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Graphene Oxides (GOs) have been frequently employed as fillers in polymer-based applications. While
GO is known to nucleate polymer crystallization in GO-polymer composites reinforcing the mechanical
properties of semicrystalline polymers, its counter effect on how polymer crystallization can alter the
microstructure of GO has rarely been systematically studied yet. In this work, we study the GO nematic
liquid crystal (LC) phase during polymer crystallization focusing on their hierarchical structures by employ-
ing in situ small/wide-angle X-ray scattering/diffraction (SAXS/WAXD) techniques. We found that GO LC
and polymer crystals co-exist in the GO/polymer complex, where the overall liquid crystallinity is
influenced by polymer crystallization. While polymer crystallizes in bulk or at the interface depending on
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the cooling rate, the interfacial crystallization of poly(ethylene glycol) (PEG) on GO improves both GO
alignment and orientation of PEG crystal. This work provides an opportunity to develop a hierarchical
structure of GO-based crystalline polymer nanocomposites, whose directionality can be controlled by
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Introduction

Graphene oxide (GO) has attracted tremendous attention in
materials science as a promising material due to its extraordi-
nary mechanical, electrical, and thermal properties.' GO has
been employed in fibers, membranes, water treatment, and
polymer-based applications.*® GO can be easily dispersed in
polar solvents, including water, and is known to exhibit liquid
crystallinity.”™*?

Good dispersity and the ability to form LC has enabled GO
to be a good candidate as an effective nanofiller compared to
other carbon materials. Therefore, one of the most attractive
applications of GO is GO-based polymer nanocomposites,
where GOs are employed as effective nanofillers enhancing the
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polymer crystallization under proper cooling rates.

physical properties of the neat polymer matrix based on its
large surface area and functionality. Indeed, the GO/polymer
composite shows better physical properties than neat poly-
mers. For example, Danda et al. reported improved ductility
for thermoplastic polyurethane/GO nanocomposites.'® Kim
et al. reported a CNT/PVA nanocomposite in the presence of
GO; the GO additives effectively facilitate the structure of an
interconnected CNT network in PVA and thus CNT/GO/PVA
nanocomposites exhibit higher mechanical properties than
CNT/PVA nanocomposites.’

In these applications, crystalline polymers can be addition-
ally considered as they generally provide superior physical pro-
perties than amorphous polymers. When GO is employed as a
filler in polymer nanocomposites with crystallizable polymers,
GO can help the nucleation of polymer crystallization, improv-
ing the kinetics of crystallization.”*® The two-dimensional
planar structure and high specific surface area of GO are
believed to help crystallization.'” Previous studies showed that
GO could induce intrachain ordering of isotactic polypropyl-
ene (iPP) at the surface based on the high aspect ratio of GO,
resulting in considerable elevation of the overall crystallization
rate of the polymer.'”'® Cheng et al. reported that poly(ethyl-
ene oxide) crystal orientation is significantly enhanced
because of the use of GO sheets as passive fillers.'® As a result,
solid polymer electrolytes (SPEs) in the presence of GO exhibit
higher conductivity than that without GO filler.
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In GO-crystallizable polymer nanocomposites, structural an-
isotropy of the composite is attributed not only to polymer
crystallization but also to GO liquid crystallinity. As the GO
sheets can be highly aligned in a polymer solution keeping
their unique liquid crystal (LC) structure,’®*' the two an-
isotropy parameters may compete in GO-polymer nano-
composite, creating a hierarchical yet complex GO LC
structure.

However, how polymer crystallization can interact with the
structure of the GOs in polymer solution or polymer nano-
composites remains unclear. Though many GO-employed
applications rely on the unique anisotropic property of GO LC,
such as highly ordered graphene-based fibers and films,**** a
systematic study of GO LC with polymer crystallization has not
been fully investigated. Thus, more systematic correlations
between the microstructure of GO LCs and crystalline poly-
mers should be simultaneously found before considering
more advanced GO-polymer nanocomposites.

In this regard, we investigated the microstructure of GO LC
in a dense semicrystalline polymer solution where the degree
of GO LC and polymer crystallization simultaneously influence
one another. GO can remain as liquid crystals even in a dense
semicrystalline polymer solution and the degree of liquid crys-
tallinity can be changed by the degree and type of polymer
crystallization.

We found that the GO sheets in polymer composites can be
dispersed worse/better when polymer crystallization occurs,
resulting in dramatically decreased/increased alignment of
GO. We show that the degree of GO LC alignment can be sys-
tematically controlled by the cooling rate during polymer crys-
tallization. A fast cooling rate causes polymers to crystallize in
the bulk polymer matrix, whereas a slow cooling rate causes
them to preferentially crystallize on the GO surface. As the
polymer crystallization proceeds differently depending on the
cooling rate, GO LCs are significantly affected by the cooling
rate of polymer crystallization.

Here, we study the growth of GO LCs with polymer crystalli-
zation, where the GO concentration and the rate and type of
polymer crystallization are systematically controlled. The
detailed correlation between the structure of GO LCs and
polymer crystals was examined using various experimental
techniques. Extensive small-angle X-ray scattering (SAXS)
measurements and polarized optical microscopy (POM) were
employed to examine the microstructure of GO LCs. The struc-
ture of polymer crystals and the degree of crystallinity are
thoroughly investigated with wide-angle X-ray diffraction
(WAXD) and differential scanning calorimetry (DSC) experi-
ments, respectively.

Experimental
Sample preparation

The experimental model system employed in this work is com-
posed of aqueous GO suspensions and poly(ethylene glycol)
(PEG). The polymer was purchased from Sigma-Aldrich (M, =
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3350 g mol ). GO was first suspended in water at 1 wt% after
purification as described elsewhere,>***> and then PEG stock
solution (20 wt%) was added to the GO suspension to meet
the desired concentration of the GO-PEG suspension. The
lateral size of GO is approximately 1 pm with a density of 1.8 ¢
em ™. The GO/PEG complex was left for 6 hours to be stabil-
ized and then annealed under vacuum at 70 °C to remove
excess water until it reaches the desired final composition.
Finally, the composites of GO/polymer were prepared and the
final concentration of GO was 0.3 and 1.5 wt% in PEG 80 wt%.

Cooling rate controls for polymer crystallization

The temperature profiles were controlled with a Linkam
TS1500 heating stage and the samples were loaded in a capil-
lary cell for the heating stage and X-ray scattering experiments.
The exact experimental temperature profile is shown in Fig. 1:
(i) initial heating at 10 °C min~" rate from room temperature
to 90 °C to remove the thermal history of GO/PEG complexes;
(if) holding at 90 °C for 15 min; (iii) cooling to 30 °C at a rate
of 10 or 1 °C min™%; (iv) holding at 30 °C up to 24 h for
polymer crystallization. The 10 or 1 °C min~" was chosen for a
fast or slow cooling rate, respectively (For WAXD, the cooling
rate was 5 °C min~'). The same temperature profile given in
Fig. 1 was employed for all experiments of SAXS, POM, and
DSC, and all data is labeled based on the holding time in stage
iv.

Polarized optical microscopy (POM)

The LC phase of GO suspension in a dense polymer solution
was investigated by POM. The sample was injected into a
1 mm thick glass cell, and images were taken at 50x magnifi-
cation between two crossed polarizers with an Olympus BX51
M microscope. To control the temperature profile, a Linkam
CSS-450 temperature stage was connected to the microscope.

Differential scanning calorimetry (DSC)

The DSC measurement was carried out using a differential
scanning calorimeter (TA DSC Q2000). First, 5 to 10 mg of the
sample was subjected to the temperature profile shown in
Fig. 1 and then multiple samples were prepared that have
different holding times. Then, the samples with different
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Fig. 1 A temperature control profile for polymer crystallization during
the experiment.
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holding times were heated at a rate of 10 °C min~" to 90 °C to
calculate the degree of crystallinity of PEG in GO/PEG
complexes.

Synchrotron X-ray characterization

WAXD and SAXS experiments were conducted at the 6D and
9A Beamline of Pohang Accelerator Laboratory (PAL), respect-
ively. For sample preparation, 200 pl of GO/PEG complex was
injected at a constant rate (3 ml min™") into a 1.5 mm thick
quartz capillary cell. The scattering length densities of GO and
PEG are 5.99 x 107° A= and 0.70 x 10° A™2, respectively.

WAXD experiment provides information about crystalliza-
tion behavior of polymers at atomic scales. The sample-to-
detector distance was 475 mm, and the X-ray energy was
18.986 keV. The scattered X-rays were analyzed with a CCD
area detector (MX-225HS, Rayonix LLC). The 2D patterns were
azimuthally integrated to a 1D profile of intensity versus scat-
tering vector, g = (4w sin 0)/4 (20 is the scattering angle, and 1 is
the wavelength of X-ray).

To investigate the microstructure of GO LC with polymer
crystals, the SAXS experiment was performed. The sample-to-
detector distance was 4605 mm, and the X-ray energy was
11.045 keV. The scattered X-rays were analyzed with a CCD
area detector (Rayonix SX165, USA).

Results and discussion

GO LC with polymer crystallization was observed at GO con-
centrations of 0.3 and 1.5 wt%. The samples were heated up to
90 °C above the melting temperature of PEG 3350 (Ty, =
54-58 °C) and cooled at different rates as shown in Fig. 1. For
simplicity, the samples are labeled based on the GO concen-
tration and the cooling rate as ‘GP concentration-cooling rate’.
For instance, GPO03-fast (GP03-slow) stands for a GO/PEG
sample containing GO 0.3 wt% and was crystallized at a
cooling rate of 10 (1 °C min™"). The polymer concentration was
constant at 80 wt% in all samples. We performed Raman spec-
troscopy to check for possible chemical reduction of GO
during heating/cooling and the result showed no changes in
the GO function/structure during the crystallization process of
PEG (Fig. S1 in ESIY).

Macroscopic GO LC behavior with polymer crystallization

The macroscopic GO LC structure and polymer crystallization
were investigated through POM (Fig. 2). Fig. 2 shows the
changes in POM images for ‘GP03’ at different stages of
polymer crystallization following the temperature profile given
in Fig. 1. Before the crystallization at a high temperature of
90 °C, the typical LC texture from the birefringence of GO LC
was seen, indicating that GO forms nematic LC structures. As
the polymer crystallization occured at a decreased temperature
of 30 °C, the POM image became dark and some typical spher-
ulites were formed. While the reduced birefringence of GO LC
may contribute to the reduced brightness in the POM images,
the change in the microstructure of GO LC was difficult to
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Fig. 2 POM images of (a) GO LC in the polymer solution with different
polymer crystallizations and (b) birefringence in the film after complete
evaporation. The scale bar is 500 pm.

observe because of the excess polymers present in the sample.
Because the sample states were too thick, the POM images for
the film state of samples were additionally obtained after a
quick blade-coating. Fig. 2b shows that the slow cooling rate
yields a greater degree of birefringence. The POM results
confirm the existence of GO LC; however, the delicate change
in GO LCs between two cooling rates was more difficult to be
analyzed, which were dealt with a SAXS experiment as follow.

Polymer crystallization with GO LC at controlled cooling rate

Before discussing the detailed microstructure of GO LC with
crystallization, we examined the role of GO for polymer crystal-
lization. In the presence of GO, the mobility of polymers can
be restricted, especially near the GO surface, whereas the GO
surface may provide directionality for polymer crystallization.
Thus, one needs to understand how the addition of GO conver-
sely affects PEG crystallization: the crystal structure and kine-
tics of crystallization. To probe the growth of polymer crystals,
in situ WAXD experiments were performed under a tempera-
ture-controlled profile. The polymer crystallization was
!, Fig. 3a
and b show the resulting WAXD profiles for the neat polymer

induced by cooling the sample at a rate of 5 °C min~

solution and the same polymer solution but with GO, respect-
ively. While the pure PEG solution did not show any crystal
peak even after being held at 30 °C for 10 min despite a high
PEG concentration of 80%, the GP15 composites had already
exhibited the first crystal reflections before even reaching
30 °C. The distinctive crystal peaks found in PEG in the GO
solution show the accelerated kinetics of PEG crystallization in

“0
5 10 15 20 25 30 35
2-theta (°)

10 15 20 25
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Fig. 3 Development of WAXS profiles as a function of holding time for
(a) neat PEG solution and (b) PEG solution with 1.5 wt% GO.
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the presence of GO. There are two signature peaks located at
26 = 19° and 23.3°, which arise from (021) and (032) reflections
of the PEG crystals with monoclinic unit cells, respectively;***”
the typical reflections show that the addition of GO did not
alter the original PEG crystal structure at the atomic level.

The significantly enhanced crystallization of PEG with GO
is consistent with the previous study, which reported that the
polymer chain could easily align at the GO interface with high
specific surface areas,”® reducing the nucleation barrier and
thereby exerting a higher degree of PEG crystallization. It
additionally noted that strong interfacial adhesion between
the polymer chain with a hydroxyl group and GO nanosheets

eXiStS.17’18’28

Microscopic GO LC behaviour with polymer crystallization

While the POM experiment confirmed the presence of GO LC
and PEG crystallization and WAXD suggested a plausible
polymer crystallization at the interface, the detailed micro-
structure of GO LC and PEG crystallization was still missing.
Thus, we extensively performed in situ SAXS experiments to
investigate the microstructural change of GO LC with polymer
crystallization in more detail. The samples were loaded into
1.5 mm thick capillary cells and loaded with a syringe pump at
the same rate of 3 ml min~" to provide the same degree of the
initial shear effect. Once the samples are cooled to 30 °C
based on the temperature profile given in Fig. 1, the sample
scatterings from GO LC and polymer crystallization were
obtained with increasing the holding time.

Fig. 4 shows the representative 2D SAXS patterns of the
samples after cooling to 30 °C at different times (a complete
series of the SAXS results is given in Fig. S21). As the samples
were cooled down, the polymer crystallization occurs simul-
taneously with GO LC. Noting the critical concentration to
nematic LC of GO is around 0.3 wt,”® GO can align and form
the LC phase along the longest axis of the capillary cells in a
long range confirmed by the stretched 2D SAXS patterns.>®

However, the long range alignment of GO LC seems to be
related to the type of polymer crystallization. In Fig. 4b, when
GP03 was crystallized under the fast cooling rate (GP03-fast) to
30 °C, the 2D pattern of GP03-fast was isotropic with the iso-
tropic rings developed from the polymer crystallization. It
implies that the directionality and alignment of GO LC were
affected by the non-directional growth of polymer crystalliza-
tion, and thereby the liquid crystallinity of GO was signifi-
cantly decreased compared to that without polymer crystalliza-
tion. In contrast, highly asymmetric scattering patterns were
obtained at the slow cooling rate of GP03-slow (Fig. 4c). In
GPO03-slow, 2D SAXS patterns from 5 h to the final state at
30 °C show more stretched patterns along the long axis of a
capillary cell with higher intensity.

The effect of the slow cooling rate is less pronounced at the
high concentration (GP15) than at the low concentration
(GP03). At low concentrations of GP03, different LC behaviour
of GO was seen: the isotropic patterns at the fast cooling rate
and the anisotropic pattern at the slow cooling rate were found
(Fig. 4b and c). However, in the final state of concentrated
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Fig. 4 (a) Schematic illustration of SAXS experiment. Selected 2D SAXS
pattern of (b) GP03-fast, (c) GP03-slow, (d) GP15-fast, and (e) GP03-
slow at different holding times.

GP15 where the crystallization was complete over 20 h of
holding time, the 2D SAXS patterns show the weakly stretched
patterns at both fast and slow cooling rates (Fig. 4d and e).
While the liquid crystallinity of GO decreased with PEG crystal-
lization, the decreased degree of GO LC was more or less the
same despite the different cooling rates, which require more
detailed analysis.

The effect of crystallization kinetics on GO LC

To understand the structural development of PEG crystals
more quantitatively, the in situ SAXS profiles are re-examined
focusing on scattering features at high g ranges. The scattering
intensity was normalized by multiplying g* considering the
two-dimensional nature of GO and thus the Kratky plot (Ig” vs.
q) emphasizes the structural information of polymer crystalli-
zation. Fig. 5a and b show the Kratky plots of ‘GP03-fast’ and
‘GP03-slow’ at the selected holding times, respectively.
Multiple crystal peaks are found arising from the PEG lamellar
structures. As shown in Fig. 5a, after 30 minutes, PEG in GP03-
fast exhibits the peaks at goq = 0.04/0.08 A~", which are the
first/second diffraction peaks. The corresponding long period
L, of PEG lamellar stacks was about 15.77 nm (calculated from
Bragg’s law Lo = 2nm/q1q4, Where 7 is the diffraction order and g
is the scattering vector), which indicates the twice-folded

Nanoscale, 2021,13, 2720-2727 | 2723


https://doi.org/10.1039/d0nr07858a

Published on 26 January 2021. Downloaded on 4/4/2026 12:32:31 AM.

View Article Online

Paper Nanoscale
4 7 T . . . i
(a)™° ' (b) " (c)'°
twice-folded =% twice-folded g ‘.’,o.'.,.-g
102 T — / \ e 10%) - N
o once-folded ., 3 once-folded -+ o N\ ; N = ‘
8 109 1 = 1031 d = 403
= T g 107 ]
— o~ '
N 4] o 10 -] s ;
o107, fast, 32 min s slow, 30 min - i -I-;:ss: xf::f';f::
e fast, 1hr 55 min e slow, 1 hr 50 min slow, twice-folded
5|® fast 4 hr31 min 5|® slow, 4 hr 30 min | o) -7 slow, once-folded
107, fast, 7 hr 50min 7 10 * slow, 7 hr 50 min 1041 . . . .
0.01 . 0.1 0.01 ) 0.1 o 2 4 6 8
q(A) q(A’) Time (hr)
8x10* T
(d) s GO (e) 7x104 *® GO
* GO+PEG GO+PEG
1x10% exto]
) S 5x10¢
s &
> il > 4x10Y
= =
c 4 4 o
g 110 S 310}
= =
¥ 4 T
0 9% 180 2105 % 180
Angle (°) Angle (°)

Fig. 5 Kratky plots of (a) GP03-fast and (b) GP03-slow. (c) The intensity development at g* at different times of GP03 crystallization. Angle distri-
bution curves of scattering intensity for (d) GP03-fast and (e) GP03-slow at selected holding times of 7 h 50 min.

lamellar structure.'”” With further crystallization after 7 h

50 m, PEG showed well-resolved peaks at gnew = 0.026, 0.052
and 0.078 A™* with the g ratio of 1:2:3, which indicates the
first, second, and third orders of lamellar stacks, respectively.
The corresponding long period L, was about 24 nm, implying
the once-folded lamellae. This peak shift phenomenon con-
firms the well-known unfolding of PEG lamellae from a twice-
folded to a once-folded structure.>**' The lamellar thickening
behavior is generally known to occur with low molecular
weight PEG and this experiment also confirmed that behavior
regardless of the cooling rate and GO concentration (Fig. 5a
and b), ensuring that the addition of GO did not change the
lamellar thickening trend of PEG crystal.

However, the speed of lamellar thickening was different
depending on the cooling rate. Fig. 5¢ shows the growth rate of
PEG crystals at fast and slow cooling rates; we compared the
scattering intensity at the goq and gnew (Fig. 5a and b), which
indicates twice and once-folded structure, with increasing
holding time at 30 °C. The peaks of GP03-fast grew faster than
that of GP03-slow did at early times, implying that the PEG in
GO suspension crystallized faster at faster cooling rates with
higher crystallinity as generally expected in polymer crystalliza-
tion kinetics. As the system approaches the target temperature
faster, more nucleation points are created simultaneously
increasing the crystallinity of the polymer. This result was also
supported by DSC measurements. In Fig. S3,7 the degree of
crystallinity of GP03-fast was higher than that of GP03-slow.

One expects that the different degrees of PEG crystallization
will certainly influence GO LC. To investigate the effect of the
degree of PEG crystallization with varying cooling rates on GO
LC and the PEG crystal structure, azimuthal distributions of

2724 | Nanoscale, 2021,13, 2720-2727

scattering profiles were obtained at specific g-ranges, ggo =
0.004-0.02 A™" and gpgg = 0.016-0.036 A™*. The range of ggo =
0.004-0.02 A™' is chosen where the PEG crystal peaks did not
appear; thus the structural information on GO LC is dominant
(black symbol in Fig. 5d and e). In contrast, the structural
information on PEG crystals is more dominant in the range of
gprg = 0.016-0.036 A™* where the distinctive crystal peaks are
present along with the scatterings from GO (red symbol in
Fig. 5d and e).

Fig. 5d and e compare the directionality of GO LC and PEG
crystallization of GP03 depending on the cooling rates. After
7 h 50 m of cooling, the scattering of GP03-fast is evenly dis-
tributed for angle in both g ranges, consistent with the isotro-
pic scattering pattern (Fig. 5d). In fast cooling, PEG begins to
crystallize simultaneously in bulk with multiple nucleation
points. As the PEG crystals rapidly grow non-directionally
under the fast cooling rate, the GO is swept away by the PEG
crystallization growth and thus cannot form LC despite GO03
being at the critical nematic LC concentration. The angle dis-
tributions of GO15 are given in Fig. S5.1

However, the scattered intensity of GP03-slow (Fig. 5e) in
the same time scale exhibits a sharp peak at 90° in both ¢
ranges. The directionality found in both ggo and gpgc ranges
implies that the GO is aligned along the long axis of the capil-
lary sample cell in a long range, which more importantly
guided the crystal growth of the PEG as well. The asymmetric
distribution of PEG crystal growth shows that PEG in GO sus-
pension prefers to crystallize on the surface of GO at a slow
cooling rate. Unlike the bulk PEG crystallization with the fast
cooling rate, interfacial crystallization of PEG is found with the
slow cooling rate. More interestingly, the slow growth of PEG

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d0nr07858a

Published on 26 January 2021. Downloaded on 4/4/2026 12:32:31 AM.

Nanoscale

crystals seemed to help GOs to align one another, improving
the directionality of GO LC.

A similar dependency of cooling rates on GO LC is found
for a high concentration of GP15. In the absence of PEG crys-
tallization, the nematic transition concentration of GO is
around 0.3 wt% and thus the nematic LC is readily formed at a
sufficient concentration of 1.5 wt% in the long range.
Considering that the macroscopic directionality of GO LC is
directly related to the physical properties of the GO-based com-
posites, this observation could provide an idea to control the
microstructure of GO LC in polymer matrices.

Microscopic evolution for lamellar thickness of PEG and
d-spacing of GO at different cooling rates

As the crystallization kinetics changes the macroscopic order-
ing of GO LC, it additionally affects the microscopic structure
of PEG crystals and the GO-layering (d-spacing) structures.
Thus, in this part, the lamellar thickness and d-spacing
between GO sheets were calculated and compared for different
cooling rates. Fig. 6a and b show the development of the
lamellar thickness, L, calculated from the first peak of the
once-folded lamellae, g* during the selected holding times at
30 °C for GP03 and GP15, respectively (the g* developments
are given in Fig. S67).

For GP03 in Fig. 6a, the L, for slow cooling (filled) is always
higher than that for fast cooling (unfilled); the lamellar thick-
ness of PEG was slightly thicker at GP03-slow than at GP03-fast
as shown in Fig. 6¢c. As the slow cooling rate led to the inter-
facial growth of the PEG crystal on the surface of GO, it ulti-
mately increased the lamellar thickness of the PEG crystal.
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Conversely, at the fast cooling rate, PEG crystals are likely to
grow randomly in the bulk polymer matrix, and thus the
crystal growth can be restricted by the presence of other
nearby crystals to a small degree, which simultaneously pre-
vents GO from forming a stable LC phase at the fast cooling
rate.

For concentrated GP15 shown in Fig. 6b, the thickness of
PEG lamellae, in contrast to GP03, was thicker at the fast
cooling rate. For GP15, the GO-GO layer spacing is reduced
close to the size of PEG lamellae, and therefore, the interfacial
growth of PEG crystals is rather restricted by nearby GO sheets.
This confinement effect by GO sheets, in turn, decreased the
size of the PEG lamellae and the bulk PEG crystallization with
fast cooling results in slightly thicker lamellae without
confinement.

Next, we observed the change in the interlayer distance
between GO sheets during polymer crystallization at different
cooling rates. As the crystal peaks are developed, the GO scat-
tering profile is buried, thus, the information of GO spacing is
discussed only for early times. The samples were initially at
90 °C and cooled down to 30 °C. Fig. 6d and e show the scat-
tering intensity of GP15-fast and slow at a different stage of
PEG crystallization, respectively. The average plane-to-plane
distance, d-spacing is obtained from the peak position, g*
(d-spacing = 27t/g*). As the polymer crystallization further pro-
ceeds, the d-spacing generally increases in both cooling rates
(Fig. 6e) because the growing polymer crystals push GO sheets
away, thereby slightly interrupting the liquid crystallinity of
GO. Intriguingly, the d-spacing at the slow cooling rate was
larger than that at the fast cooling rate, presumably due to the
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Fig. 6 The long period of crystal lamellae as a function of holding time for (a) GP03 and (b) GP15. (c) The calculated lamellae thickness after com-
plete crystallization of GPO3 and GP15. The 1D profile of (d) GP15-fast and (e) GP15-slow at early times. (f) Interlayer spacing of GO with varying

holding time for different cooling rates.
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Fig. 7 Schematic images of GO LC with polymer crystal structure
cooling at fast and slow speed.

interfacially-grown PEG crystals. Finally, we present the sche-
matic images of GO LC behaviour with polymer crystallization
under different cooling rates and GO concentrations in Fig. 7.
The degree of liquid crystallinity is indicated with the bright-
ness in the yellow bar. GP03-fast shows the lowest liquid crys-
tallinity of GO and GP03-slow has the highest liquid crystalli-
nity of GO. The interfacial crystallization at a slow cooling rate
improved GO LC while the bulk crystallization at a fast cooling
rate increased GO LC. For GP15, the GO LCs in GP15-fast and
slow were not significantly different; however, the random
growth of PEG crystallization in bulk with a fast cooling rate
rather decreased the GO-GO interlayer spacing.

Conclusion

In this study, we have thoroughly investigated the effect of crys-
tallization kinetics on the microstructure of GO LCs through
extensive time-resolved scattering analysis. Based on the
general perception that the addition of GO fillers improves the
physical properties of polymer composites, we found that
there is a more delicate interaction between GO LCs and PEG
crystallization.

Depending on the crystallization kinetics, PEG with GO
prefers to crystallize at the interface or in bulk, which ulti-
mately changes the primary direction of GO LC. We believe
that this study will provide a significant insight to control the
filler direction in potential GO-based polymer composites. We
emphasize that polymer crystallization is certainly beneficial
to improve the physical properties of neat polymers; however,
the control of GO LC correlated with polymer crystallization
should be simultaneously realized to design high-performance

2726 | Nanoscale, 2021,13, 2720-2727
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polymer composite materials at a more practical level for GO
applications.
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