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ABSTRACT: Poly(3-hexylthiophene) (P3HT)/reduced graphene oxide (rGO) nanocomposites were prepared through in situ reduction

of graphene oxide in the presence of P3HT. The nonisothermal crystallization behaviors of P3HT and P3HT/rGO nanocomposites

were investigated by differential scanning calorimetry. The Avrami, Ozawa, and Mo models were used to analyze the nonisothermal

kinetics. The addition of rGO remarkably increased the crystallization peak temperature and crystallinity of P3HT, but the crystalliza-

tion half-time revealed little variation. The crystallization activation energies were calculated by the Kissinger equation. The results

suggested that rGO plays a twofold role in the nonisothermal crystallization of P3HT, that is, rGO promotes the crystallization of

P3HT as nucleating agent, and meanwhile, it also restricts the motion of P3HT chains. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci.
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INTRODUCTION

Poly(3-hexylthiophene) (P3HT) is one of the most extensively

studied conjugate polymers for applications in plastic electronics

including organic photovoltaics and field effect transistors.1,2

The performance of devices depends largely on the structure

and morphology of polythiophene in the active layer. As a

result, it has been the subject of numerous studies how to con-

trol the morphology, crystal structure, and crystallization behav-

ior of polythiophene, especially the effect of the electron accept-

ors, for example, fullerene, on the crystallization behavior of

P3HT.3–11

With its excellent mechanical, electronic, and thermal proper-

ties, graphene has recently become a shining star in materials

science.12 Our and other studies have demonstrated that adding

a small amount of graphene sheets into polymer matrices is suf-

ficient to significantly improve the electrical, thermal, and me-

chanical properties of the resulting composites.13–16 Recently,

Chen and coworkers17,18 suggested that graphene was able to

act as a novel electron-accepting material in photovoltaics. Liu

and coworkers19 prepared P3HT/graphene nanocomposites via

in situ reduction of modified graphite oxide (GO) in the pres-

ence of P3HT. Zhai and coworkers20 showed that reduced gra-

phene oxide (rGO) induced the formation of P3HT nanowires.

Because of its large specific surface area and significant interface

interactions, graphene is supposed to affect the crystallization

behavior and microscopic structure of semicrystalline poly-

mers.21–23 Research on the crystallization behavior of P3HT/gra-

phene nanocomposites can afford important information for

optimizing the performance of organic photovoltaics based on

graphene and P3HT; however, this remains quite lacking so far.

In this work, we report for the first time the effect of rGO on

the nonisothermal crystallization behavior of P3HT. Several

kinetics models were attempted to analyze the crystallization

kinetics. The effective activation was calculated by the Kissinger

equation. It is found that rGO remarkably increased the crystal-

lization temperature and crystallinity of P3HT, but the crystalli-

zation rate of P3HT did not reveal obvious dependence on the

rGO content.

EXPERIMENTAL

Materials and Preparation

Regioregular P3HT (Mn is 18,200, PDI is 1.7, H-T regioregular-

ity is 98.5%) was synthesized following the Grignard metathesis

method.24 GO was prepared from natural graphite by a modi-

fied Hummers and Offeman method.25 The resulting GO was

dried at 65�C for 5 h and dried for 1 week in a desiccator

before use. N, N-dimethylformamide (DMF), chloroform and

50% hydrazine hydrate were purchased from Shanghai Zhenxin

Chemical Company (Shanghai, China), all chemicals were used

VC 2012 Wiley Periodicals, Inc.

WWW.MATERIALSVIEWS.COM WILEYONLINELIBRARY.COM/APP J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38265 1



as received. The P3HT/rGO nanocomposites were prepared

through in situ reduction of GO in the presence of P3HT. Typi-

cally, the GO was first dispersed in DMF (0.5 mg mL�1) by

ultrasonication in an ultrasonic bath for 30 min. Then, the

given volume of GO dispersion was mixed with the P3HT solu-

tion in chloroform (10 mL, 5 mgmL�1) to yield the desired

amount of GO (from 0.1–1 wt %), the composite solution was

sonicated for another 30 min. A total of 50 lL hydrazine

hydrate was added to the solution and then react for 24 h at

80�C. The resulting product was precipitated, filtered, and dried

under vacuum at 70�C for 3 days. Nanocomposite samples PG-

0.1, PG-0.2, PG-0.5, and PG-1 contained 0.1%, 0.2%, 0.5%, and

1% by weight of rGO in P3HT/rGO nanocomposites. For com-

parison, P3HT was also treated with hydrazine hydrate identical

to the procedure used in preparing rGO/P3HT composites. All

sample films for characterization were prepared by drop-casting

the sample solutions (10 mgmL�1 chloroform) on precleaned

22 � 22 mm2 glass slides and drying in a vacuum oven preset

at 60�C for 3 days.

Characterization

Fourier Transform Infrared Spectra. The Fourier transform

infrared (FTIR) spectra of samples were recorded on a NEXUS

670 spectrometer in the range 4000–400 cm�1 with a resolution

of 2 cm�1 using KBr pellets.

Atomic Force Microscope Image. For atomic force microscope

(AFM) measurement, the graphene oxide dispersion was sub-

jected to ultrasonication and then deposited onto a freshly

cleaved mica surface. AFM characterization was performed with

a Multimode Nano 4 instrument in tapping mode.

Wide-Angle X-Ray Diffraction. The as prepared films were

used for wide-angle X-ray diffraction (WAXD) characterization.

XRD data were collected using a PANalyticalX’Pert PRO X-ray

diffractometer, operating at 40 kV and 40 mA, with Cu Ka radi-

ation. Scans were made between 3� and 40�.

Transmission Electron Microscopy Observation. Transmission

Electron Microscopy (TEM) image was taken with a Tecnai G2

F20 transmission electron microscope with an accelerating volt-

age of 100 kV. Sample film (PG-1) was encapsulated in epoxy

matrixes and then sectioned into ultrathin sheets (�60 nm) by

an ultra-microtome. These sheets were subsequently transferred

onto holey carbon grids for TEM observation.

Differential Scanning Calorimetry Experiments. The noniso-

thermal crystallization behaviors were performed with a TA

Q2000. The instrument was calibrated with standard indium, and

all experiments were conducted under a nitrogen atmosphere.

About 5 mg samples were used, all the samples were heated up

to 260�C and kept for 10 min to remove previous history. Then,

the samples were cooled to 20�C at cooling rates of 30, 20, 10, 5,

and 2.5�C min�1. The exothermic cures were recorded.

RESULTS AND DISCUSSION

Morphological and Structural Analysis

Graphene was prepared by exfoliation and reduction of GO. The

FTIR spectra of GO, P3HT, and PG-1 nanocomposite are presented

in Figure 1. GO contains a large amount of oxygen functional

groups, the broad peak around 3418 cm�1 is attributed to the

absorption of H-bonds, while other two peaks at 1725 and 1052

cm�1 arise from the vibrations of C¼¼O and CAO, respectively.26

For P3HT, the absorption band at 3054 cm�1 arises from the aro-

matic CH stretching vibration, and the bands at 2925 and 2854

cm�1 from the aliphatic CH stretching vibrations. The bands at

1508 and 1455 cm�1 are pertinent to the ring stretching, and 820

cm�1 to the out-of-plane vibration of aromatic CAH.27 The char-

acteristic peaks of P3HT are retained in PG-1 nanocomposite,

while all peaks related to GO are absent. These results indicate that

most of oxygen functional groups of GO have been removed by the

reduction process, that is, GO is converted to rGO.28

Because GO possesses abundant polar functional groups such as

hydroxyl, epoxide, and carboxyl, it is readily exfoliated into

monolayers in water and polar solvents. Figure 2 presents the

AFM image of the GO. It is seen that the majority of GO sheets

are monolayer with an average thickness 0.59 nm and micron-

sized lateral dimension. Figure 3 shows the TEM image of the

Figure 1. FTIR spectra of (a) GO, (b) P3HT, and (c) PG-1 nanocompo-

site. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 2. AFM image of GO deposited on a mica substrate. [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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P3HT nanocomposite containing 1 wt % rGO (PG-1), where

the rGO layers (dark lines), with a thickness < 4 nm and a

length of �100 nm, are found to be well dispersed in the P3HT

matrix. There are no large rGO agglomerates observed, which

can be attributed to the noncovalent P3HT-rGO interaction

that prevents the aggregation in the in situ reduction process.20

The WAXD patterns of pristine graphite, GO, P3HT, and

P3HT/rGO nanocomposites are shown in Figure 4. The strong

peak at 2h ¼ 26.5� from the pristine graphite disappeared in

the pattern of GO. However, a new weak, broad peak 2h ¼
10.1� appeared in GO, implying an increased interlayer spacing

from 0.34 to 0.86 nm after oxidation.13,14 The diffraction peaks

2h ¼ 5.6�, 11.2�, and 16.6� correspond to the (100), (200), and

(300) lattice plane of P3HT, respectively,29 suggesting a 1.58 nm

chain–chain interlayer distance. The diffraction peaks of P3HT

in nanocomposites (PG-0.5 and PG-1) are similar to those in

neat P3HT, indicating that the crystalline structure of P3HT did

not change with the incorporation of rGO. The diffraction

peaks of both graphite and GO are absent in the nanocompo-

sites, suggesting that there are no rGO agglomerates in P3HT/

rGO nanocomposites.

Nonisothermal Crystallization Results

The nonisothermal crystallization exotherms of P3HT and PG-

0.5 (containing 0.5 wt % rGO) nanocomposite at different cool-

ing rates are presented in Figure 5. The crystallization peak tem-

perature (TP), onset temperature (T0), and crystallization en-

thalpy (DHC) of P3HT and P3HT/rGO nanocomposites are

listed in Table I. For these two samples, their T0, TP decrease

and exothermal peaks become broader with increasing cooling

rates, indicating that when the cooling rate was lowered, crystal-

lization occurred at a higher temperature. The P3HT molecules

can arrange themselves better at low cooling rates than at high

cooling rates. This implies that smaller supercooling is required

to initiate the crystallization of P3HT at lower cooling rates. In

addition, it is noted that the T0, TP of the nanocomposites shift

to higher temperatures compared with those of the neat P3HT,

indicating that the rGO behaves as a nucleating agent for the

Figure 3. TEM image of PG-1 nanocomposite.

Figure 4. WAXD patterns of graphite, GO, P3HT, PG-0.5, and PG-1.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 5. Differential scanning calorimetry exothermal curves of noniso-

thermal crystallization with different cooling rates for (a) P3HT and (b)

PG-0.5 nanocomposite.
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crystallization of P3HT. Furthermore, among the four nano-

composites, the TP of PG-0.5 nanocomposite reveals the highest

value. This can be attributed to two factors. First, the number

of nucleation sites increases with increasing rGO contents,

which is favorable for the crystallization of P3HT. Second, fur-

ther addition of rGO introduces more steric hindrance, limiting

the mobility of P3HT chains. In this regard, Hua et al.21 have

showed a similar trend. When the content of GO in poly(e-cap-
rolactone)/GO (PCL-GO) composites increased from 1.5 to 6

wt %, GO was found to limit the mobility of PCL chains, lead-

ing to a lowered TP in PCL-GO (6 wt %). On the other hand,

the DHC of P3HT/rGO nanocomposites are higher than that of

the neat P3HT at a given cooling rate, suggesting that rGO

enhances the total crystallinity of P3HT in the nanocomposites.

Similar phenomenon can also be seen in P3HT-single walled

carbon nanotube systems.30

Nucleation activity (e) can be defined as the ratio between the

work of three-dimensional nucleation with and without a for-

eign substrate. If a foreign filler is extremely active for nuclea-

tion, the value of e approaches 0, while e approaches 1 for an

absolutely inert filler. Dobreva and Gutzow31,32 proposed a sim-

ple method to determine the nucleation activity of the foreign

filler, that is, the nucleation activity can be calculated by,

e ¼ B�
B

(1)

where B and B* represent parameters in homogenous and heter-

ogeneous nucleation. It is determined experimentally from the

slope of following equation,

logu ¼ A� B

DT 2
P

(2)

where u is the cooling rate, A is a constant, and DTP is the

supercooling (Tm � TP).

The plots of log u versus 1/DTP
2 for P3HT and P3HT/rGO nano-

composites are presented in Figure 6, and the values of B for

P3HT is 4.7137, while B* for PG-0.1, PG-0.2, PG-0.5, and PG-1

are 3.0594, 2.9546, 2.8955, and 3.2245, respectively. The values of

nucleation activity e for PG-0.1, PG-0.2, PG-0.5, and PG-1 are

0.649, 0.6268, 0.6143, and 0.6841, respectively. These values less

than 1 indicate that rGO acts as effective nucleating agent in

P3HT/rGO nanocomposites. The value of e for PG-0.5 is the low-

est, indicating the strongest nucleation effect appeared at 0.5 wt %

rGO content, which is consistent with the highest TP of PG-0.5.

Table I. Nonisothermal Crystallization Kinetic Parameters for All Samples

Sample u (�C min�1) T0 (�C) TP (�C) t1/2 DHC (J g�1) n KC

P3HT 2.5 187.9 182.47 3.02 6.37 3.64 0.2042

5 185.9 179.39 1.26 8.76 3.91 0.6567

10 182.1 175.09 0.72 7.58 3.24 1.0065

20 179.9 171.41 0.46 8.09 3.66 1.1325

30 178.8 168.95 0.35 6.98 2.44 1.1079

PG-0.1 2.5 206 197.47 4.19 11.75 4.07 0.0925

5 202.9 194.13 2.08 13.29 3.71 0.5666

10 201.8 191.22 1.17 13.49 4.69 0.9301

20 198.8 189.40 0.57 10.84 3.96 1.1043

30 194.7 187.49 0.50 12.27 5.71 1.1395

PG-0.2 2.5 209.5 201.58 3.62 13.51 4.50 0.0880

5 205.9 198.82 1.59 14.56 3.80 0.6632

10 202.9 195.89 0.76 14.43 3.29 1.0581

20 199.3 193.99 0.44 13.71 3.29 1.1216

30 198.4 190.83 0.36 13.36 4.02 1.1325

PG-0.5 2.5 212.3 202.35 4.44 13.63 5.22 0.0371

5 208 199.92 1.81 14.10 5.17 0.5066

10 203.4 197.54 0.68 14.46 3.49 1.1019

20 200.8 194.60 0.36 12.58 3.48 1.1732

30 199.6 192.95 0.25 12.91 3.51 1.1613

PG-1 2.5 202.7 194.81 4.14 9.945 3.03 0.1616

5 201.2 191.17 2.49 10.35 3.66 0.4898

10 199.4 187.65 1.45 10.92 4.31 0.8379

20 194 184.65 0.62 9.975 3.05 1.0611

30 191.4 180.32 0.44 9.163 3.62 2.5539
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For a nonisothermal crystallization process, the relative crystal-

linity, XT, as a function of crystallization temperature, can be

defined as follows:

XT ¼
R T

T0
ðdH=dTÞdT

R T1
T0

ðdH=dTÞdT
(3)

where T0 and T1 represent the initial and end crystallization

temperature, respectively; dH/dT is the heat flow rate. In the

nonisothermal crystallization, the time t and temperature T

have the following relation:

t ¼ T0 � T

u
(4)

Figure 7 shows the changes of relative crystallinity as a function

of temperature and time for P3HT and PG-0.5 nanocomposite.

The values of crystallization half-time t1/2 of all samples are also

listed in Table I. Compared with P3HT, the t1/2 values exhibit

little variation after the addition of rGO. This seems to be dif-

ferent from the results reported in the literature. In a previous

report, Zhai and coworkers20 showed that rGO greatly acceler-

ated the quasi-isothermal solution crystallization of P3HT. It is

supposed that the discrepancy might result from different crys-

tallization conditions. The p-p interaction between P3HT and

rGO has contrary influences on P3HT crystallization. On the

one hand, the p-p interaction can induce P3HT chains orienta-

tion along the graphitic domains of rGO, exhibiting a nuclea-

tion effect, which prompts the crystallization of P3HT. On the

other hand, the p-p interaction restricts the migration and dif-

fusion of P3HT chains, and thus, suppresses the crystallization

of P3HT. For a solution crystallization process, the diffusion of

P3HT chains may suffer from relatively weak influence, particu-

larly for those crystallization processes in dilute solutions.

Figure 6. Plots of log u versus 1/DTP
2 for P3HT and P3HT/rGO nano-

composites. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 7. Plots of relative crystallinity as a function of temperature T (left) and time t (right) at different cooling rates for P3HT and PG-0.5 nanocom-

posite. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Consequently, the nucleation effect would be dominant in this

case. However, for a melt crystallization process, the restriction

effect will become remarkable, which will greatly impair the

contribution of the nucleation effect to the total crystallization

rate.

Kinetic Analysis Based on the Avrami Model

The Avrami model for the analysis of the nonisothermal crystal-

lization kinetics of P3HT and P3HT/rGO nanocomposites can

be expressed as follows33,34:

1� Xt ¼ expð�KtnÞ (5)

or

log½� lnð1� Xt Þ� ¼ logK þ n log t (6)

where n is the Avrami exponent depending on the nucleation

and growth process of crystallization, and K is the temperature-

dependent rate constant. Considering the constant cooling rate

u in the nonisothermal process, Jeziorny35 gave the corrected

form of K as follows:

logKC ¼ logK

u
(7)

Figure 8 presents the plots of log[�ln(1 � Xt)] versus log t for

P3HT and P3HT/rGO nanocomposites. The values of the

Avrami exponent n and the rate constant K or KC can be

obtained from the slope and intercept of linear region.36

Because the middle portion of the curves occupied the range

0.3%–63% of the crystallization process, the n, K, and KC values

are adopted from the middle portion of these curves and sum-

marized in Table I. The values of n ranged from 2.44 to 3.91 for

P3HT and from 3.03 to 5.71 for nanocomposites. The values of

n are nonintegers, and some of them are even higher than 4,

suggesting a complicated crystallization mechanism. The values

of KC associated with nucleation and growth rates are compara-

ble for P3HT and nanocomposites. They suggest that the incor-

poration of rGO does not significantly change the nonisother-

mal crystallization rates of P3HT, due to the competition

between the nucleation and restriction effects.

Kinetic Analysis Based on the Ozawa Model

Considering the nonisothermal crystallization is a cooling rate de-

pendent process, Ozawa37 presented an extended Avrami model,

1� XT ¼ exp½�ZðTÞ=um� (8)

where Z(T) is the crystallization rate constant and m is the

Ozawa exponent. Equation (8) can be rearranged in a logarith-

mic form:

log½� lnð1� XT Þ� ¼ logZðTÞ �m logu (9)

The plots of log[�ln(1 � XT)] versus log u for P3HT and PG-

0.5 nanocomposite are shown in Figure 9. If the Ozawa model

can correctly describe the nonisothermal crystallization kinetics,

the plots would give a series of parallel straight lines, Z(T) and

m can thus be determined from the intercept and the slope,

respectively. However, no such straight lines for P3HT and PG-

0.5 nanocomposite are obtained, as shown in Figure 9. This

means that the Ozawa model fails to effectively describe the

nonisothermal crystallization of P3HT and nanocomposites.

Similar results were also observed on analyzing the nonisother-

mal crystallization of poly(3-dodecylthiophene).9 The reason

may result from the secondary crystallization occurred in melt

crystallization processes; the latter was not considered in the

Ozawa model.

Kinetic Analysis Based on the Combined Avrami and Ozawa

Model

In view of the fact that both the Avrami and Ozawa models

cannot be used to effectively describe nonisothermal crystalliza-

tion of polymer melts, Mo and coworkers38 developed a new ki-

netic model by combing the Avrami and Ozawa models:

logK þ n log t ¼ logZðTÞ �m logu (10)

logu ¼ log FðTÞ � a log t (11)

where parameter F(T) ¼ [Z(T)/K]1/m refers to the value of

the cooling rate when the system reaches a certain degree of

Figure 8. Plots of log[�ln(1 � Xt)] versus log t for (a) P3HT and (b)

PG-0.5 nanocomposite. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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crystallinity in the unit time. F(T) has a definite physical

implication, that is, the higher the value of F(T), the slower

the crystallization rates. a is the ratio of the Avrami exponent

n to the Ozawa exponent m. Plots of log u versus log t at dif-

ferent degree of crystallinity are shown in Figure 10. The good

linearity of the plots suggests the validity of this improved

model in describing the nonisothermal crystallization of

P3HT and P3HT/rGO nanocomposites. The parameter F(T)

and a are listed in Table II. It can be seen that a values reveal

a very limited change. The value of F(T) increased with

increasing relative crystallinities for all samples. In addition,

at a certain crystallinity, F(T) of nanocomposites decreases

first with increasing rGO contents from 0.1% to 0.2% but

increases on further increasing rGO contents in P3HT. This

suggests that a large amount of rGO lowers the crystallization

rate. As aforementioned, rGO significantly suppresses the

chain diffusion of P3HT due to the strong p-p interaction

between P3HT and rGO. Similar applications of the improved

model have been conducted successfully in analyzing noniso-

thermal kinetics of poly(3-dodecylthiophene),9 PA6/GO

nanocomposites.22,23

Crystallization Activation Energy

For the nonisothermal crystallization, the activation energy can

be derived from the combination of crystallization peak temper-

ature (TP) and cooling rate (u) by the Kissinger39 equation:

dðlnðu=T 2
PÞÞ

dð1=TPÞ ¼ �DE
R

(12)

Figure 9. Ozawa plots of log[�ln(1 � XT)] versus log u at indicated tem-

peratures for (a) P3HT and (b) PG-0.5 nanocomposite. [Color figure can

be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 10. Plots of log u versus log t for the nonisothermal crystallization

of (a) P3HT and (b) PG-0.5 nanocomposite. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

Table II. Values of a and F(T) for P3HT and Nanocomposites

Xt (%) 20 40 60 80

P3HT a 1.1633 1.2304 1.1841 1.1498

F(T) 5.2293 7.0432 8.6974 11.5205

PG-0.1 a 1.0717 1.0624 1.0550 1.0228

F(T) 7.8071 10.1062 12.6870 16.4756

PG-0.2 a 0.9428 0.9657 0.9881 0.9925

F(T) 5.9605 7.5071 9.2638 11.9396

PG-0.5 a 0.8225 0.8430 0.8559 0.8580

F(T) 6.5989 7.7825 9.0985 11.3058

PG-1 a 1.0908 1.0880 1.0963 1.0798

F(T) 8.4202 11.2933 14.9018 20.4527
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where R is the gas constant and DE is the activation energy. DE,
composed of the transport activation energy DE* and the nucle-

ation activation energy DF, is related to the energy barrier for a

polymer segments moving toward the growing front of a crystal.

Figure 11 shows the plots of ln(u/TP
2) versus 1/TP for P3HT

and P3HT/rGO nanocomposites. The values of the activation

energy are listed in Table III. The values of DE remarkably

increased for the PG-0.1, PG-0.2 nanocomposites, and slightly

increased for the PG-0.5 nanocomposite. However, the value of

DE is smaller in PG-1 nanocomposite than other nanocompo-

sites. This trend is similar to the experimental observation of

Nylon/f-MWCNT nanocomposites reported by Chen and Wu.40

The addition of 0.1–1 wt % rGO in the P3HT suppresses the

motion of P3HT chains, and meanwhile, the heterogeneous

nucleation effect is not sufficient to offset the influence of the

restriction effect so that the DE of the nanocomposite is higher

than the neat P3HT. For the nanocomposite loaded with 1 wt

% rGO, due to the presence of more heterogeneous nucleation

sites, resulting in a lower DE relative to other nanocomposites.

CONCLUSION

The P3HT/rGO nanocomposites with different rGO contents

were prepared via in situ reduction of GO in the presence of

P3HT. Several kinetics models were used to analyze the noniso-

thermal crystallization behavior of P3HT and nanocomposites.

The modified Avrami and Ozawa models failed to effectively

describe the nonisothermal crystallization behavior of P3HT and

nanocomposites. In contrast, the combined Avrami-Ozawa

model proposed by Mo and coworkers can be used to describe

their crystallization process. Compared with the neat P3HT, the

crystallization peak temperature and crystallinity of P3HT in

nanocomposites dramatically increased, although the change in

the crystallization half-time is slight. The activation energy

determined by the Kissinger model first increases and then

decreases. This would be attributed to the restriction effect of

rGO to P3HT and the reduced mobility of polymer chains. Fur-

ther increasing the GO content in P3HT introduced more heter-

ogeneous nucleation sites and thus reduced the activation

energy of P3HT in nanocomposites.
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