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1. Instruments

1.1 Microscopy investigation

Transmission electron microscopy (TEM) was performed on a JEOL-1230 instrument, operated at 200 kV. The
samples for TEM observation were prepared by depositing GO or HO-GNs from the DMF solution (0.1 mg/ml) on
holey copper grids.

Atomic force micrographs (AFM) were acquired using a Multimode Nano 4 in the tapping mode. The samples were
prepared by depositing the mentioned dispersion on freshly cleaved mica surfaces. The scan rate was 1 Hz, the scan
lines were 512 and an ACTA tapping tips (single crystal silicon) was used. The AFM image was directly used without
further modification (e.g. flattening).

The microstructure of nanocomposite films was observed by using a S-4800 high resolution field emission scanning
electron microscopy (FE-SEM). The PU films were fractured in liquid nitrogen. Samples with fracture surfaces on the

top were placed on a specimen holder using double-sided carbon conductive tape and then coated with gold.

1.2 FT-IR instrumentation

Fourier transform infrared (FT-IR) spectra were obtained using a NEXUS 670 spectrometer. Each sample was scanned

for 64 times with a resolution of 4 cm™. All the spectra were scanned within the range 400-4000 cm™.

1.3 XPS-measurements

X-ray photoelectron spectra (XPS) were obtained using a RBD upgraded PHI-5000C ESCA system (Perkin Elmer)
with Mg K,, radiation (hv=1253.6 eV). The X-ray gun was operated at 14 kV and 20 mA. Survey spectra (1100-0 eV)
were collected using 93.9 eV pass energy, step 1 eV, and an X-ray spot size of 4x10 mm, to obtain the atomic
percentage data. High-resolution spectra were collected using 23.5 eV pass energy, step 0.2 eV (0.1 eV for Cys of
HO-GNSs) and at least 15 scans. The spectral range of interest was collected for Cy5, O;5 and Nys core-level spectra
(300-275, 550-525 and 415-390 eV, respectively). A constant dwell time (100 ms) was used for both survey and
high-resolution spectra. The analyzer chamber was degasified and the pressure of the chamber was kept below 107 torr.
All the samples were analyzed at 45° take off angle, where the effective sampling depth, z, was derived by z = 3/cosf
(4 is the effective mean free path for electrons to escape from the surface and its value is roughly 2.5 nm). That is, 6 =
45°,z=5.3 nm.

To compensate for the surface charging effect, all binding energies (BEs) were corrected according to the Cis
hydrocarbon peak at 284.6 eV. The XPS data was fitted using the XPS Peak processing software version 4.1
(Chemistry, CUHK), along with a Shirley background subtraction, a Gaussian sum function, and an iterative
least-squares optimization algorithm." Peak positions and boundaries used for deconvolution were determined in terms
of the data reported in the literature.>® The full width half maximum (FWHM) of peaks was chosen to be ~2 eV,
slightly larger than the literature value,"® which would be reasonable on the basis of the spectrometer condition we
used and the tailing of curves. Given the relatively low content of N atoms in GO (0.6%) and HO-GNs (2.2%, mainly
from urethane groups), the peak of C-N for C,s core-level spectra was NOT taken into account. In fitting, if three or
less subpeaks were used, the C;s core-level spectra have no way to provide rational fitting results. For the Nis
core-level spectra, only a broad peak can be fitted and not be divided into subpeaks due to a large error. After many

times of fitting optimizations, the peak position and FWHM of core level curves are determined and their rationality is
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analyzed by comparing the results reported in the literature. The fitting error is determined to be smaller than 10% in
total.

XPS atomic ratios were determined according to the area ratio of the core lines (Cys, O1s, N1s and Siy,) and corrected
for the corresponding theoretical atomic cross-sections and for a square root dependence of the photo-electrons kinetics

energies. The element, Si, which may come from the impurities of raw graphite, was not under further consideration.

1.4 UV-Vis and Fluorescence spectra

UV-Vis spectra were recorded in quartz cuvettes (light path length 10 mm) on a Lambda 35 spectrometer (Perkin
Elmer) in the range of 800 ~ 300 nm with a scan rate 240 nm/min and a resolution 1 nm. Fluorescence spectra were
recorded in quartz cuvettes (light path length 10 mm) on an Edinburgh Instrument FLS 920 spectrophotometer. The
fluorescence was monitored at 376 nm with the excitation 345 nm at room temperature (~19 °C) and the slit was kept
constant for ensuring the comparability of all samples. The emission lifetime measurement (decay curve) was carried
out using time-correlated single photon counting method (TCP) under the same condition. A peak counts of 1000 was
selected and the time range is 200 ns. The instrument error was corrected using Ludox solution, prior to further
analysis. For reference, the lifetimes before correction were 39.4 ns for 1-pyrenemethanol, 2.9 and 34.9 ns for HO-GNs,
respectively. Data analysis was performed using the FO00 data system. The decay curve of HO-GNs cannot be fitted

when only one-exponential decay was adopted.

1.5 X-ray diffraction and Raman characterization
X-ray diffraction tests were carried out using a Rigaku D/max-yB X-ray diffractometer with Cu K, radiation (A = 1.54
A) at a scanning rate of 3°/min in the ranging of 260=5~80°. Raman spectra were obtained using a multi-channel

confocal microspectrometer (Dilor LABRAM-1B) with a laser wavelength 631 nm. Freshly prepared powder solids

were used in both XRD and Raman.

1.6 Thermal study
Thermogravimetric analysis (TGA) was conducted with a TA Q5000 and nitrogen was used as the purge gas (25
ml/min). All samples were heated from ambient temperature to 700 °C at a 10 °C/min heating rate. Prior to testing, all

samples were carefully grinded to powder, in order to ensure good heat conduction. Generally, 5 mg of sample was

used for each test.

1.7 Dynamic mechanical analysis
Dynamic mechanical analysis (DMA) was performed on the DMA 242, from -90 to 100 °C with a frequency 1 Hz and
a heating rate 3 °C/min in tensile configuration. PU and composite films were cut into strips (15x4x0.4 mm®) prior to

use. The samples were kept at -100 °C for at least 10 min to ensure that they were in the glass state.

1.8 Tensile tests

The mechanical properties of the neat PU and composite films were measured using a universal testing machine
(CMT-4102, SANS Group, China) at room temperature with a tensile rate of 30 mm/min. All samples were cut into the

dumbbell shape (20x4x0.4 mm?) with a razor blade. Each sample repeated at least 5 times.
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2. Dispersion of HO-GNs in different solvents
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Figure S1 Dispersion status of HO-GNs in a variety of solvents including water, DMF, THF etc after 2 weeks.

PU oligomer chains decorated GNs (HO-GNs) facilitate the dispersion of hydrazine reduced GNs in organic
solvents. We examined their dispersing capability in different solvents, including H,O, DMF and THF etc. As shown
in Figure S1, oligomer chains enable GNs to steadily disperse in DMF, NMP, DMSO and EA even after 2 weeks, but
other solvents such as H,O, THF etc exhibit relatively poor dispersing capability. This indicates the attached PU

oligomer chains have transferred GNs into organophilic, which can improve their dispersion in the PU matrix.
3. XPS spectra of GO and HO-GNs

In Figure S2a,c,e, typical XPS spectra of GO, GNs and HO-GNs consist of two prominent bandgroups at 284 eV and
532 eV, corresponding to the C;5 and Oy bands, respectively. Two additional weak bandgroups, N3s bandgroup at 400
eV and Siy, bandgroup at 104 eV, are also observed. The Si atoms may come from the impurities of graphite, which is
not under further consideration. The C/O ratios of GO, GNs and HO-GNs are 2.26, 4.72 and 5.05, respectively,
indicating a reduction in the number of oxygen functional groups of GNs and HO-GNs. The N atom percentage of GO
is quite low (0.62%), with a C/N ratio of 103.8. It is supposed to arise from the sodium nitrate used in the oxidation or
the impurities of nature graphite. The N atoms are not detected in the GNs, and thus also not further analyzed. The N
atoms in HO-GNs (2.2%) primarily arise from the urethane groups and a higher C/N ratio (35.8) indicates that PU
oligomer chains on the GN surface is less than the XPS probing depth (the effective sampling depth, z = 5.3 nm).

The high-resolution spectra of Oy, core-level in Figure S2 can be divided into two subpeaks, that is, a carboxyl peak
located at 532.2 eV and a hydroxyl peak located at 533.4 eV.? The high-energy and low-energy tailings in HO-GNs
reflect a combination of hole state lifetime broadening contributions from the urethane oxygen (N-COO) and ester
(-COO-) groups.® The ratio of hydroxyl to carboxyl groups for GO and HO-GNs is higher to those calculated from Cy,
core-level spectra, reflects the difference in the sampling depth. The similar case was also observed in Ref. 12. Because
the Oy photoelectron kinetic energies are lower than those of the Cy, thus the O1s spectra should have a smaller
sampling depth and be more surface specific. This result agrees well with the HO-GNs structure, where hydroxyl

groups should be at the surface. The Ny core-level spectra in Figure S2g,h, are not divided into subpeaks. According to
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the literature,* the peak at 400.2 eV for HO-GN's is assigned to the -NH- (amine site) species. This peak is shifted to
400.6 eV in GO, reflects a higher content of N* (polaron site) species.
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Figure S2 Wide scan XPS of (a) GO, (c) GNs and HO-GNs (e). Corresponding XPS core-level spectra: (b, d, f) Oy of
GO, GNs and HO-GNss; (g,h) Nis of GO and HO-GNs, respectively.
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4. Fluorescence study on the non-covalent bonding between pyrenemethanol and graphene
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Figure S3 Fluorescence spectra (excited at 345 nm) of (a) 1-pyrenemethanol and (b) HO-GNs DMF solution at
different concentration; (c) UV-Vis spectra of 1-pyrenemethanol (0.001 mg/ml), GNs (0.01 mg/ml) and HO-GNs (0.01
mg/ml) DMF solution. (d) Fluorescence spectra (excited at 345 nm) of the filtrate of the MDI-modified GNs with

different DMF washing cycles.

We conducted UV-Vis and fluorescence experiments to investigate the interaction between pyrenemethanol and GNs.

Pyrenemethanol has two characteristic peaks at 339 and 356 nm in the UV-Vis spectrum. These peaks are also
observed in HO-GNSs and blue-shifted to 328 and 344 nm, indicating the interaction between pyrenemethanol and GNs.

It is difficult to investigate the effect of pyrenemethanol on the aromatic structure of GNs by UV-Vis spectra, as a

result of the solvent effect (DMF). This interaction may be confirmed by the fluorescence data. As shown in Figure

S3a, pyrenemethanol has four strong characteristic peaks at 376, 387, 397 and 415 nm, respectively. However, when it

was attached to the GN surface, the fluorescence is significantly weakened and finally quenched at a low HO-GNs

concentration due to the electronic or energy transfer. Note that the slit is kept constant for ensuring the comparability

of all samples, and 1x10°® mol/L pyrenemethanol corresponds to a mass concentration 2.32x10™* mg/ml, a much lower

concentration than that of HO-GNs. This indicates the strong interaction, e.g., m-n interaction in the HO-GNSs,

and provides direct evidence for the non-covalent bonding between pyrenemethanol and GNs.
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To confirm the removal of all the organics, the filtrate after MDI modification was collected and used for
fluorescence studies. As shown in Figure S3d, no significant fluorescence of pyrenemethanol was observed after 2
cycles of DMF washing. The calculated pyrenemethanol concentration of initial filtrate is ~10" mol/L in terms of the
data in Figure S3a, with a total amount of unreacted pyrenemethanol of 0.1 mmol (~10% of the feed amount). It is seen
that despite the lost during washing and further reaction, most of pyrenemethanol molecules are adsorbed on GNs and

finally converted into a short polyurethane chain, which is consistent with our TGA results.

5. XRD and Raman investigation on the structure of graphene
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Figure S4 Raman (a) and XRD (b) spectra of GO, GNs, HO-GNs and graphite.

Raman spectra reflect the integrity of GNs by measuring the two primary characteristic bands: 1580 cm™ (G band)
and 1325 cm™ (D band).® The former corresponds to the sp? carbon atom from the aromatic structure in GNs while the
latter represents the contribution from sp* carbon atoms of defect structures. For the as-received graphite sample, as
shown in Figure S4a, the G band is the primary characteristic band and the small D band would originate from the
contribution of the edge sp® carbon atoms. After oxidization, a remarkable enhancement in intensity of the D band is
observed and no obvious intensity changes appeared even after reduction with hydrazine and decoration with pyrene
derivatives with oligomer short chains. This is consistent with the results observed in other reports. It was concluded
that hydrazine reduction is not very sensitive to the D band variation. To quantify the effect of oxidization and
reduction on the crystal structure of GNs, a Raman technique has been proposed to characterize the size of crystal
domains in GNs (L), that is, Ly(nm) = 2.4 x 10710 x 2% x (I,/1;)~1.% In terms of this method, graphite, the
determined crystal domain sizes of GO, GNs and HO-GNs are 223.8, 33.0, 24.9 and 22.2 nm, respectively. Apparently,
the destruction of oxidization reaction to the crystal structure of GNs is significant, but the contribution of hydrazine
reduction to recovery of the crystal structure is limited. An interesting phenomenon is that the crystal sizes of GNs and
HO-GNs continue to decrease compared to that of GO, which could stem from the decreased graphene size and more

sp® carbon atoms located at the edge.
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Figure S4b shows the XRD patterns of graphite, GO, GNs and HO-GNs. The as-received graphite exhibits a
characteristic diffraction peak at 26.8°, corresponding to an interlayer spacing of 0.33 nm in terms of Bragg equation
(2dsin® = kA, A = 0.154 nm). The strong diffraction peak of GO at 10.3° indicates an interlayer spacing of 0.86 nm.
The increased interlayer spacing primarily originates from the presence of a large amount of oxygen functional groups.
Interestingly, for GNs and HO-GNs, the former do not reveal any diffraction peak in the detected angle range while the
latter shows a weak, broad diffraction peak around 24.0° and another smaller peak at 26.9°, corresponding to interlayer
distances of 0.37 and 0.33 nm, respectively. The good exfoliation state of GNs (no diffraction peak) is probably related
to the loss of oxygen functional groups in the basal plane of GNs, which impairs the H-bond interaction between GNs
so that they stack together in a relatively loose manner. In addition, the reduction in the sheet size is probably the other
reason to form loose stacking. Two weak diffraction peaks observed in HO-GNs presumably stem from the tight
stacking between pyrene rings and GNs. The stronger diffraction at 24.0° than that at 26.9° suggests that the majority
of the pyrene rings could be adsorbed on the GN surface in a loose manner due to the presence of a significant amount
of defects in the GN crystal plane. It is also supported by decay curves of HO-GNs, that two life-time (1.2 and 33.2 ns)
are observed. The latter may originate from the adsorbed pyrenemethanol molecules that stack with each other in a

loose manner.

6. SEM fractographs of cryogenically fractured the neat PU and GN/PU elastomer films

Figure S5 shows the SEM images of cryogenically fractured neat PU and composite elastomer films with different
HO-GN contents. The neat PU reveals ordered ripple structures in its fractograph, which means that the propagation of
cracks is less limited in this cryogenically treated PU sample. However, the ripple structures are suppressed in the
composites and the fractured surface becomes rougher with increasing HO-GN contents. Further observation for Figure
S5b-d shows that these HO-GNs are not well extended but dispersed in the PU matrix in a bended or distorted
conformation, which is similar to the SEM observation by Choi et al.” This distorted morphology is related to the
inherent flexibility of GNs. On the whole, the dispersion of HO-GNs in the PU is uniform except that a few aggregates
are observed in these composites, which have also been observed in other graphene-based composites and suggested

presumably arising from the interaction between GNs and the matix, as well as the preparation process of samples.

Figure S6 shows the amplified SEM images of the neat PU and composite films. The samples for SEM observation
are fractured after dipping in liquid nitrogen for 30 min. The fractograph of the neat PU film shows relatively regular
crack propagation, as marked by red arrows in Figure S6a, and the fracture surface is smooth, as marked by green
arrows. In contrast, the composite film reveal rougher fracture surface (green arrows) in which the crack becomes
distorted, as denoted by red arrows in Figure Séb,c,d. The rough morphology for these composite films means that the
added HO-GNs inhibited the propagation of cracks to some extent, which is consistent with the case of GN/epoxy

composites.®°

It would note that such a cryogenic fractograph is different from the case that they are fractured at room
temperature or above the glass transition temperature of the matrix, as mentioned in the Introduction. Nevertheless,
such an observation for the brittle fracture behavior is helpful for evaluating whether HO-GNs are uniformly dispersed

in the matrix.
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Figure S5 SEM fractographs of (a) the neat PU, composites with (b) 0.5 wt%, (c) 1.0 wt% and (d) 2.0 wt% HO-GNs.

e

Figure S6 Amplified SEM fractographs of the neat PU and composite elastomer films (the HO-GN content

in each image is the same as that in Figure S5).
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7. Dynamic mechanical analysis of the neat PU and composite elastomer films
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Figure S7 Dynamic mechanical analysis results of the neat PU and composite elastomer films. (a) Storage modulus
and tan @ versus temperature: solid—storage modulus, dash--tan & changes of storage modulus at 40 °C and glass

transition temperatures with HO-GNs contents.

Figure S7a shows the dynamic modulus and tan @ curves of the neat PU and composite films, from which the glass
transition temperature (Tgy) and storage modulus at 25 °C are extracted and the results are showed in Figure S7b. The
storage modulus at 25 °C for the neat PU film is 13.35 MPa while for the 1.0 wt% composite film the value increases
to 30.68 MPa, increasing by 129.8%. This is comparable to the observation in static tensile measurements. Similarly,
the 2.0 wt% composite film also reveals a decrease in storage modulus relative to the 1.0 wt% sample. This can be
attributed to the introduction of more free volume in the composite with high HO-GNs content, as described in the
context and our previous study.’ Such an increase in free volume is also in agreement with the change of Tgs, for

which an abnormal decrease for the 2.0 wt% sample is observed.
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