for (a) 1 vol %
and (b) 2 vol % nanocomposites.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 TEM images of in situ nanocomposites revealing
agglomerated Pd nanoclusters for (a) 1 vol % and (b) 2 vol
% nanocomposites.

agglomeration (Fig. 3ab). Similar observations on
agglomeration were reported by Chen et al. using
Pd with mercapto-poly(ethylene glycol),” and Chat-
terjee et al. with Au with poly(dimethylamino ethyl
metacrylate-b-methyl methacrylate) copolymers (M,
50,000).21 However, discrete nanoclusters were also
noted by Khanna et al.** in system of Ag with poly
(vinyl alcohol) (M,,: 125,000, nanocluster size: about
10 nm). Thus, morphological changes in nanocompo-
sites appear to be strongly dependent on the specific
polymer systems and reaction conditions.

Wang et al. have suggested that to obtain discrete
nanoclusters, the rate of adsorption of organic ligands
on the surface of nanoclusters should equal the rate of
nanocluster formation.” Accordingly, organic ligands
with lower molecular weight have generally been
found to be more effective in limiting the nanoclusters
size.”?* The wide-ranging behavior of agglomeration
in nanocomposites prepared by the in situ methods
may also be due to the differences in the conforma-
tions of the polymer chain in the different studies.
These conformational differences can arise from var-
iations in molecular weight, solvent, and temperature.
Consequently, the mobility of the polymer during
adsorption on the nanocluster surface can be affected,
thereby limiting the agglomeration of the nanoclus-
ters. In addition, the nature of interactions between
the polymer and the surface of the nanoclusters may
also play a role in determining the morphology of the
resulting nanocomposites. Further studies are needed
to better understand the differences in morphologies
observed between the in situ and ex situ nanocompo-
sites. The following sections examine the consequen-
ces of the differences in morphology on the thermal
properties of the nanocomposites.

Thermal stability

The TGA curves for the pure PC and the Pd/PC
nanocomposites at different heating rates are shown
in the Figure 4. For each sample, the corresponding
plots for the rate of weight loss with respect to tem-
perature in the Figure 5 revealed the temperature at
which the maximum rate of weight loss (T,)

Journal of Applied Polymer Science DOI 10.1002/app
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occured. In Figure 5, the plots for the rate of weight
with respect to temperature are represented with
normalized weight o which can be expressed as,

Wr — Wy
o = W, =W, (1)
where Wr is the weight of the sample at the given
temperature, W; is the weight at the starting of TGA
experiment, and Wy is the weight at the ending of
TGA experiment. The onset temperature of degrada-
tion (T;) and the end temperature of degradation (T
can be obtained from the TGA. The difference AT
= (T~ T)), represents the temperature range for ther-
mal degradation of a given sample. The ratio of AT
with the heating rates (r) gives the overall degradation
time (AT/r) of the sample. The T, T;, Ty, AT, and AT/r
of the pure PC and the Pd/PC nanocomposites are
listed in Table I. The table also includes the average re-
sidual (wt %) remaining after the TGA runs for each
sample. On a stoichiometric basis, 1 and 2 vol % of Pd
nanoclusters equals 9.2 and 18.4 wt %, respectively.
Thus, the residual exceeding these values for the re-
spective samples could account for the incomplete
thermal degradation of samples under N, atmosphere.

Effect of heating rate

As seen in Table I, the thermal stability of pure PC
and the Pd/PC nanocomposites increased with
increase in the heating rates. The results are sup-
ported by the shifts in the values of T}, Ty, and T, to
the higher range with increase in the heating rates.
Also, the overall degradation time (At; = AT/r) for
the sample decreases with increase in the heating
rates. Similar results were obtained by Peng et al."’
for polyvinyl alcohol/silica nanocomposites.

The degradation of a polymer chain typically com-
mences with the formation of the free radicals, which
then transfer to adjacent chains via intermolecular col-
lisions, ending with the termination step. However, in
this study, the Pd nanoclusters could reduce the fre-
quency of collisions between the PC chains and thus
suppress the mobility of the radicals. A similar behav-
ior by the metal nanoparticles was noticed by Lee
et al. in the Pd/polystyrene and Pt/polystyrene sys-
tems.?> Thus, with the addition of Pd nanoclusters
enhancing the thermal stability, further studies on the
factors like the morphology and content of the nano-
clusters in the polymer matrix could be important.

Effect of Pd amount

From Figure 4 and Table I, an increase in the Pd con-
tent in the nanocomposites, results in an increase in
the T;, Ty, and T,,. But no particular trend is noticed
with these increments. Similar results were obtained
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Figure 4 TGA for pure PC and Pd/PC nanocomposites with (a) 1 vol % and (b) 2 vol % Pd at different heating rates (5,
10, 15, and 20°C/min). [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

by Xia et al.” for Cu/polyethylene (Cu content: 17 wt
%), Aymonier et al.” for Pd/ polymethyl methacry-
late (Pd content: 0.01 vol %) and Hsu et al.? for Au/
polyurethane (Au content: 0.065 wt %). However,
such proportional increment in the thermal stability
of the nanocomposites was not found to be a com-
mon aspect. For example, Lee et al.*> found no fur-
ther increment in the thermal stability Pd/PS nano-
composites when the Pd content is doubled. In our
case, the relationship between the Pd content and the
thermal stability can possibly be explained as the out-
come of the suppressed PC chain collisions. Further
research is required to determine the critical limit up
to which this trend may be followed.

Effect of synthesis method

As mentioned earlier, another factor to be noted with
regard to Pd nanoclusters is their morphology.
Aymonier et al.” and Hsu et al.” observed that the
thermal stability of the nanocomposites increase with
decrease in particle size and agglomeration. In this
study, Pd/PC nanocomposites with discrete (ex situ)

and agglomerated (in situ) were tested. It can be seen
from Table I that any ex situ nanocomposite is more
thermally stable than the in situ ones with equal or
less Pd content. A similar increase in thermal stability
was noted in earlier reports by Huang et al.*® for
Au/poly(methyl styrene) with particle size of 3.5 nm,
Aymonier et al.” for Pd/PMMA with particle size of
2.5 nm, and Hsu et al’ for Au/polyurethane with
particle size of 5 nm. These results roughly correlate
with changes in the area of the polymer-nanoclusters
interface. The TEM images (Fig. 2) show that the
ex-situ nanocomposites with discrete Pd nanoclusters
will have a higher interfacial area than the in situ
nanocomposites with highly agglomerated nanoclus-
ters. Thus, the Pd nanoclusters in ex situ samples may
suppress the chain collisions more effectively leading
to higher thermal stability.

Degradation kinetic studies

Kissinger method for obtaining activation energy

The TGA curves showed that the thermal degrada-
tion of the Pd/PC nanocomposites was a single

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 Plots for the rate of weight with respect to temperature for pure PC and Pd/PC nanocomposites with (a) 1 vol
% and (b) 2 vol % Pd at different heating rates (5, 10, 15, and 20°C/min). [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

TABLE 1
Characteristic Temperatures for the Degradation of Pure PC and the Pd/PC
Nanocomposites TGA-Tested Under N, Atmosphere

r T; Ty AT Aty T, Residual
Sample (°C/min) Q) Q) °O) (min) O (Wt %)
Pure PC 5 376 482 106 21.2 434 16.8 = 3.9
10 392 508 116 11.6 442
15 430 538 108 7.2 476
20 434 554 120 6.0 486
1 vol % ex situ 5 392 502 110 22.0 442 18.1 = 4.8
10 416 518 102 10.2 446
15 434 556 122 8.1 480
20 452 570 118 5.9 498
1 vol % in situ 5 392 522 130 26.0 446 20.6 = 1.9
10 404 544 140 14.0 460
15 432 558 126 8.4 462
20 440 580 140 7.0 490
2 vol % ex situ 5 406 514 108 21.6 454 22,6 = 2.7
10 422 540 116 11.6 472
15 448 556 108 7.2 498
20 468 576 108 54 504
2 vol % in situ 5 398 516 118 23.6 460 22.7 = 0.7
10 420 524 104 10.4 468
15 434 556 122 8.1 480
20 452 556 104 5.2 498

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 Determination of activation energies for samples
tested by the Kissinger method.

stage process following a first order reaction kinetics
for their thermal degradation. Similar observations
were made by Krkljes et al. on Ag/polyvinyl alco-
hol,”” Aymonier et al. on Pd/polymethyl methacry-
late,” and Hsu et al. on Au/polyurethane.” The
remaining weight fraction (o) of a sample in a TGA
experiment, can be expressed as:

dot
dt
where t is the time and K is the rate constant for

thermal degradation which follows the Arrhenius
equation:

= —Kuo (2)
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K = ko exp [ Q} (3)

where kj is the rate constant parameter, Q is the acti-
vation energy, R is the universal gas constant, and T
is the temperature. By substituting, eq. (3) into
eq. (2), then the following equation is obtained:

d
di: = —aky exp [— RQT} 4)

The activation energy Q for the Pd/PC nanocom-
posites degradation can be determined from TGA
and for the rate of weight with respect to tempera-
ture data in a method developed by Kissinger.”® The
Kissinger method utilizes the temperature T,, at var-
ious heating rates as follows:

d [ do

In a given TGA, the weight (o), as well as the tem-
perature (T) depends on the time (f), and, thus, the
above differentiation can be expressed as,

R
RT2,

= ko exp {— Rg ] (6)

with the condition of constant heating rate r, that is
ar/dt =r.

By plotting a graph between In(r/T?%) and —-1/RT,,
from several different heating rates can be plotted,
the apparent activation energy Q can be calculated
from the slope of this plot, as shown in Figure 6.
The rate constant ky can be back-calculated from the
intercept value. The values of Q and k; are tabulated
in Table II.

The activation energy of pure PC was calculated to
be 135 kJ/mol. In comparison, an activation energy
of 165 kJ/mol reported by Polli et al. using the Vya-
zovkin model and the free kinetics method.”” As
seen from Table II, addition of Pd nanoclusters into
the polymer matrix reduced the k, values for the
in situ as well as the ex situ nanocomposites. How-
ever, the Q values for the ex situ nanocomposites

TABLE II
Activation Energy (Q) and Rate Constant (ko) for the
Degradation of Pure PC and the Pd/PC Nanocomposites
Along with the R? Values

Sample Q (kJ/mol) R? ko s7Y) R?
Pure PC 135 0.99 1.4 x 107 0.97
1 vol % ex situ 73 0.69 3.0 x 10? 1.00
1 vol % in situ 131 1.00 5.3 x 10* 0.99
2 vol % ex situ 111 0.98 9.3 x 10* 0.96
2 vol % in situ 133 0.94 6.3 x 10° 0.97

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 7 MDCs for pure PC and Pd/PC nanocomposites with (a) 1 vol % and (b) 2 vol % Pd. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]

were lower than for the in situ nanocomposites
which were largely unchanged relative to the
unfilled PC. Similar results were reported by Lee
et al.® in Pd/polystyrene systems. Further in the
case of the ex situ nanocomposites, a lower value of
Q was observed for the 1 vol % Pd system relative to
the 2 vol % Pd system. Variations in the Q and k
values among the 1 and 2 vol % Pd ex situ samples
could be due to the variations in the particle size of
the Pd nanoclusters.

Based on the decreased Q values for Pd/PC nano-
composites in Table II, the Pd nanoclusters could be
expected to catalyze the thermal degradation of the
nanocomposites. Instead, the increase in the thermal
stability is possibly due to the decreased rate con-
stant parameters ko. Lee et al. state that k, values
directly correspond to the collision frequency of the
polymer chains.® For a given Pd content, the
smaller Pd nanoclusters due to their higher surface
area can suppress the chain collisions and thus
reduce the degradation rate. This may partially be a
possible reason for the differences in the k, values of
the Pd/PC nanocomposites in comparison to the
unfilled PC. However, further experiments are
needed to understand the trends in k, as a function

Journal of Applied Polymer Science DOI 10.1002/app

of concentration and morphology of the Pd nano-
clusters in the PC matrix.

Master decomposition curve

TGA plots and plots for the rate of weight loss with
respect to temperature can be referred to determine
the thermal stability of the nanocomposites. How-
ever, a difficulty arises in referring to these plots in
the case of predicting the useful life of a sensor or
catalyst operating at varying working combinations
of temperature and time. The master decomposition
curve (MDC) methodology is generally used to con-
struct a systematic plot for several time-temperature
cycles with a given polymeric material. These MDC
curves are formulated based on the intrinsic kinetics
of polymer ;:)yrolysis based on the method of DiA-
ntonio et al.”’ Typically, the TGA curves of polymer
degradation follow a single sigmoid path. However,
multi-component systems may have two or more
sigmoids due to the different molecular weights and
degradation paths of various polymer components.*!
In our case, even though being a two-component
system, the Pd/PC nanocomposites showed a single
sigmoid path. Degradation of Pd into its oxides is
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not considered due to its negligible contribution to
the weight loss.

To start with, the T; and Ty of the thermal degra-
dation of nanocomposites are noted down from the
TGA plots. Using these data, a new term called the
work of decomposition () is calculated as follows,

_ 1°‘%oc = —lnao = /Otko exp[—l%] dt = k®
@)
where
! Q
0 = /o exp[—ﬁ] dt (8)

As shown in egs. (7) and (8), each curve is influ-
enced by kinetic parameters of Q and ky. Now, a sin-
gle master curve of o vs. In0 for a sample all four
heating rates can be plotted. As shown in Figure 7
that, the decomposition sigmoid at all four heating

rates are merged down into one thereby developing
the MDC. Minute differences in the MDC plots
noticed might be due to the deviations/errors associ-
ated with the temperature and weight measurement
and the calculation of Q and k.

Weight-temperature-temperature (o—t-T) Plots

For a given time () under an isothermal condition at
temperature (T), the normalized weight (o) can be
calculated using the following equation:

—Ina = ko exp[—g} t )

RT

For a Pd/PC nanocomposite sample, ky and Q can
be calculated by the Kissinger method. The normal-
ized weight-time-temperature (o—t-T) plots for the
nanocomposites were constructed and are shown in
the Figure 8. This a—t-T plot helps in determining the
allowable working conditions (time and temperature
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Figure 9 Verification of calculations from o-t-T plots
with the isothermal measurements taken at 450°C for 2 vol
% ex situ and in situ nanocomposites.

combination of exposure) for a given nanocomposite
sample.”!

The values obtained from o—t-T plots were veri-
fied with the isothermal measurements for the sam-
ples. With the values of Q and kj obtained from Ta-
ble II, the o can be back-calculated using eq. (9) for a
given time and temperature combination. Isothermal
measurements of both 1 and 2 vol % of the ex situ
and in situ samples are in good agreement with the
calculated values. For example, Figure 9 represents a
comparison of calculated o (at different time periods
for the temperature of 450°C) during the degrada-
tion of 2 vol % ex situ and in situ samples with the o
obtained from the isothermal measurements. The
differences noticed between the experimental and
calculated o values can be possibly reduced by nar-
rowing the errors associated with the temperature
and weight measurement and the Q and ko
calculations.

CONCLUSIONS

Pd/PC nanocomposites were synthesized by two
different techniques, ex situ and in situ methods. The
Pd nanoclusters produced by the ex situ method
were well-dispersed whereas the Pd nanoclusters
produced by the in situ method were agglomerated.
The influences of the heating rates, Pd content, and
mode of synthesis on the thermal stability of the
Pd/PC nanocomposites were investigated. The ther-
mal degradation of the PC in Pd/PC nanocompo-
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sites was found to follow first-order reaction
kinetics. We found that the ex situ and in situ Pd/PC
nanocomposites had enhanced thermal stability by
investigating the temperature response for the onset
of degradation, the maximum decomposition rate,
the end of degradation, and the overall degradation
time. Further, differences were noted in the activation
energies Q and rate constant parameter ky for the
degradation of the PC and the Pd/PC nanocompo-
sites as calculated via the Kissinger method. Master
decomposition curve (MDC) and weight-time—tem-
perature (a—t—T) plots were developed to predict the
dependency of thermal degradation of the PC in the
Pd/PC nanocomposites on the time-temperature
combinations. Decomposition analysis of the PC in
the Pd/PC nanocomposite samples at isothermal con-
ditions were used to validate the a—t-T plots within
reasonable agreement.
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