Stage-1 cationic C60 intercalated graphene oxide films
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Abstract
A “stage-1” intercalated film has been made by the ion exchange of “cationic C60”
(pyrrolidinium-functionalised C60, C60(Py)n+) into centimetre-wide, micrometre-thick
air-dried graphene oxide (G-O) films composed of tens of thousands of layers of
stacked/overlapping G-O platelets, denoted [C60(Py)n+]G-O films. Spontaneous
intercalation by ion exchange of one layer of cationic C60 between adjacent G-O
layers expands the interlayer spacing of the films from 0.74 nm to 1.46 nm. The films
remain intact in water and various organic solvents, which is likely due to a strong
affinity between C60(Py)n+ and G-O. Membranes made of the films showed a 6.8
times faster water vapour permeation rate (allowing the vapour to transport through
the membrane almost freely) and a 10.5 times faster liquid water permeation rate than
G-O membranes. Heating the films at 2000 °C under applied pressure or at 2700 °C
without physical confinement converted them into highly graphitised structures.
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“Bottom up” assembly of carbon “building blocks” can lead to new structures
whose properties can then be explored. Examples of such materials include the
“peapod” (an array of C60 encapsulated in carbon nanotubes)1 and the “buckyball
sandwich” (one layer of C60 confined between two layers of graphene)2. In addition, a
graphite intercalation compound (GIC) with C60 intercalated between adjacent layers
has been predicted to be stable3, although it did not form by directly exposing graphite
to C60 vapour or a solution of C604. In attempts to intercalate C60, well-known GICs
were first formed, followed by their exposure to a C60 solution for the possible
formation of co-intercalated compounds4,5. Achieving the assembly of different forms
of carbon into new long-range ordered structures on a macroscopic scale is important.
Graphene oxide (G-O) is an oxidised form of graphene, typically prepared by
the oxidation of graphite flakes to graphite oxide and subsequent exfoliation into
single layers6. Solid ‘G-O films’ (or ‘papers’) composed of stacked and overlapping
layers of G-O platelets have a lamellar structure that can also be densely-packed, and
has an interlayer spacing that depends on the amount of intercalated water7. G-O films
(or graphite oxide particles) can act as a “host” to accommodate intercalants because
the interlayer galleries facilitate “guest” species entering and binding to the G-O
layers. Oxygen-containing groups on G-O give it a negative charge that is balanced
by hydronium ions, yielding an electrical double layer at the water/G-O interface8. Ion
exchange allows the selective intercalation of organic or inorganic cationic species
into G-O films, which causes an increase in interlayer spacing and film thickness
depending on the size and orientation(s) of the intercalants9-15.
Here, we report the preparation of pyrrolidinium-functionalised C60
(C60(Py)n+) intercalated G-O films by ion exchange after immersing G-O films into an
aqueous C60(Py)n+ salt solution, Fig. 1a (inset). An air-dried intercalated film

	
  

3	
  

([C60(Py)n+]G-O film) shows an increased interlayer spacing and a “stage-1”-like
intercalation of C60(Py)n+ between adjacent G-O layers. The structure, chemical
composition, and thermal and chemical stabilities of the film are presented and
discussed below. Water permeation through the G-O membranes and the
[C60(Py)n+]G-O membranes showed a significantly higher flux for the latter. The
thermal decomposition and graphitisation of the film have also been studied as
described below.

Results and discussion
G-O films prepared by vacuum-filtering an aqueous G-O dispersion were immersed in
a C60(Py)n+ salt solution and collected after soaking for a given time. The resulting
film remained intact; the dried film showed a 61% increase in mass compared to the
original film. Thin-film X-ray diffraction (XRD) patterns of the G-O film before and
after soaking are shown in Fig. 1a. The (001) peak shifts from 11.9° for the G-O film
to 6.0° for the [C60(Py)n+]G-O film, corresponding to an increase of the mean dspacing from 0.74 to 1.46 nm. Similar changes in d-spacing were observed from ex
situ XRD for thinner films after soaking for different durations (Fig. S2). In the early
stages the (001) peak from the G-O film broadened and shifted slightly to 10°, and
then as the soaking time increased a new peak appeared at 6.5°, whose intensity
increased and position shifted to a lower 2θ value while the 10° peak gradually
disappeared. The position and width of the new peak remained unchanged after
soaking for a time that depends on the thickness of the G-O film. Thicker films
required a longer time to reach full expansion, e.g. 3 days for a 0.3-µm thick G-O film
(Fig. S2a), and 3 weeks for a 2.5-µm thick film (Fig. 1a). The XRD pattern of the
C60(Py)n+ salt (Fig. S3) has a broad peak at 20°, and a few small sharp peaks. The
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absence of all of these peaks in the XRD pattern of the [C60(Py)n+]G-O film indicates
the complete removal of the salt (or at least: any crystals of it) by washing after
soaking.
The fully expanded [C60(Py)n+]G-O film was nearly twice the mean thickness
of the original (e.g., from 2.5 to 4.9 µm) and it retained its compact, layer structure, as
shown by scanning electron microscopy (SEM) of the cross-section after fracture,
(Figs. 1b and 1c). Atomic force microscopy (AFM) topography images of a typical
single-layer G-O platelet and a G-O with C60(Py)n+ adsorbed on the surface are shown
in Figs. 1d and 1e, with heights (Fig. 1f) of 1.25 nm for G-O and 1.50 nm for
[C60(Py)n+]G-O. The thickness of G-O is consistent with the previously reported value
measured in ambient conditions where its hydrophilic surface has likely adsorbed a
thin layer of water16. Note that the surface of the [C60(Py)n+]G-O film is less
hydrophilic than that of the G-O film, (Fig. 1g) which may be due to the anchoring of
C60(Py)n+ on the surface of G-O. Another study has reported that the wetting
properties of G-O films are sensitive to cationic modification17. The [C60(Py)n+]G-O
platelet has an average peak-to-valley roughness of 0.81 nm compared to 0.40 nm for
G-O, possibly due to the presence of C60(Py)n+ on G-O, which might also influence
the surface wetting properties of the [C60(Py)n+]G-O film18.
The expansion of the interlayer spacing is due to a “stage-1”-like intercalation
of C60(Py)n+, driven by ion exchange of C60(Py)n+ with the hydronium ions that were
balancing the negatively charged surface of G-O8, consistent with the drop of pH
from 4.7 to 3.6 for the C60(Py)n+ salt solution after soaking. In addition, we find that
C60(Py)n+ can enter from both the surface and the edge of the G-O films, Fig. S4. The
[C60(Py)n+]G-O film remained stable while soaking in water and various organic
solvents (Fig. S5), resistant to further attempted ion exchange with monovalent
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cations (Fig. S6), and also to “shock cooling” in liquid nitrogen (Fig. S7). The
structure of the film was, however, sensitive to heating as shown by the loss of the
broad XRD (001) peak after heating at 160 °C in air, Fig. S8. The (001) peak also
disappeared after treatment with hydroiodic acid19, Fig. S9.
Transmission electron microscopy (TEM) was used to examine the possible
presence of C60(Py)n+ in the [C60(Py)n+]G-O film. A typical high-resolution TEM
(HRTEM) image of the C60(Py)n+ salt (Fig. S10) shows the 0.7-nm ‘nuclear
framework’ diameter of C60 molecules. We found that imaging [C60(Py)n+]G-O was
influenced by the highly defective nature of the G-O. That said, C60(Py)n+ with a
similar size to that in the pure C60(Py)n+ was observed (Fig. 2a) with several indicated
in the inset magnified image. The C60(Py)n+ molecular cations are well-dispersed on
the G-O as is evident from the elemental maps (Fig. 2b) showing a uniform
distribution of N, which is only present in the C60(Py)n+, over the G-O.
In an attempt to study the change in interlayer spacing, focused ion beam
(FIB) was used to prepare thin lamellae from the films for cross-sectional TEM
imaging. The cross-section of a G-O film (Fig. 2c) shows a set of lattice fringes
parallel to the film surface, indicative of a layer structure. The lattice spacing is about
0.5 nm, based on the fast Fourier transform (FFT) (inset) which is smaller than that
obtained from XRD (0.74 nm), which suggests the removal of interlamellar water
under ultrahigh vacuum in the TEM or the partial reduction of G-O by FIB sample
preparation; we note that films comprised of partially reduced or strongly reduced GO layers have lower to zero interlamellar water, than G-O films. The diffuse (001)
diffraction spots (see FFT image) are indicative of a less ordered structure than, say,
graphite, and this is typical for G-O films made of randomly stacked/overlapping
platelets7. For the [C60(Py)n+]G-O film (Fig. 2d), the increased interlayer spacing is
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evident from the shift of the diffuse spots towards the centre of the FFT image, but
this made its estimation difficult.
Fourier-transform infrared (FTIR) spectra were acquired for the G-O film, the
C60(Py)n+ salt and the [C60(Py)n+]G-O film (Fig. 3a). The representative spectrum of
the G-O film shows peaks corresponding to C=C (1500-1720 cm-1) from pristine sp2hybridised regions, as well as C-O (1020-1250 cm-1), C=O (1680-1780 cm-1) and O-H
(2500-3700 cm-1) from various oxygen-containing groups and/or absorbed water20.
The spectrum of the [C60(Py)n+]G-O film shows similar features, while peaks assigned
to CH3 (1350-1500 cm-1) from methyl groups and C-N (967 and 945 cm-1) from
pyrrolidinium (Py) groups in C60(Py)n+ were detected. Of note in the [C60(Py)n+]G-O
spectrum is the absence of the peak corresponding to sulfate groups, suggesting the
rejection of sulfate ions as the C60(Py)n+ was intercalating into G-O films.
The chemical compositions of G-O, the C60(Py)n+ salt, and the [C60(Py)n+]G-O
film were studied by X-ray photoelectron spectroscopy (XPS) and the full survey
spectra are given in Fig. S11, which show an increased C/O atomic ratio (from 2.2 to
3.7) and an increased N content (from 0 to 2.56 at.%) upon C60(Py)n+ intercalation. In
addition, a trace amount of S (0.25 at.%) was detected for the G-O film, possibly from
residual covalent sulfates formed during the preparation of the G-O21. the S content
remained at 0.45 at.% in the [C60(Py)n+]G-O film, suggesting that the sulfate ions
(3.50 at.% S) in the C60(Py)n+ salt were mostly rejected during the intercalation,
consistent with the FTIR analysis. Based on the XPS result, the amounts of C in the
[C60(Py)n+]G-O film contributed by G-O and C60(Py)n+ are 36.9 at.% and 39.4 at.%,
respectively. Similar changes in elemental composition were seen from combustion
elemental analysis, where the C content increased from 44.6 to 57.2 wt.% while the O
content dropped from 48.3 to 38.8 wt.% after C60(Py)n+ intercalation. There was also
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an increase of N content from 0 to 1.7 wt.%, while the S content remained nearly
unchanged (0.8 wt.% for the G-O and 0.7 wt.% for the [C60(Py)n+]G-O film).
High-resolution XPS C1s and N1s spectra are shown in Fig. 3b. The C1s
spectrum of G-O could be de-convoluted into three peaks at binding energies of 284.8
eV for C-C and/or C=C, 287.0 eV for C-O (epoxide and/or C-OH groups), and 288.5
eV for C=O (carbonyl groups)22. The spectrum of the C60(Py)n+ salt consisted of two
peaks centred at 284.5 eV for C-C and/or C=C, and 285.8 eV for C-N. The
[C60(Py)n+]G-O film showed the peak for C-C and/or C=C, with a higher relative
intensity indicative of C60(Py)n+ being present, and a peak at 286.6 eV due to the C-O
groups (from G-O) and C-N groups (from C60(Py)n+). The N1s spectra (inset) of the
C60(Py)n+ salt and the [C60(Py)n+]G-O film show two peaks at 402.0 and 399.3 eV
corresponding to Py (cationic N) and pyrrolidine (non-ionic N) groups23. The ratio of
Py to pyrrolidine groups is estimated to be 4.8 for the C60(Py)n+ salt (83% Py) and 1.2
for the [C60(Py)n+]G-O film (52% Py). Note that Py with protonated tertiary amine
can be converted to pyrrolidine through deprotonation23.
1

H and 2-Dimensional (2D) solution-state NMR spectra were acquired on the

C60(Py)n+ salt to probe its structure (Figs. S12-16). There are mainly two groups of
peaks in the 1H NMR spectrum (Fig. S12) corresponding to the CH2 (4.4 to 5.6 ppm)
and CH3 (3.3 to 4.1 ppm) protons from the Py groups in C60(Py)n+. These peaks are
broad and complex, indicating the presence of many different C60(Py)n+ isomers. The
CH2 and CH3 peaks have an integral ratio of 0.68 (very close to 2:3), consistent with
the presence of Py groups. The 1H and 13C chemical shifts of the CH3 peaks are also
consistent with the CH3 being attached to a positively charged, quaternary N.
Furthermore, the CH2 and CH3 protons show both multiple-bond correlations (1H-13C
HMBC, Fig. S14) and single-bond correlations (HSQC, Fig. S15) to their respective
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carbon atoms, indicating symmetry in the Py group and hence the presence of the
cationic dimethyl ammonium moiety. High-resolution nanoelectrospray ionisation
mass spectrometry (nESI-MS)24 was used to determine the extent of the cationic
functionalisation in the C60(Py)n+ salt (Fig. S17; Tables S1 and S2) and the weighted
average number of Py groups per C60 molecule in the C60(Py)n+ salt was measured to
be about 2.7.
1

H solid-state NMR (SS-NMR) gives information regarding the native state of

G-O, the C60(Py)n+ salt, and the [C60(Py)n+]G-O film (Fig. 3c). The 1H spectrum of the
pure G-O is broad, with the main peak centred at 5 ppm corresponding to the COH
moieties, and a broad shoulder at 7 ppm for the aromatic proton species (HCar). In
comparison, the C60(Py)n+ salt produces a sharp signal at 3.5 ppm for the NCH3
moiety and a broad shoulder at 4.5 ppm for the NCH2 moiety. The [C60(Py)n+]G-O
film gives a 1H NMR signal that shows the presence of moieties from both G-O and
C60(Py)n+, given that the shoulder for the aromatic signals from G-O is clearly
assignable, as well as the signal of the NCH3 moieties from Py groups. Note that the
broadening of the NCH3 signal in the [C60(Py)n+]G-O film indicates a significant
reduction in molecular motion likely due to steric or electrostatic interactions with the
negatively charged G-O. Thus, the 1H SS-NMR spectrum provides strong evidence of
the intercalation of C60(Py)n+ in the G-O film.
To evaluate whether the C60(Py)n+ is inserted between the G-O layers and also
whether it forms separate phases, 1H 2D exchange SS-NMR spectra were acquired
(Fig. 3e). Here 1H spin diffusion results in an exchange of signals between different
1

H moieties in nanometre scale proximity. Taking a 1D parallel slice at the position of

the aromatic 1H species, we observed the change in the intensity of the NCH3 species
as a function of spin diffusion time during which the signal is transferred from HCar to
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NCH3 as seen in the 1D spectra in Fig. 3d (note that the spin exchange process is
symmetric, and taking a 1D slice at the NCH3 position yields signal transfer from
NCH3 to HCar). The observed sub-millisecond spin exchange between the HCar from
G-O and the NCH3 from C60(Py)n+ provides evidence of the sub-nanometre proximity
of C60(Py)n+ and the G-O film.
Water permeation through G-O and [C60(Py)n+]G-O membranes. G-O
membranes have a high water permeability due to their porous structure,25 and
adjusting the interlayer distance	
   through insertion of ions or molecules has been
reported to change the water transport through these membranes15,26. We have
examined vapour and liquid water permeation rates through the G-O and
[C60(Py)n+]G-O membranes prepared from 2 mL of G-O dispersion, as shown in Fig.
4. A water vapour flux of 0.800 (±0.065) L m-2 h-1 for the [C60(Py)n+]G-O membrane
was obtained, which is 6.8 times that of the flux for the G-O membrane, 0.117
(±0.005) L m-2 h-1. Furthermore, the flux for the [C60(Py)n+]G-O membrane was
marginally smaller than that for the porous support filter (0.2 µm pore size), 0.847
(±0.030) L m-2 h-1, suggesting that water vapour experienced little resistance when
moving through the [C60(Py)n+]G-O membrane. The liquid water flux rate for the
[C60(Py)n+]G-O membrane in dead-end filtration was 34.5 (±2.6) L m-2 h-1, which is
10.5 times higher than that of the G-O membrane, 3.28 (±0.16) L m-2 h-1. The support
filter had a significantly higher water flux of 16,700 (±900) L m-2 h-1, showing little
effect on the liquid water permeation of the membranes (Fig. S18). The increased
interlayer spacing of the [C60(Py)n+]G-O membrane could be the reason for its
superior water flux.
Graphitisation of the [C60(Py)n+]G-O film. Thermal decomposition of G-O,
the C60(Py)n+ salt, and the [C60(Py)n+]G-O film was examined by thermogravimetric
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analysis coupled with mass spectrometry (TGA-MS) (Fig. S20). The major weight
loss of G-O occurred between 150-250 °C (26.8 wt.%) with a release of H2O and
CO2. The C60(Py)n+ salt decomposed above 200 °C (34.8 wt.%, 200-350 °C), evolving
various gases (H2O, NO/NO2, CO2 and SO2) and multi-stage decomposition was
observed for the [C60(Py)n+]G-O film, with NO/NO2 species being released around
100 °C followed by a major release of gases (H2O, NO/NO2 and CO2) between 150250 °C. These results indicate the presence of C60(Py)n+ (contributing N-containing
species) and the absence of sulfate ions (contributing S-containing species) in the
[C60(Py)n+]G-O film, consistent with our other analyses.
Thermal decomposition caused dramatic changes in structure and composition
of the films, as shown by XRD (Fig. S21), XPS (Fig. S22) and Raman spectra (Fig.
S23). Notably, an XRD peak corresponding to a d-spacing of 0.34 nm was observed
for the reduced G-O film, whereas the decomposed [C60(Py)n+]G-O film showed two
peaks of 0.34 and 0.41 nm, suggesting the possible presence of residues from the
decomposition of C60(Py)n+ between the layers. N remained in the decomposed
C60(Py)n+ salt (1.35 at%) and decomposed [C60(Py)n+]G-O film (1.30 at.%) while S
was completely absent. A significant change in the Raman spectrum was seen for the
C60(Py)n+ salt after decomposition, with the appearance of D and G bands indicating a
disordered carbon structure. TEM images (Fig. S24) show a fullerene-like amorphous
structure with highly curved planes, possibly composed of C60 fragments formed
during decomposition. Heating at 2000 °C (under applied pressure in vacuum) or at
2700 °C (without physical confinement in vacuum) converted the [C60(Py)n+]G-O
films into highly graphitised structures, as shown by Raman spectra (Fig. S23), XRD
(Fig. S25) and cross-sectional TEM (Fig. S26).
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In conclusion, we have prepared a “stage-1” intercalated structure by the ion
exchange of “cationic C60” into G-O films, which resulted in a fairly uniform
expansion of the interlayer distance. The strong affinity between “cationic C60” and
G-O enabled the intercalated film to remain stable in various liquid media (including
water), and its water permeability as a membrane was studied. Rapid transport of
water vapour with almost no resistance was observed for the intercalated G-O
membranes, and a significantly increased liquid water flux was found compared to GO membranes. These membranes might therefore be useful for molecular or ionic
sieving.
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Experimental Section
Preparation of G-O and [C60(Py)n+]G-O films. A water-soluble, “cationic C60”
(C60-n-(N,N-dimethylpyrrolidinium sulfate); Solaris Chem Inc. (Product # SOL5262)
was used without further modification. G-O platelets were prepared by the exfoliation
of graphite oxide synthesised using the modified Hummers method, and the detailed
preparation procedure has been described in previous reports27,28. The lateral size of
the G-O platelets ranged from 1-30 µm (Fig. S1). G-O films were prepared by
filtering a specific volume (2, 5, or 15 mL) of the G-O dispersion (0.5 mg/mL)
through mixed cellulose ester (MCE) filters (WhatmanTM, 10401712, 0.2 µm pore
size, 47-mm diameter), before drying in air. The thinner G-O films (from 2 or 5 mL
volumes) were left on the filters while those prepared from 15 mL dispersion were
separated from the filters. The resulting G-O films were rinsed in Milli-Q water
before immersing them in a C60(Py)n+ salt solution (0.5 mg/mL). After soaking, the
films were collected, washed with water, and dried in air. The mass change of the
films was measured at 21 °C under a relative humidity of 38%.
Material Characterisation. XRD patterns were obtained using an Empyrean
Thin-Film XRD unit and analysed using X’Pert HighScore Plus software. SEM
images were recorded on a FEI Nova NanoSEM 450 FE-SEM. AFM images were
acquired on a Bruker Dimension ICON SPM operating in the tapping mode. A G-O
dispersion was drop-cast onto a freshly cleaved mica substrate and dried in air. The
[C60(Py)n+]G-O was prepared by adding a drop of the salt solution onto the G-Oloaded substrate. After resting for 5 min, the surface was repeatedly washed with
water, and dried in air prior to AFM imaging. AFM images were analysed using the
Gwyddion SPM software. Contact angle measurements were obtained using a RameHart goniometer. TEM specimens (Figs. 2a and 2b) were prepared by drop casting a
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G-O dispersion onto a holey carbon-coated Cu grid (SPI Supplies, #2450-AB) and
dried in air. The grid was then immersed in the salt solution for 30 min, prior to gentle
washing with water and drying in air. FIB specimens were fabricated using an FEI
Nova Nanolab 200 unit. TEM analysis was performed using a JEOL JEM-F200
Multi-Purpose FEG-S/TEM operating at an accelerating voltage of 80 kV. Image J
and Pathfinder were used for processing the TEM and elemental map images. FTIR
was recorded on a Spectrum 100/Spotlight 400 spectrometer in the ATR mode. XPS
spectra were acquired using an ESCALAB 250 Xi, Thermo Scientific. Combustion
elemental analysis was conducted on an Elementar varioMACRo cube for C, H, N,
and S and a rapidOXY cube for O. The 1H and 2D solution-state NMR spectra were
acquired on a Bruker AVANCE III HD 600 spectrometer equipped with a 5 mm TCI
cryoprobe, operating at frequencies of 600 MHz and 151 MHz for the 1H and

13

C

nuclei, respectively. The 1H spectra were calibrated by assigning the HDO residual
solvent peak to 4.70 ppm. nESI-MS was performed using an LTQ Orbitrap XL
(Thermo Scientific, Waltham, MA). Full details are provided in the Supporting
Information. 1H solid-state NMR was acquired on a Bruker AVANCE III 700 MHz
spectrometer with a 16.4 tesla superconducting magnet, operating at a frequency of
700 MHz for the 1H nucleus. Approximately 10 mg of sample was packed in a glove
box in 2.5 mm zirconia rotors fitted with Vespel® caps and spun to 30 kHz at the
magic angle in a triple resonance 2.5 mm HXY MAS probehead. A 1H 90° pulse
length of 2.5 µs was used with sufficient recycle delay to ensure full signal relaxation.
The 1H 2D exchange data sets were acquired with 1H spin diffusion times of 0.1 to 3
ms. The 2D data set was acquired with 128 rotor synchronised increments of 33.33 µs
in the indirect dimension. The 1H chemical shifts were referenced to adamantane at
1.8 ppm. TGA-MS analysis was performed using a combined TGA Q500 Auto (TA
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Instruments) and MS QGA (Hiden Analytical LLC) by heating to 500 °C with a
heating rate of 10 °C/min under Ar. Raman spectra were recorded on a Renishaw
InVia 2 Raman spectrometer at room temperature with a 532 nm laser excitation.
Membrane permeation experiments. G-O membranes were prepared by
vacuum-filtering 2 mL of the G-O dispersion through MCE filters, following the
procedure described above. The membranes were immersed in the (C60-n-(N,Ndimethylpyrrolidinium sulfate)) salt solution for 3 days before being gently washed
with water and drying in air. For the water vapour permeation tests, the membrane
was sandwiched between waterproof tape giving an effective area of 1.13 cm2 (Fig.
S19c). The tests were carried out using the homemade setup illustrated in Fig. S19a.
The prepared membrane was sandwiched between a glass funnel (feed side) and a
sintered glass filter (permeate side), where a 28-mbar vacuum pressure was applied
using a diaphragm pump (V-700, Büchi). An in-line cold finger was used to condense
the permeate in an ice bath. On the feed side, water (10 mL) at a temperature
maintained at 22-24 °C was added. There is an air gap between the membrane and
water.	
   To evaluate the performance of the membranes, the mass of the water that
remained on the feed side before and after 28 h was measured and subtracted to
determine the volume of water (V, mL) that had permeated the membrane. For each
membrane, the vapour permeation experiment was carried out 3 times using a new
membrane each time. The water flux (J) was calculated using the following formula:
J = V/(Aeff t)

(1)

Where J is the water flux (mL m-2 h-1), V is the permeate volume (L), Aeff is the
membrane effective area, and t is the time (h).
The dead-end filtration was carried out using a stirred cell (Amicon®) shown in Fig.
S19b. The membranes were sandwiched between waterproof tape for an effective area
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of 4.91 cm2 (Fig. S19c). Water (20 mL) was added into the cell and pressurised
nitrogen gas was used to apply a pressure of 1 bar. To measure the water flux for each
membrane, Equation 1 was used. The time taken for the volume of water to pass
through the membrane, t, was determined with a mass balance that recorded the mass
of the permeate at 1 s intervals (Fig. S18). For each membrane, dead-end filtration
was carried out 3 times using a new membrane each time.
Graphitisation of the [C60(Py)n+]G-O film. Heating was carried out in a hot
press furnace at 2000 °C under vacuum or in a graphite furnace at 2700 °C under
vacuum with a heating rate of 10 °C/min, 1 h holding time and cooling to ambient
conditions in the furnace. For the 2000 °C treatment, the sample film (17-mm in
diameter, roughly 5-µm thick) was sandwiched between stacked graphite spacers (22mm in diameter, 3-mm thick), and a pressure of 20 MPa was applied to the film and
maintained for the entire heating and cooling process.
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Figure 1. “Stage-1” intercalation of “cationic C60” into G-O films. (a) XRD
patterns of G-O and [C60(Py)n+]G-O films, with schematics illustrating the
intercalation of C60(Py)n+ into G-O layers. Inset: photograph of a G-O film soaking in
the C60(Py)n+ salt solution. (b, c) SEM images of fracture cross-sectional surfaces of
the G-O films before (b) and after (c) C60(Py)n+ intercalation. Scale bars, 1 µm. (d, e)
AFM images of a single layer of G-O platelet (d), and a G-O with C60(Py)n+ adsorbed
on the surface (e). (f) AFM height scans along the dashed lines in (d) and (e). (g)
Contact angle measurements of G-O and [C60(Py)n+]G-O films.
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Figure 2. TEM images of the G-O and [C60(Py)n+]G-O films. (a) HRTEM image
from [C60(Py)n+]G-O, with the inset showing a magnified region. The arrows indicate
the C60(Py)n+ attached on the surface of G-O. Scale bars, 10 nm; (inset, 1 nm). (b)
Elemental (C, O, and N) maps of the [C60(Py)n+]G-O film. Scale bar, 100 nm. Crosssectional (c, d) TEM images of FIB-fabricated G-O film (c) and [C60(Py)n+]G-O film
(d), with the insets showing FFT patterns converted from the corresponding TEM
images. Scale bars, 10 nm.

	
  

19	
  

Figure 3. Spectroscopic analysis of G-O, the C60(Py)n+ salt and the [C60(Py)n+]GO film. (a) FTIR spectra, (b) XPS C1s and N1s spectra, (c) solid-state 1H NMR of GO, the C60(Py)n+ salt and the [C60(Py)n+]G-O film. (d) 1D extracts from a series of 1H1
H 2D exchange spectra with varying 1H spin diffusion times (tsd). (e) Example 1H-1H
2D exchange experiment with 1 ms of spin diffusion. The horizontal dashed line
shows the position of the extracted 1D slices, plotted above the 2D spectrum. Vertical
dashed lines are guides for the eye, while the red dashed square shows the position of
the on-diagonal and off-diagonal peaks.
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Figure 4. Water permeation through the G-O and [C60(Py)n+]G-O membranes.
(a) Water flux for vapour permeation and (b) dead-end filtration for MCE, G-O and
[C60(Py)n+]G-O membranes, with insets illustrating the experimental setup. The water
flux for the MCE filter in dead-end filtration (b) is 16,700 (±900) L m-2 h-1.
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Figure S1. SEM images of as-prepared G-O platelets on HOPG. Scale bars, (a) 50
μm; (b) 5 μm.

3

Figure S2. Ex situ thin-film XRD patterns of (a) “2-mL” and (b) “5-mL” G-O films
after soaking in C60(Py)n+ salt solution for different durations.
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Figure S3. Powder XRD pattern of the C60(Py)n+ salt.

5

Figure S4. (a) N content on the surface and in the subsurface of the G-O film after
30-min soaking in the C60(Py)n+ salt solution. (b) XRD patterns of the sticky tape and
“sandwiched” G-O film before and after 3-day soaking in the C60(Py)n+ salt solution.
Insets are schematics showing different configurations of the prepared G-O films. (c)
An illustration of the C60(Py)n+ intercalation into a G-O film from a cross-sectional
view, circles: C60(Py)n+; lines: G-O platelets.
To reveal the intercalation paths for C60(Py)n+, the G-O films were prepared in two
configurations with waterproof sticky tape. In the first, the edge and one side of the
G-O film were sealed using the tape with a “window” open on the other side so that
only this surface was exposed to the C60(Py)n+ salt solution. After 30-min soaking, the
film was collected, washed with water, and dried in air. XPS depth profiling detected
N (the “tracer” element for C60(Py)n+) on the surface and 60 nm under the surface, and
the concentration decreased with depth (Fig. S4a). This suggests that C60(Py)n+ can
enter the film from the surface. In the other case, the film was “sandwiched” using the
tape with only the film edges in contact with the salt solution. The film was collected
after soaking for 3 days. XRD (Fig. S4b) showed the appearance of a peak at 6° after
soaking, suggesting the intercalation of C60(Py)n+ into the film from the edge. These
results indicate that the C60(Py)n+ intercalation occurred at both the film surfaces and
edges, as illustrated in Fig. S4c. Defective sites and wrinkles on G-O could also act as
“channels” to facilitate the intercalation.

6

Figure S5. XRD patterns of the [C60(Py)n+]G-O films after 3-day soaking in various
organic solvents.
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Figure S6. (a) XRD patterns of the [C60(Py)n+]G-O films after 3-day soaking in 0.1 M
HCl, LiCl or NaCl. (b) XRD patterns of saline-soaked G-O films and [C60(Py)n+]G-O
films.
Monovalent cations could remove multivalent cations from the G-O films by cationic
exchange and lead to their disintegration1. The [C60(Py)n+]G-O film retained its
intercalated structure after soaking in 0.1 M HCl, LiCl or NaCl for 3 days (Fig. S6a).
The slight difference in d-spacing (<0.07 nm) could result from other factors, e.g.,
humidity and sample batch. The absence of the (001) peak for the saline-wetted G-O
film indicates significant swelling (Fig. S6b). In contrast, the [C60(Py)n+]G-O film
showed a small degree of swelling in saline (0.1 M NaCl), with an increase in dspacing from 1.4 to 1.6 nm. The stability of the [C60(Py)n+]G-O film against ion
exchange suggests a stronger affinity between G-O and C60(Py)n+. In addition, the
amount of C60(Py)n+ present in the [C60(Py)n+]G-O film might also influence its
stability in a saline soution2.

8

Figure S7. XRD patterns of the G-O film and the [C60(Py)n+]G-O film after “shock
cooling” by immersing the films in liquid nitrogen for 1 h prior to thawing in air.

9

Figure S8. (a) XRD patterns of the [C60(Py)n+]G-O films after heating at different
temperatures for 1 h in air. (b) SEM cross-sectional images of the [C60(Py)n+]G-O
film before and after heating at 160 °C for 1 h, scale bar, 2 μm. (c, d) XPS C1s and
N1s spectra of the G-O and [C60(Py)n+]G-O films before and after 160 °C heating.
The structure of the [C60(Py)n+]G-O film is sensitive to heating, which is indicated by
a broadening of the (001) peak as the temperature increased (Fig. S8a). The peak
disappeared after heating at 160 °C for 1 h. SEM showed little change in thickness
after heating (Fig. S8b). A decrease in relative intensity of the peak at 287.0 eV in the
XPS C1s spectra (Fig. S8c) indicates partial removal of oxygen-containing groups
from G-O after 160 °C heating. In contrast, the spectrum for the [C60(Py)n+]G-O film
remained nearly unchanged after heating to 160°C. These results suggest that heating
leads to restructuring in the [C60(Py)n+]G-O film, possibly caused by the release of
gases (Fig. S20d), diffusion/clustering of functional groups on G-O and/or redistribution of C60(Py)n+ in the film3. The similar XPS N1s spectra (Fig. S8d, inset)
and the nearly unchanged film thickness indicate that C60(Py)n+ was still present in the
heated film.
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Figure S9. (a) XRD patterns of the G-O and the [C60(Py)n+]G-O films before and
after HI treatment. (b) SEM cross-sectional image of the HI-treated [C60(Py)n+]G-O
film, scale bar, 2 μm. (c, d) XPS C1s and N1s spectra of the G-O film and the
[C60(Py)n+]G-O film before and after HI treatment.
The hydroiodic acid (HI) treatment was carried out following a reported protocol4.
The G-O or [C60(Py)n+]G-O film was placed inside a glass vial containing 4 mL of HI
and 10 mL of acetic acid. The vial was sealed and placed in an oil bath for heating at
40 °C for 24 h. The film was then rinsed with a saturated sodium bicarbonate
solution, followed by repeated washing with water and drying in air. The reduction of
G-O film led to a shift of (001) peak from 12° to 24° (Fig. S9a). In comparison, there
was no peak observed for the [C60(Py)n+]G-O film after HI treatment. SEM (Fig. S9b)
showed that the film retained a compact, layer structure, with a small decrease in film
thickness from roughly 4.9 to 4.4 μm after the treatment. A significant removal of
oxygen-containing groups is indicated by the apparent decrease in relative intensity of
XPS C1s peaks for C-O and C=O groups (Fig. S9c). The [C60(Py)n+]G-O film showed
a lower degree of deoxygenation, with only a small increase in C/O ratio from 3.7 to
4.2, while, for the G-O film it changed from 2.2 to 6.0. These results suggest that
C60(Py)n+ might prevent the oxygen-containing groups on G-O from being
catalytically transformed and/or substituted by iodide ions. Similar N1s spectra were
observed (Fig. S9d, inset) for the [C60(Py)n+]G-O film before and after the HI
treatment, indicating that C60(Py)n+ remained present in the treated film.
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Figure S10. TEM images of the C60(Py)n+ salt on a CVD-grown graphene. The inset
FFT image from (b) shows a hexagonal pattern from the graphene substrate. The
magnified region shows C60(Py)n+ molecules, with a plot of the profile along the
dotted line indicating 0.7-nm ‘nuclear framework’ diameter of C60. Scale bars, (a) 10
nm; (b) 5 nm; inset, 1 nm.
For HRTEM imaging of the C60(Py)n+ salt, a holey carbon-coated, 200-mesh gold
TEM grid (SPI Supplies, #3620G-CF) was placed on a CVD-grown graphene-coated
copper foil, with the holey carbon film side facing down on the graphene. A drop of
isopropyl alcohol was added to the grid to improve the contact of the holey carbon
film and graphene. The copper foil was then floated on a 0.1 M ammonium persulfate
solution. After etching away the copper, the grid was transferred to the surface of
fresh Milli-Q water to remove etchant residues prior to drying in air. A C60(Py)n+ salt
solution was dropped onto the graphene-coated grid.
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Figure S11. XPS full surveys of the G-O film, the C60(Py)n+ salt, and the
[C60(Py)n+]G-O film.
The atomic percentages of C from G-O and C60(Py)n+ in the [C60(Py)n+]G-O film were
estimated based on the XPS result. We assume that the atomic ratio of C and N in
C60(Py)n+ remained unchanged after intercalation. Since N in the [C60(Py)n+]G-O film
is only contributed by C60(Py)n+, the N atomic ratio (‘K’) can be used to convert the
atomic percentage of C from C60(Py)n+ to the equivalent atomic percentage of C from
C60(Py)n+ inside the [C60(Py)n+]G-O film (𝐶𝑪+𝟔𝟎 /𝐺𝑂 ),
𝐾=

+
𝑁𝐶60

= 1.87
+ /𝐺𝑂
𝑁𝐶60
𝐶𝐶 +
𝐶𝑪+𝟔𝟎 /𝐺𝑂 = 60 = 39.4%
𝐾
The remaining C is from G-O. To calculate the atomic percentage of C from G-O
+ /𝑮𝑶 ), we have
inside the [C60(Py)n+]G-O film (𝐶𝐶60
+ /𝑮𝑶 = 𝐶𝐶 + /𝐺𝑂 − 𝐶 +
𝐶𝐶60
𝑪𝟔𝟎 /𝐺𝑂 = 36.9%
60

Hence, the percentages of C from G-O and C60(Py)n+ in the [C60(Py)n+]G-O film are
36.9 at.% and 39.4 at.%, respectively.
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Figure S12. (Bottom) 600 MHz 1H NMR spectrum at 298 K of the C60(Py)n+ salt
10.5 mg in deuterium oxide 0.65 mL; (Top) 512x expanded view; (*) peak possibly
due to methyl sulfate (MeSO4-).
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Figure S13. 600 MHz 1H NMR spectrum at 298 K of the C60(Py)n+ salt 10.5 mg in
deuterium oxide 0.65 mL, with the residual water peak at 4.70 ppm and the * peak
(Fig. S12) possibly for methyl sulfate (MeSO4-) at 3.64 ppm subtracted out.
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Figure S14. 1H-13C HMBC (multiple bond correlation) NMR spectrum at 298 K of
10.5 mg of the C60(Py)n+ salt in 0.65 mL deuterium oxide, demonstrating connectivity
from the CH3 groups to the CH2 groups of the Py group, and also from the CH2 to
carbons of the C60. Additionally, the CH3 and CH2 groups have cross-peaks indicating
multiple-bond correlations to themselves, demonstrating the symmetry of the Py
group.
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Figure S15. 1H-13C HSQC (single bond correlation with multiplicity editing) NMR
spectrum at 298 K of 10.5 mg of the C60(Py)n+ salt in 0.65 mL deuterium oxide; blue
peaks have positive phase, and red peaks have negative phase. The possible methyl
sulfate cross-peak (*) in the spectrum, despite its high intensity, has no corresponding
cross-peaks in the HMBC spectrum (Fig. S14), indicating that it is not part of the
C60(Py)n+ structure.
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Figure S16. 1H inversion-recovery NMR spectrum at 298 K of 10.5 mg of the
C60(Py)n+ salt in 0.65 mL deuterium oxide, with d7 delay of 2 s. The CH3 and CH2
peaks from Py are positive and hence are shown to have significantly shorter T1
relaxation times than water (HDO) at 4.7 ppm and the * peak (Fig. S12) at 3.64 ppm,
which are still negative. This is consistent with the assignment of a possible methyl
sulfate peak, being a small molecule with fast rotational correlation time.
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Figure S17. (a) Overall mass spectrum of ~20.0 µM C60(Py)n+, (b) z = 3 region, (c, d)
z = 2 region, and (e) z = 1 region of the mass spectrum.
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Table S1. Mass spectrometry results of the C60(Py)n+ molecules.
m/z
615.13366
312.07901
316.75068
321.42224
331.09797
335.76977
523.60568
530.61344
552.13450
559.14228
580.66334
589.15277
432.07802
439.08573
446.09350
460.60668
467.61441
474.62225
489.13544
510.15889
806.09186
820.10741
834.12298
848.13854

n
4
3
3
3
3
3
3
3
3
3
3
3
2
2
2
2
2
2
2
2
1
1
1
1

z
2
3
3
3
3
3
2
2
2
2
2
2
2
2
2
2
2
2
2
2
1
1
1
1

Absolute abundance
8.99E+05
2.29E+06
6.05E+06
8.18E+05
1.08E+06
3.05E+06
8.32E+05
2.32E+05
6.76E+05
2.26E+05
2.72E+05
2.22E+05
9.38E+05
1.22E+06
8.34E+05
1.01E+06
8.14E+05
2.75E+05
7.43E+05
4.85E+05
6.36E+04
2.98E+05
2.48E+05
6.14E+04

Relative abundance
3.95373
10.07125
26.60744
3.59750
4.74976
13.41367
3.65907
1.02032
2.97300
0.99393
1.19624
0.97634
4.12525
5.36547
3.66787
4.44190
3.57991
1.20943
3.26766
2.13299
0.27971
1.31058
1.09069
0.27003

Elemental composition
[C60(C4H10N)4,+2HSO4,+C2H4]2+
[C60(C4H10N)3]3+
[C60(C4H10N)3,+CH2]3+
[C60(C4H10N)3,+C2H4]3+
[C60(C4H10N)3,+C3H7N]3+
[C60(C4H10N)3,+C3H7N,+CH2]3+
[C60(C4H10N)3,+HSO4,+CH2]2+
[C60(C4H10N)3,+HSO4,+C2H4]2+
[C60(C4H10N)3,+HSO4,+C4H9N]2+
[C60(C4H10N)3,+HSO4,+C5H11N]2+
[C60(C4H10N)3,+HSO4,+C6H13N,+H3CN]2+
[C60(C4H10N)3,+HSO4,+C5H11N,+CHO,+CH2OH]2+
[C60(C4H10N)2]2+
[C60(C4H10N)2,+CH2]2+
[C60(C4H10N)2,+C2H4]2+
[C60(C4H10N)2,+C3H7N]2+
[C60(C4H10N)2,+C4H9N]2+
[C60(C4H10N)2,+C5H11N]2+
[C60(C4H10N)2,+C3H7N,+C3H7]2+
[C60(C4H10N)2,+C3H7N,+C2H8N,+C4H8]2+
[C60C4H10N,+CH2]
[C60C4H10N,+C2H4]
[C60C4H10N,+C3H6]
[C60C4H10N,+C4H8]
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Mass accuracy (ppm)
0.24
0.48
0.09
1.00
0.16
0.31
0.26
0.31
0.11
0.12
0.04
0.08
0.23
0.38
0.41
0.40
0.52
0.37
2.78
0.14
0.49
0.46
0.46
0.45

Table S2. Relative amounts of C60(Py)n+ derivatives.
n
4
3
2
1

Relative amount
4
66
27
3

Nanoelectrospray ionisation of ~20 µM C60(Py)n+ resulted in a mass spectrum rich in
chemical features containing ions with charge states (z) from 1+ to 3+ and C60
functionalised with between n = 1 to 4 Py groups (Fig. S17). The z = 3 region of the
mass spectrum is shown in Fig. S17b. Five major triple charged species with different
additions of neutral units were observed. Similarly, the z = 2 and 1 regions (Figs.
S17c-e) show various neutral alkyl additions and HSO4- adducts. These data and the
accurate mass measurements are shown in Table S1. Peak assignments for ions with a
relative abundance >15%, in terms of their elemental composition and mass accuracy,
are also shown in Table S1. In general, the measured mass accuracies for all ion
assignments were sub-parts per million, which is typically sufficient for the
unambiguous assignment of the elemental composition of small molecules. By
measuring the relative abundances of the peaks in each region, an approximation of
the relative extent of each C60(Py)n+ derivative can be obtained (Table S2). Assuming
that the ionisation and ion transfer efficiencies are the same for the different ions, the
weighted average number of Py groups per C60 molecule was calculated to be ~2.7,
based on the signal intensities of each derivative.
Method: nESI-MS experiments were performed using an LTQ Orbitrap XL (Thermo
Scientific, Waltham, MA). Positive voltages of 0.8−1.2 kV were applied to the nESI
emitters in relation to the capillary entrance (200 °C) to the mass spectrometer. nESI
emitters with the tip sizes of 0.8-1.0 µm were prepared from borosilicate glass
capillaries (Harvard Apparatus, 1.2 mm o.d. 0,68 mm i.d.) using a micropipette puller
(Model P-97, Sutter Instruments, Novato, United States). Emitter tips were sputter
coated with gold and palladium (Scancoat Six, Edwards, UK). A solution containing
~20.0 µM C60(Py)n+ salt in 49:50:1 (v/v) MeOH:H2O:HOAc was prepared for
analysis.

21

Figure S18. Mass of permeated water recorded at 1 s intervals by mass balance for
dead-end filtration for (a) MCE filter, (b) the G-O membrane, and (c) the
[C60(Py)n+]G-O membrane.
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Figure S19. Schematics of (a) vapour permeation and (b) dead-end filtration, with (c)
exploded view drawing of the membranes.
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Figure S20. TGA-MS results for the G-O film, the C60(Py)n+ salt, and the
[C60(Py)n+]G-O film.
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Figure S21. XRD patterns of the G-O film, the C60(Py)n+ salt, and the [C60(Py)n+]G-O
film after heating to 700 °C.
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Figure S22. XPS surveys of the G-O film, the C60(Py)n+ salt, and the [C60(Py)n+]G-O
film after heating to 700 °C.
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Figure S23. Raman spectra of the G-O film, the C60(Py)n+ salt, and the [C60(Py)n+]GO film before and after different heat treatments.
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Figure S24. (a) TEM image of residual material after thermal decomposition of the
C60(Py)n+ salt at 700 °C, scale bar, 500 nm. (b) Electron diffraction pattern from the
area indicated in (a). (c) Magnified TEM image from the region indicated in (a), with
the corresponding FFT pattern (inset), scale bar, 10 nm. (d) HRTEM image of the
residue, showing an amorphous structure featuring highly curved planes, scale bar, 5
nm.
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Figure S25. XRD patterns of the [C60(Py)n+]G-O film after hot pressing (HP) at 2000
°C or heating at 2700 °C without physical confinement. Insets are photographs and
cross-sectional SEM images of the corresponding films (scale bars, 1 μm, for the
2000 °C HP treated film; 10 μm, for the 2700 °C treated film). The 2000 °C HP
treated film retained a smooth surface and compact structure, whereas the 2700 °C
heated film expanded and became undulating. The blank is from a polyimide (PI) thin
film that was used to confine the sample film during the XRD measurement.

29

Figure S26. (a) SEM image of FIB-prepared lamella of the 2000 °C HP treated film
for TEM analysis, scale bar, 5 μm. (b) Cross-sectional TEM image of the film, scale
bar, 500 nm. (c) HRTEM image of the film, showing a parallel arrangement of
stacked layers (scale bar: 5 nm), with (d) the corresponding FFT pattern showing
parallel layers with a highly graphitised structure.
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