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Abstract: In this work, we report a facile way to control crystalline structures of polyketone (PK)
films by combining plasma surface treatment with chemical vapor deposition (CVD) technique.
The crystalline structure of PKs grown on plasma-treated graphene and the resulting thermal and
mechanical properties were systematically discussed. Every graphene sheet used in this work was
produced by CVD method and the production of PKs having different crystallinity were performed
on the O2- and N2-doped graphene sheets. It was evident that the CVD-grown graphene sheets
acted as the nucleating agents for promoting the crystallization of β-form PK, while suppressing the
growth of α-form PK crystals. Regardless of the increase in surface roughness of graphene, surface
functionality of the CVD-grown graphene was found to be an important factor in determining the
crystalline structure of PK. N2 plasma treatment of the CVD-grown graphene promoted growth
of the β-form PK, whereas the O2 plasma treatment of CVD graphene led to transformation of the
unoriented β-form PK into the oriented α-form PK. Thus, the resulting thermal and mechanical
properties of the PKs were highly dependent on the surface functionality of the CVD graphene. The
method of controlling crystalline structure of the PKs suggested in this study, is expected to be very
effective in realizing the PK with good processability, heat resistance and mechanical properties.

Keywords: polyketone; plasma treatment; crystallinity; CVD; graphene

1. Introduction

Aliphatic polyketone (PK) is an alternating copolymer composed of units of olefin
and carbon monoxide (CO) [1–4]. PK shows incredible impact strength, abrasion resis-
tance, chemical resistance and low gas permeability [1–6]. Production of PK also con-
tributes to the effective consumption of CO, the representative air pollutant of the earth [1].
Therefore, the PK has great potential as a new class of environmentally friendly and high-
performance engineering plastics. [5,6] The first generation PK was an alternating copoly-
mer of an ethylene monomer and a CO monomer. The aliphatic PK with the repeating
unit of -(CH2-CH2-C=O)n- has relatively high melting temperature (Tm) between 255 and
260 ◦C [2]. Although the high melting point of the ethylene-carbon monoxide copolymer is
useful for preventing thermal deterioration of the polymer, there is a problem of brittleness,
stiffness and processability because of the high degree of crystallization of the ethylene-
carbon monoxide copolymer [2–4]. To solve this problem, the latter generation PK could be
achieved by adding a small amount of propylene monomer to the PK backbone. The latest
generation of PK contains repeating units of -(CH2-CH2-C=O)n-(CH2-CH2(CH3)-C=O)m-
and the generated PK has lower crystallinity, lower Tm and better processability than the
PK of the previous generation [2–4]. Therefore, effective control of the crystalline structure
of PK has become a very important part of practical application of PK.
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The crystalline forms of PKs can be classified into high-density α-phase (1.383 g cm−3)
and less dense β-phase (1.297 g cm−3) [2,3]. Although both the α- and β-phases consist of
orthorhombic and all-trans chain conformations, the mode of chain packing between these
two crystalline structures is different. For example, the carbonyl group (C=O) is packed
more densely on the α-phase than the β-phase. To obtain PK with good processability and
low Tm, it is necessary to find an effective method for promoting the formation of β-phase
of PK. It is possible to increase the β-phase content of PK by increasing the propylene
content during copolymerization of PK. Lagaron et al. reported that the growth of β-
form crystals becomes remarkable when introducing more than 2.5 mol% of propylene
inside the PK structure [4]. Furthermore, the electrospinning provides an effective mean to
transform the crystalline structure of PK from α-form into β-form [3]. In the electrospinning
method, solution concentration and solution viscosity are key factors to determine the
resulting crystalline structures of the PK. However, the unoriented β-form PK exhibit
reduced heat resistance and lower mechanical properties compared to the oriented α-
form polyketones [2]. Therefore, it is required to develop a new method capable of
effectively producing polyketone crystals having excellent processability while maintaining
the advantages of α-form PK.

Graphene, a two-dimensional carbon nanomaterial with sp2-hybridized carbon atoms,
has attracted great interest as an efficient reinforcement of polymer composites due to its
high theoretical surface area (2640 m2 g−1), high Young’s modulus (0.5–1.0 TPa), tensile
strength (130 GPa), chemical stability, flexibility and unique photoelectric properties [7].
Chemical vapor deposition (CVD) method is a very attractive tool for the large-scale
production of graphene with more uniform thickness and less aggregation compared
to the chemically converted graphenes (CCGs) [8–10]. In the CVD processes, gaseous
hydrocarbon precursors (methane, ethane, propane) are usually decomposed on metal
substrates, such as nickel (Ni) or copper (Cu) to produce graphene sheets [8–10]. Another
important issue regarding graphene is the manipulation of its chemical structures. The
manipulation can be carried out by replacing the part of carbon atoms with other elements,
such as boron (B), nitrogen (N), sulfur (S), fluorine (F), oxygen (O) and so forth [9–14].
Recently, a number of studies on plasma processing have been conducted to manipulate
the chemical structures of graphene sheets. The graphene sheet can be doped with either
nitrogen (N) or oxygen (O) atoms through the plasma treatment, which can modify the
surface properties of graphene sheets using O2 doping and N2 doping [9–14]. Thus,
the CVD-grown graphene sheets treated by the O2- and N2-plasma methods have great
potential to be used as efficient nucleating agents for controlling crystallization of polymers.
However, the effect of the plasma-treated graphene sheet on the crystalline structure of the
polymers has rarely been reported.

Herein, we present a study of the effects of plasma-treated and CVD-grown graphene
sheets on the crystalline structure, thermal and mechanical properties of PKs. The CVD-
grown graphene sheets served as nucleating agents for the crystal growth of PK spherulites.
In addition, O or N atoms attached to the surface of graphene by plasma treatment can cause
different intermolecular attraction with PKs. Therefore, the surface functionality of the
CVD-grown graphene doped with the O or N was the most important determinant of the
crystalline structure of PK. Consequently, changes in the crystallinity of PK were expected
to affect the thermal and mechanical properties of PK. To understand the relationship
between crystal growth and resulting properties of PK, polarized optical microscopy (POM),
X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), Raman spectroscopy,
differential scanning calorimetry (DSC), thermogravimetric analysis (TGA) and universal
testing machine (UTM) were used.

2. Materials and Methods
2.1. Materials

Polyketone (PK), which has glass transition temperature (Tg) of 10 ◦C, melting tem-
perature (Tm) of 220 ◦C and melt flow index (MFI) of 60 g/10 min, was obtained from
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Hyosung (Poketone, Seoul, Korea). The PK used in this work was an alternating terpoly-
mer composed of ethylene, propylene and carbon monoxide (C=O) monomers. m-cresol
was purchased from Tokyo Chemical Industry (Tokyo, Japan). Polymethyl methacrylate
(PMMA, 4% in anisole), which acts as the transferring agent for CVD-grown graphene, was
purchased from MicroChem Corp. (Westborough, MA, USA).

2.2. Fabrication of Plasma-Treated Graphene Sheets

The few-layer graphene was prepared by CVD method and the graphene sheet was
grown on 25 mm-thick Copper (Cu) foil with CH4 gas as a carbon source. The Cu foil
was placed in the furnace and H2 gas with flow rate of 8 sccm was introduced and kept
at 90 mTorr for 30 min. The Cu foil was heated to 1000 ◦C and the elevated temperature
was kept for 30 min. Next, 20 sccm of CH4 was introduced for 30 min at a total pressure
of 560 mTorr. The Cu foil was cooled to 25 ◦C at a cooling rate of 35 ◦C/min under a
H2 atmosphere. After the growth of graphene sheets, PMMA solution was coated on
the graphene sheets using spin-coating method (Spin-1200D, Midas Systems Co., Ltd.,
Daejeon, Korea). The PMMA-coated graphenes were immersed into Cu etchant to detach
the graphene sheets from the Cu foil. The detached graphene sheets were transferred to
the glass substrate and the residual PMMA was removed by acetone. The plasma system
used in this work was manufactured by Korea Vacuum Co. (Daegu, Korea) and the plasma
system consists of a parallel plate with a radiofrequency of 13.57 MHz. The graphene
sheets were introduced in the plasma chamber and the chamber was evacuated below
1 mTorr. Next, the O2 or N2 gas was introduced into the chamber at a rate of 30 cm3/min
and the chamber pressure was kept at about 160 mTorr. Output power and time of the
plasma treatment were 5 W and 120 s, respectively.

2.3. Isothermal Melt-Crystallization of PKs

To prepare PK solution, 1.0 g of PK was added to 9 g of m-cresol solution and the PK
solution was vigorously stirred for 3 h and sonicated for 1 h. The sonochemically treated
solution (m-cresol: PK = 90:10 by weight) was coated on plasma-treated graphene sheets us-
ing a Meyer Rod & Air Knife Coater at 10 cm/s followed by drying at 40 ◦C for 10 h. These
processes resulted in 10 µm-thick PK films (Figure S1, see Supplementary Materials). POM
images of PKs were recorded using a Nikon Lv100 microscope (Nikon, Japan) equipped
with a custom-designed T-jump cell (CU-109, Live Cell Instruments, Seoul, Korea) contain-
ing two silver (Ag) heating stages for isothermal crystallization. The PKs deposited on the
plasma-treated graphene sheets were maintained on a heating stage at 280 ◦C for 10 min
and then transferred to another heating stage to provide the desired crystalline temperature.
To compare the spherulite growth rates of the samples, the samples on the second heating
stage were kept at different temperatures (190, 195, 200, 205, 210 and 215 ◦C).

2.4. Instrumental Analyses

Surface images of the graphene sheets were acquired with an atomic force micro-
scope (AFM, Innova SPM, Veeco Instruments Inc., Plainview, NY, USA) and the AFM
measurement was acquired at a scan rate of 2 Hz under tapping mode. X-ray photoelec-
tron spectroscopy (XPS) traces were conducted using a K-Alpha XPS instrument (Thermo
K-Alpha XPS, Thermo Fisher Scientific, Waltham, MA, USA.) equipped with a monochro-
matic Al Kα X-ray source of hv = 1.47 × 103 eV. Before controlling XPS spectra, the XPS
chamber was evacuated at a pressure of 5 × 10−8 mbar or lower pressure. Raman spectra
of graphene sheets and PKs were measured from 1000 cm−1 to 3000 cm−1 on T6 (Horiba-
Jobin Yvon Co., Tokyo, Japan) spectrometer by applying a 630 nm Ar ion laser. X-ray
diffraction (XRD) analyses of PKs were carried out using a Bruker D8 DISCOVER X-ray
diffractometer (Bruker, Germany). XRD patterns were recorded from 2θ = 10◦ to 50◦ by
applying a Cu Kα X-ray source with hv = 1.91 × 104 eV at 40 kV and 40 mA. Polarized
optical microscopy (POM) images of PKs were recorded at a magnification of 100k using
a Nikon Lv100 microscope (Nikon, Japan) equipped with a custom-designed T-jump cell
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(CU-109, Live Cell Instruments, Seoul, Korea) containing two heating stages for isothermal
crystallization at 210 ◦C for 20 min. Differential scanning calorimetry (DSC) data of PKs
were recorded using a differential scanning calorimeter (Q1000, TA instruments, Austin,
TX, USA) with a heating rate of 10 ◦C/min and a cooling rate of 8 ◦C/min from 50 to
250 ◦C under a N2 atmosphere. Thermogravimetric analyses (TGA) of PKs were carried
out using a Pyris 6 TGA analyzer (PerkinElmer Inc., Waltham, MA, USA) at a heating rate
of 10 ◦C/min under air flow of 20 mL/min. Mechanical properties were measured using a
universal testing machine (UTM, Instron-5543, Instron Co., Norwood, MA, USA) following
the ASTM standard D638. The mechanical properties of samples were evaluated with a
cross-head speed of 10 mm/min at a temperature of 24.5 ◦C under a relative humidity
(RH) of 30%. A cross-sectional image of a PK/O2-G film was obtained using a field emis-
sion scanning electron microscope (FE-SEM, S-4800, HITACHI, LTD, Hitachi, Japan) at an
accelerating voltage of 10 kV and at a magnification of ×2k.

3. Results and Discussion

Figure 1 demonstrates the fabrication procedures of PK films grown on the plasma-
treated graphene sheets. In the CVD method, the graphene sheets were primarily grown
on the copper (Cu) foil and the produced graphene sheets have been transferred onto
the glass substrate. The surface of the CVD-grown graphene sheet was treated with an
oxygen (O2) or nitrogen (N2) plasma and these surface-treated graphene sheets can serve
as nucleating agents. Graphene sheets increase the surface roughness of substrates to
grow PK spherulites, resulting in increased activation energy and reduced mobility of
the PK chains [10–12]. Therefore, the CVD-grown graphene promotes the formation of
unoriented β phase in the PK. However, O or N atoms attached to the graphene surfaces
can induce different molecular interactions with the PK matrix. O2 plasma treatment
of the graphene surface can enhance the dipole-dipole and hydrogen bond interactions
between the CVD-grown graphene and the PK, resulting in higher content of the thermally
stable PK crystals [9–11]. On the other hand, N2 plasma treatment of the graphene de-
oxygenates the graphene surface and weakens the intermolecular interaction between PK
and graphene [9,12–14]. Because of the reduced intermolecular interaction, the N2 plasma-
treated graphene surface causes further formation of the β-form PK. For these reasons,
the plasma treatment of graphene allows selective crystallization of PK. PK terpolymer
with the repeating units of -(CH2-CH2-C=O)n-(CH2-CH2(CH3)-C=O)m- was chosen as
a polymer matrix for interacting with the plasma-treated graphene sheets. Methylene
and bisphthalasinone links of PK structure enable good solubility of PK in m-cresol and
chloroform [15]. Thus, the preparation of the PK thin film was carried out using a m-cresol
solvent. As-prepared PK solution was poured on the surfaces of the CVD-grown graphene
sheets and then the crystallization of PK was carried out at different temperatures from
190 to 215 ◦C.

To estimate the effects of N2 and O2 plasma treatments on the surface roughness of
CVD-grown graphene sheets, Tapping-mode AFM of Cu foil substrate, pristine G, N2-G
and O2-G are shown in Figure 2a–c. After exposing the pristine G to N2 and O2 plasma
(5 W) for 120 s, slight increases in the surface roughness were observed. The surface
roughness of Cu foil substrate, pristine graphene (G), N2 plasma-treated graphene (N2-G)
and O2 plasma-treated graphene (O2-G) was 0.16, 1.03, 1.19 and 1.28 nm, respectively.
According to previous work on the plasma-treated graphene, the graphitic carbon clusters
may be conglomerated during the plasma treatments [10–12]. However, since the difference
in surface roughness between plasma-treated graphenes and pristine graphenes was small,
it is considered that the presence of graphene itself causes an increase in surface roughness.
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Figure 1. Overall procedures for crystallization of polyketones (PKs) on the plasma-treated graphene sheets.

Figure 2. Tapping-mode AFM topographies of (a) Cu foil substrate, (b) pristine G, (c) O2-G and (d) N2-G.

Since the Raman spectrophotometer uses laser as light source, the Raman spectroscopy
strengthens molecular vibrations of the graphene sheets more than the FT-IR spectroscopy.
Thus, Raman spectroscopy is an effective tool for observing the structural changes in
graphene sheets. Figure 3 represents the Raman spectra of pristine G, N2-G and O2-G
with a laser power of 10 W for 1 min. As seen in the Raman spectrum of pristine G,
the 2D peak (2688 cm−1) was sharper and more distinctive compared with the G peak
(1591 cm−1) and D peak (1363 cm−1) and the intensity ratio of 2D to G band (I2D/IG) ratio
was greater than 4. These results not only suggest that the CVD-grown graphene sheets
are composed of single or double-layer sheets, but also reconfirm that the graphene sheets
have a relatively low defect density [9–14,16]. The Raman spectrum of the N2-G showed
an enhanced D peak and a reduced 2D peak compared with the pristine G. The results
suggest that the nitrogen atoms embedded in the honeycomb lattice of graphene sheets
destruct the structural symmetry and reduce the probability of the interatomic transitions
within the graphene sheets [12–14]. After the O2 plasma treatment of the graphene sheet,
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an increase in the D peak and a decrease in the 2D peak were found in the Raman spectrum
of O2-G. the intensity ratio of 2D to G band (I2D/IG) was greater than 4. This result also
implies that the crystallinity of CVD-grown graphene sheets after the O2 plasma treatment
is deteriorated [9–11]. In addition, the intensity ratios of D to G band (ID/IG) of pristine G,
O2-G and N2-G were 0.27, 1.95 and 2.34, respectively. Considering that the ID/IG ratio of
graphene oxide (GO) sheets are generally in the range of 0.10–0.30, it can be considered
O2-G has a completely different structure compared to GO [17,18]. Considering these
results, the structural changes of the CVD-grown graphene sheets after the N2 and O2
plasma treatments are consistent with the increased surface roughness after the plasma
treatment observed through the AFM.

Figure 3. Raman spectra of pristine G, O2-G and N2-G.

X-ray photoelectron spectroscopy (XPS) was used to further investigate chemical
structures of the pristine G, N2-G and O2-G (Figure 4). Figure 4a represents the fully
scanned XPS patterns of pristine G, N2-G and O2-G. The XPS spectra of pristine G and
O2-G showed two peaks located at 285, 532 and 24 eV corresponding to C(1s), O(1s) and
O(2s), respectively, and another peak for the N(1s) (399 eV) appeared in the spectra of
N2-G [9,12,14,19]. Relative sensitivity factors (R.S.Fs) for C(1s), O(1s), O(2s) and N(1s) were
1.00, 2.93, 0.14 and 1.80, respectively. In the fully-scanned XPS spectrum of O2-G, the O
content in the O2-G became higher compared with that of the pristine G. The atomic ratios
of carbon to oxygen (C:O) for the pristine G and O2-G were 5.79 and 2.28, respectively. The
atomic ratios of C:O and C:N for the N2-G were 6.58 and 4.80, respectively. These results
indicate that the O2-plasma treatment is effective for oxygenating the surface of graphene
sheets, whereas the deoxygenated surface of graphene sheets can be obtained through
the N2-plasma treatment. Considering these results, both the O and N atoms have been
successfully fixed on the surfaces of CVD-grown graphenes. Figure 4b–d represent the C(1s)
spectra of pristine G, O2-G and N2-G. The peaks found at 284.6−284.7, 286.1, 286.4–286.5
and 288.2–288.3 eV were attributed to C−C, C−N, C−O and C=O bonds, respectively. Full
width at half maximum (FWHM) values for C−C, C−N, C−O and C=O bonds in the C(1s)
spectra were 1.498–1.551, 1.365, 1.281–1.334 and 1.334–1.365 eV, respectively. Pristine G
had three major peaks at 284.6, 286.4 and 288.2 eV, corresponding to C−C, C−O and C=O,
respectively (Figure 4b) [9,19]. The presences of oxygenated functional groups, such as
C−O and C=O can be ascribed to the residues of PMMA or acetones. However, these
C−O and C=O can be also found in the XPS spectra of pure CVD graphene shown in the
previous studies. Furthermore, no characteristic peak for C=O was found in the Raman
spectra of pristine G, O2-G and N2-G. Given these facts, the C−O and C=O peaks found
in the spectrum of pristine G do not guarantee that the residues of PMMA or acetone still
remain in the pristine G. After O2 plasma treatment of the CVD-grown graphene sheets,
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the peak intensities of C−O and C=O in the C(1s) spectrum were strengthened (Figure 4c).
This indicates that more oxygenated functionalities were formed on the surfaces of O2-G
sheets [9,19]. Peak intensities for C−O and C=O bonds were slightly weakened after the
N2-plasma treatment, which is consistent with the fully scanned XPS pattern of N2-G
(Figure 4d). This suggests that the N2 molecules can partially deoxygenate the graphene
surfaces [12,14,19]. Accordingly, surface treatments of the CVD-grown graphenes have
been appropriately carried out as intended.

Figure 4. (a) The fully scanned X-ray photoelectron spectroscopy (XPS) spectra of pristine graphene (red), O2-G (blue) and
N2-G (green). XPS core spectra in C(1s) region of (b) pristine G, (c) O2-G and (d) N2-G.

To observe the effects of the CVD-grown graphenes on the spherulite growth of PK
nanocomposites, PK nanocomposites deposited on the pristine G, O2-G and N2-G were
isothermally crystallized during 20 min at 210 ◦C (Figure 5). After the isothermal crys-
tallization of PKs on the surfaces of graphene sheets, the spherulite size of PK increased
as follows: PK/O2-G > pristine PK > PK/G > PK/N2-G (Figure 5a–d). Moreover, same
tendency was found in the spherulite growth rates of the PKs, which were estimated as
functions of the crystallization temperature and time (Figure 6a). The size of the spherulite
crystals grown on the graphene was smaller than the pristine PK, demonstrating that the
graphene surface acts as a nucleating agent. In addition, the size of spherulites varies
according to the plasma treatment method because the plasma treatment affects the free
energy of the graphene surface, thereby changing the nucleating rate and chain folding
energy of the PKs growing on the graphene surface [20,21]. To achieve an in-depth un-
derstanding on secondary nucleation and spherulite growth, Lauritzen-Hoffman plots
{ln G + U*/[R(Tc – T∞)] – ln ∆T versus 1/[Tc∆Tf ]} for PK samples are shown in Figure 6b.
∆T refers to the degree of supercooling (Tm

0 – Tc), U* refers to the activation energy for
transporting segments across the melt-crystal interface, R is the ideal gas constant, T∞
is the temperature below which all viscous flows stop, f =2Tc/(Tm

0 + Tc) is a function
considering the temperature dependence of the heat of fusion [21]. The parameters for
pristine PK are U*=1.50 kcal/mol and Tm=220 ◦C [21]. The pre-exponential factor, ln G0
(the intercept), follows the order of PK/O2-G > pristine PK > PK/G > PK/N2-G (Figure 7a).
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This trend implies that the surface functionality either improves or reduces the adsorp-
tion of the PK chains on the graphene surface. The slope of the Lauritzen-Hoffman plot
corresponds to the secondary nucleation constant, Kg. The Kg is defined as an equation
Kg = (jb0σσeTm

0)/(k∆Hf), where k is Boltzmann’s constant and j is 4 for crystallization
regime I and III and 2 for regime II. b0 refers to the layer thickness and σ and σe, refer
to the lateral and end surface free energies, respectively. ∆Hf is the heat of fusion for
a perfect PK crystal. The b0, σ and ∆Hf values for a perfect PK crystal are 0.414 nm,
13.0 erg/cm2 and 227 J/g, respectively [21]. By taking these parameters into the equation
of Kg, the Kg × 104 values for PK/O2-G, pristine PK, PK/G and PK/N2-G were 1.46 ± 0.15,
1.52 ± 0.15, 1.55 ± 0.16 and 1.59 ± 0.17, respectively (Figure 7b). Furthermore, σe (erg/cm2)
values for PK/O2-G, pristine PK, PK/G and PK/N2-G were 11.3 ± 1.1, 11.7 ± 1.1, 11.9 ± 1.2
and 12.2 ± 1.2, respectively (Figure 7c). Energy of PK required for chain folding (q) was
defined as an equation q=2σeA0, where A0 refers to the cross-sectional area of the PK
chain [21]. Since the A0 of the PK is 0.196 nm, the q (given in kcal/mol) values increased in
the following order: PK/O2-G (4.42 ± 0.40) < pristine PK (4.61 ± 0.40) < PK/G (4.68 ± 0.50)
< PK/N2-G (4.79 ± 0.50) (Figure 7d). The surface roughness of the graphene sheets acts
as multiple nuclei of the PK matrix, thus increasing Kg, σe and q. Despite higher surface
roughness than the pristine G, O2 plasma treatment of the graphene surface promotes
the formation of oxygenated functional groups on the graphene surface. The oxygenated
functional groups on the graphene sheets consequently lower the σe and q of the PK
chain [20,21]. Hence, the movement of PK chain grown on the O2-G will be less restrictive
as the σe and q decreases, thus offering the largest spherulite size of the PK among the
prepared samples [20,21]. When the graphene surface is treated with N2 plasma, a C-N
bond is formed on the graphene sheet as described in the XPS section, which can lead to
the deoxygenation of the graphene surface. Therefore, the constraint effect of N2-G on the
spherulite growth of PK can be greater than that of the O2-G and pristine G [20,21]. For
this reason, the N2-G/PK showed the largest Kg, σe and q values among the PK samples.
Considering from these results, graphene sheets with different surface functionalities can
change the crystal growth of the PKs.

Figure 5. POM images of PKs fillers after isothermal crystallization at 210oC: (a) PK/O2-G, (b) pristine PK, (c) PK/G,
(d) PK/N2-G.
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Figure 6. (a) Spherulite growth rate of PKs after isothermal crystallization at different temperatures.
(b) Laritzen–Hoffman plots for PK/O2-G, pristine PK, PK/G and PK/N2-G.

Figure 7. Secondary nucleation and growth parameters from spherulitic growth of PK crystals: (a) pre-exponential factor
(lnG0), (b) secondary nucleation constant (Kg), (c) end surface free energy (σe) and (d) chain folding energy (q) of PK crystals.
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To observe the effect of CVD-grown graphene sheets on the crystal structures of PKs,
XRD patterns of PKs grown on pristine G, O2-G and N2-G are shown in Figure 8a. In the
XRD spectra of pristine PK, several peaks appeared at 2θ = 21.6◦, 25.9◦, 29.3◦ and 38.7◦.
The peaks at 2θ = 21.6◦, 25.9◦ and 31.2◦ correspond to the (110), (200) and (210) planes of
α-form PK, respectively [2,3]. The peaks at 2θ = 29.3◦ and 38.7◦ are ascribed to the (210)
and (310) planes of β-form PK, respectively [2,3]. These results imply that the pristine PK
consists of both oriented α-PK and unoriented β-PK. When the PKs were grown on the
pristine G and N2-G, the characteristic peaks of β-phase, corresponding to the (110), (210),
(310) and (220) planes, appeared at 2θ = 21.6◦, 29.2◦, 38.6◦ and 44.3◦, respectively, indicating
that molecular defects were generated in the PK chain due to the surface roughness of the
graphene sheets [2,3]. These peaks of β-phase were more prominent in the XRD pattern of
the PK/N2-G than the PK/G, suggesting that N2 plasma treatment of the graphene sheet
promotes the formation of β-form PK. In the XRD pattern of the PK/O2-G, the diffraction
peaks for α-form with corresponding planes of (110), (200), (210) and (310) were observed
at 2θ = 21.6◦, 26.0◦, 31.7◦ and 43.3◦, respectively [2,3]. This indicates that the O2-G with
lowered surface energy facilitates the movements of PK chains by enhancing intermolecular
interactions with the PKs, resulting in a higher α-phase content compared to the PK/G
sample. Accordingly, the O2-G and N2-G were found to be effective means for forming
α-phased and β-phase crystals in the PKs, respectively. To further study the crystalline
structures of PKs grown on pristine G, N2-G and O2-G, Raman spectra were investigated
(Figure 8b). Several distinctive bands for PK were observed at 1412, 1428, 1438 and
1710 cm−1 in the Raman spectrum of the pristine PK [1,3,16]. The peaks appeared at 1412,
1428 and 1438 cm−1 are attributable to the α-form PK crystals [1,3,16]. The band around
1710 cm−1 is assigned to stretching vibration of C=O [1,3,16]. After melt crystallizations
of the PKs on the pristine G and N2-G sheets, the peak around 1438 cm−1 dramatically
disappeared. Furthermore, the peak at 1412 cm−1 shifted toward higher wavenumber,
whereas the peak at 1428 cm−1 shifted toward shorter wavenumber. These changes are
indicative of the α to β phase transition of PK [1,3,16]. In the Raman spectrum of PK/O2-
G, the peak at 1412 cm−1 shifted to 1410 cm−1 and the peaks at 1428 and 1438 cm−1

shifted to 1429 and 1440 cm−1, respectively. The changes observed in the spectrum of the
PK/O2-G indicate that the O2-G significantly enhances the formation of the α-phase in
the PK chain [1,3,16]. FT-IR spectra of pristine PK, PKs grown on the pristine G, N2-G
and O2-G are represented in Figure 8c. Characteristic peaks for vibration modes of PK are
found at 717, 753, 893, 1064, 1375, 1417, 1471, 1709–1714, 2850 and 2911 cm−1 (Table 1).
Peaks for symmetric and asymmetric deformation vibrations of CH3 were found at 1375
and 1417 cm−1, respectively, indicating that the PK samples used in this work includes
propylene units. In particular, the peaks for C=O stretching shifted to higher wavenumber
(cm−1) in the following order: PK/O2-G (1714) > pristine PK (1711) > PK/pristine G (1710)
> PK/N2-G (1709). As the C=O groups of the PK chains can withdraw more electrons from
the graphene sheets, the graphene surface weakens the intermolecular interactions between
the PK chains. Therefore, the graphene sheet facilitates the formation of unoriented β-form
PK crystals. Furthermore, charge transfers from N2 molecules immobilized on the N2-G
sheets to PK chains are enhanced, resulting in additional blue shifts of PK/N2-G. The red
shift of the peak for C=O in the PK/O2-G spectrum indicates that the O2-G significantly
improves the intermolecular forces between the PK chains and graphene sheets, resulting
in the formation of α-form PK crystals. The structural stability of the PK structure increases
due to the enhancement of the intermolecular forces between the PK chains and the
graphene sheets and thereby the PK chains are more compactly and densely packed. The
overall peak intensities for PKs decreased in the spectra of PK/G and PK/N2-G, while the
peak intensities for PKs found in the PK/O2-G became stronger. Considering these results,
deoxygenated graphene surfaces contribute to the formation of α to β phase transition
of PK, while the oxygenated graphene surfaces promote the formation of α-form PKs.
Dynamic scanning calorimeter (DSC) thermographs of PKs grown on the pristine G, N2-G
and O2-G are shown in Figure 8d. In the DSC thermograph of the pristine PK, peaks for
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the α to β phase transition (Tα-β) and melting (Tm) were found at 101.0 and 220.5 ◦C,
respectively. This indicates the co-existence of α and β crystal forms in the pristine PK. The
exothermic peak at Tα-β shifted to higher temperature (104.6 ◦C) in the thermograph of
PK/O2-G, indicating that the O2-G promotes the formation of thermodynamically stable
α-form PK. However, any Tα-β peak was not observed in the thermographs of PK/G and
PK/N2-G. This implies that the α to β phase transition is responsible for the graphene
sheets [2,3]. When the PK crystals were grown on the CVD-grown graphene sheets, the Tm
of PKs increased as follows (◦C): PK/N2-G (215.2) < PK/G (217.3) < pristine PK (220.5) <
PK/O2-G (221.8) (Table 2). In addition, crystallization temperature (Tc) of PKs increased
in the following order: PK/N2-G (173.7) < PK/G (175.1) < pristine PK (178.1) < PK/O2-G
(179.5) (Table 2). These results indicate that the melting and crystallization behaviors of the
PKs have been adjusted through O2 and N2 plasma treatment of the CVD-grown graphene
sheets. The O2-G undergoes strong hydrogen bond interactions with the C=O group of PKs,
resulting in higher Tm and Tc than the pristine PK [2,3,17,18,22–24]. On the other hand, the
N2-G promote the α to β phase transition, thus lowering both Tm and Tc than both pristine
PK and PK/G [2,3]. Degree of crystallinity (Xc) for the PKs was calculated using equation
Xc = ∆Hm/∆Hm

0 × 100% with the DSC data, where ∆Hm and ∆Hm
0 refer to the heat

fusions of used sample and 100% crystalline PK (227 J g−1), respectively [2,3,21–23]. Xc
was reduced after the crystallization of PKs on the N2-G, indicating that the deoxygenated
surface of the graphene induces unoriented β phase in the PK chains. Xc of the PK/O2-G
was about 52.5%, implying that the O2-G reduces the activation energy required for the
chain orientation compared to the G and N2-G sheets (Table 2).

Figure 8. (a) XRD patterns, (b) Raman spectra, (c) FT-IR spectra and (d) DSC thermographs of PK/O2-G (red), pristine PK
(blue), PK/G (green) and PK/N2-G (olive green).
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Table 1. Secondary nucleation and growth parameters from spherulitic growth of PK crystals.

Wavenumber (cm−1) Vibration

717,753 in-plane asymmetric bending (rocking) vibration of CH2
893 out-of-plane asymmetric (wagging) bending vibration of =C−H

1064 out-of-plane symmetric (twisting) bending vibration of =C−H
1211 stretching vibration of C−N
1375 in-plane symmetric bending (scissoring) vibration of CH3
1417 in-plane asymmetric bending (rocking) vibration of CH3
1471 in-plane symmetric bending (scissoring) vibration of CH2

1709–1714 stretching vibration of C=O
2850 in-plane symmetric stretching vibration of CH2
2911 in-plane asymmetric stretching vibration of CH2

Table 2. DSC data of PK/O2-G, pristine PK, PK/G and PK/N2-G.

Sample Tm (◦C) Tc (◦C) Tα-β ∆Hm (J g−1) Xc (%) a

PK/O2-G 221.8 179.5 104.6 119.1 52.5
pristine PK 220.5 178.1 101.0 98.2 43.3

PK/G 217.3 175.1 - 74.9 33.0
PK/N2-G 215.2 173.7 - 61.0 26.9

a The value obtained from DSC thermographs.

The thermal stabilities of PKs grown on the O2-G, G and N2-G sheets could be esti-
mated by TGA curves shown in Figure 9. The weight losses at temperatures below 300 ◦C
is due to C=O group in PK and the weight losses above 300 ◦C is ascribed to the decompo-
sitions of PK chains [17,23]. According to the TGA curves in Figure 9a, the weight losses
below 300 ◦C for PK/O2-G, pristine PK, PK/G and PK/N2-G were 5.5, 7.7, 9.7 and 10.2%,
respectively. Furthermore, the weight losses at 700 ◦C for PK/O2-G, pristine PK, PK/G
and PK/N2-G were 65.5, 70.9, 74.9 and 78.1%, respectively. These results reconfirm that
the thermal stabilities of PKs are highly dependent on the crystalline structures of the PKs.
The thermal stability of the PKs was further studied by measuring the isothermal TGA
curves (Figure 9b). The PKs were heated from 30 to 250 ◦C at a heating rate of 10 ◦C/min
and the samples were maintained at 250 ◦C for 160 min under N2 atmosphere. After the
isothermal treatment for 160 min, the residual weight (%) of PK/O2-G, pristine PK, PK/G
and PK/N2-G were 90.5, 85.0, 74.7 and 68.1, respectively. Thus, the thermal stability of the
PK was significantly enhanced by performing crystallization of PK on O2-G sheet [2,17,18].

To evaluate the capacity of PKs to withstand tensile loads, the strain–stress (S–S) curves
of pristine PK and PKs grown on different graphene sheets were recorded (Figure 10a). The
tensile strength (MPa) of the PKs increased in the following order: PK/N2-G (43.1 ± 4.3)
< PK/G (45.7 ± 4.6) < pristine PK (68.3 ± 7.0) < PK/O2-G (78.2 ± 7.8) (Figure 10b). As
mentioned above, the O2-G enhances the intermolecular forces between PK chains, which
improves mechanical strength of the PK [17,18,24]. The lower tensile strength of the PK/N2-
G compared with the PK/G may be due to the higher structural defects and deoxygenated
surface of the N2 plasma-treated graphene sheet. The elongation at break (%) of the PKs
increased in the following order: pristine PK (3.6 ± 0.36) < PK/O2-G (4.0 ± 0.40) < PK/G
(4.4 ± 0.44) < PK/N2-G (5.5 ± 0.55) (Figure 10c). The area under the S-S curve of the
PK/O2-G sample was larger area than the S-S curve of the pristine PK, suggesting that
the O2-G is effective in improving the toughness of PK [17,18,24]. The increase in the
elongation at break of PK/G implies that the graphene sheets promote flexible and soft
β-phase in the PKs. The phase transition from α to β was further facilitated by N2-G
sheet, resulting in higher flexibility and toughness compared to the PK/G sample. Young’s
modulus (103 MPa) of pristine PK and PKs grown on O2-G, pristine G and N2-G sheets
were 3.99 ± 0.40, 4.11 ± 0.41, 2.24 ± 0.22 and 1.68 ± 0.17, respectively (Figure 10d). The
highest Young’s modulus of PK/O2-G indicates that the oxygenated surface of O2-G was
appropriate for the formation of thermally stable and mechanically robust α-form PK. The



Polymers 2021, 13, 919 13 of 15

decrease in the Young’s modulus of PK grown on N2-G is related to the deoxygenated
surface of N2-G, which facilitates the formation of β-form in the PK chains [17,18,24].

Figure 9. (a) TGA curves and (b) isothermal TGA curves (at 250 ◦C) of PK/O2-G, pristine PK, PK/G
and PK/N2-G.

Figure 10. (a) Stress-strain curves for PK/O2-G, pristine PK, PK/G and PK/N2-G. (b) Tensile strength, (c) Elongation at
break and (d) Young’s modulus of PK/O2-G, pristine PK, PK/G and PK/N2-G.
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4. Conclusions

We have studied on the crystallinity, thermal and mechanical properties of the PKs
grown on the plasma-treated graphene sheets having different surface functionality. The
graphene sheets used in this research were readily produced by CVD method and the
CVD-grown graphene acted as a nucleating agent to promote molecular defects in the
PKs. Plasma treatments were useful for successfully immobilizing O2 and N2 molecules
on the surface of the graphene, resulting in different crystallinity of the PKs. PKs grown
on the O2- and N2-plasma treated graphene sheets were found to consist of α-form PK
and β-form PK, respectively. The O2-G sheet provided the effective dipole polarizations
and the nucleation of α-phase crystals of the PK because of the enhanced dipole-dipole,
hydrogen-bonding interactions and improved compatibility with the PK surface. The
N2-G sheet increased the structural defects of the PK chains, resulting in the formation
of β-phase crystals. In particular, these changes in the crystalline structures of the PKs
directly affected their thermal and mechanical properties. The technology for controlling
the crystal structures of PKs using the O2- and N2-plasma treated graphene sheets can be
applied to various polymer processing technologies including extrusion molding, injection
molding, roll-to-roll coating, laminating process and so forth. Consequently, this work
will be the motivation to selectively produce customized PKs with different crystallinity,
thermal and mechanical properties.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-436
0/13/6/919/s1, Figure S1. A cross-sectional image of PK/O2-G sample.
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