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High-yield exfoliation of graphite in acrylate polymers: A stable
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High-yield exfoliation of pristine graphite in low boiling point alcohols was achieved using a set
of acrylate polymers resulting in few-layer graphene concentrations of up to ~4 mg mL™. The
polymer showed superior dispersing capabilities for graphene compared to the best reported
dispersants, including the solvent N-methyl-pyrrolidone, the surfactants sodium cholate and
sodium taurodeoxycholate, and the polymer polyvinylpyrrolidone. The dispersions were stable

regardless of freezing (-26 °C) or heating (70 °C) for 24 h, or dilution with water up to 80%
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volume ratio over 160 h. The as-obtained nanofluid exhibited an enhancement in thermal

conductivity suggesting a great potential in coolant applications.

1. Introduction

Two-dimensional atomic crystals have recently become a subject of intense research as building
blocks for a range of functional architectures [1]. Graphene (G) is likely the best known two-
dimensional material owing to its unique combination of electronic, thermal, and mechanical
properties. Carrier mobilities as high as 200, 000 cm® V™' s™', thermal conductivities up to 5000
W mK™" and Young’s moduli of 0.5-1 TPa have been reported [2]. For practical applications and
to facilitate processing, producing graphene in large quantities is a prerequisite. Currently, the
most commonly used approach involves the oxidation of graphite, followed by exfoliation in
water or organic solvents to yield graphene oxide (GO) [3]. Subsequent chemical or thermal
reduction is essential to remove epoxy, carboxy, or hydroxy groups, which complicates the
processing [4]. Whilst post-treatment enables GO to partly regain its electrical conductivity,
many defects in the sp” carbon lattice that were introduced during the oxidation process cannot
be fully reversed. by reduction, thus leading to undesirable degradation of the intrinsic
performance of graphene. In addition to tedious multistep processes, this method also involves
the use of hazardous oxidizing (e.g., HNOs, H,SO4, KMnO,) and reducing (e.g., hydrazine,
NaBHy) reagents causing environmental issues as well as safety concerns.

One potential pathway for addressing these issues is to exfoliate graphene directly from
pristine graphite in the liquid phase, using protocols analogous to those developed in the context
of the chemistry of fullerenes and carbon nanotubes (CNTs) [5]. This can typically be achieved
by exfoliation of layered graphite via ultrasonication in an appropriate liquid [6]. The exfoliated

sheets can be stabilized noncovalently against re-aggregation by interaction with certain solvents



[6-8], surfactants [9-11], polymers [12], or aromatic n-n stacking molecules [13-15]. This top-
down approach has aesthetic appeal due to its simplicity, low cost, and flexibility in
manipulating graphene into various processes, such as blending, casting, or functionalization.
Importantly, the stabilization is based on van der Waals interactions between the sheets and the
stabilizer molecules such that the properties of graphene are preserved.

Despite recent advances in this field, the exfoliation of graphene can only be achieved in
a very limited number of systems and suffers from drawbacks such as relatively low
concentrations and the need for extensive sonication. It is of great significance to discover new
agents for dispersing graphene at reasonably high concentrations especially in low boiling point
solvents, and also to develop efficient processes to enhance the yield of graphene. Herein, we
demonstrate a set of acrylate polymers that can effectively exfoliate and stabilize pristine
graphene in both ethanol (EtOH) and isopropanol (i-PrOH). The chemical structures and
synthesis procedures of the polymers are shown in the Supporting Information. As far as we are
aware, very few studies in literature have used acrylate polymers for direct exfoliation of
graphite to pristine graphene. Previous work mainly reported an enhancement in the colloidal
stability of GO and reduced GO dispersions via polyacrylate coating and fabrication of GO or
reduced GO/acrylate polymer composites [16-18]. Here, stable graphene dispersions in ethanol
were produced with concentrations up to ~4 mg mL" using the polymer poly (co-(n-butyl
acrylate)-co-(allyl methacrylate)-co-(poly-(ethylene glycol) methacrylate) (P20). The polymer
showed superior dispersing capabilities for graphene compared to the best reported dispersants,
including the solvent N-methyl-pyrrolidone (NMP) [6-7], the surfactants sodium cholate (SC)
[10] and sodium taurodeoxycholate (STC) [11], and the polymer polyvinylpyrrolidone (PVP)
[12], in terms of the absorbance per unit-cell-length at 660 nm (A4eeo//) under identical

experimental conditions.



2. Experimental

2.1 Materials All chemicals used in this work were of analytical grade and used as supplied. N-
Methyl-2-pyrrolidinone (product number 270458), anionic surfactants sodium taurodeoxycholate
(product number T0875) and sodium cholate (product number C1254) and polyvinylpyrrolidone
(product number 856568) were purchased from Sigma-Aldrich. Graphite powder (product
number 332461) was also acquired from Sigma-Aldrich and used without further treatments.

2.2 Synthesis of the polymers P20, P08, and P19 Polymerization was carried out as described in
our previous work [19]. The amounts of the monomers of polyethylene glycol methacrylate
(PEGMA), allyl methacrylate (AlIMA), butyl acrylate (BA), 2-(dimethylamino) ethyl
methacrylate (DMAEMA) and methacrylic acid (MAA) used for the synthesis of the polymers
are shown in Table S1. Excess monomers were removed by precipitation. Polymers P19 and P20
were precipitated from water, separated by centrifugation (3500 rpm, 10 min), re-dissolved in i-
PrOH (5.0 mL) and neutralised (P19: 10 M KOH,q, 20 pL; P20: 10 M KOH,g, 40 pL) to give the
final polymer suspensions (P19: 4.7% w/w; P20: 2.5% w/w). The polymer P08 was neutralised
using HCl,q (10 M, 0.24 mL), precipitated from H,O by shifting the pH value to basic range
using KOH (10 M) and re-dissolved in water by shifting the pH value back to acidic state using
HCl1 (10 M). This was repeated three times and the final polymer was dissolved in EtOH
(2.0 mL) and neutralised using HCl,q (10 M, 0.24 mL), to give the final polymer suspension
(P0O8: 5.7% w/w). Following a similar procedure, P20 suspensions with a higher weight
concentration of 10.0% w/w were obtained by use of 200 mmol of monomers, which were
diluted for polymer concentration investigation.

2.3 Polymer exfoliation of graphene Typically, graphene dispersions were prepared by adding

graphite to 2.5 mL polymer solution (50 mL vial). Ultrasonication was carried out using a bath



sonicator (Bandelin Sonorex, 35 kHz). To maintain sonication efficiency and prevent
overheating, the water in the bath was decanted and re-filled with fresh water every 30 min.
After sonication, samples were left to stand overnight to allow any unstable graphite aggregates
to form and then centrifuged (Milipore-amicon MC-13). After centrifugation, the top two-thirds

of the dispersion was gently extracted by pipetting.

2.4 Characterization UV-vis absorption spectroscopy was conducted using a Varian Cary 60
spectrophotometer. Optical images were taken using an Olympus BX41 light microscope.
Scanning electron microscopy (SEM) observation was carried out using a field emission
microscope (FEI Quanta 600 FEG) operated at 20 kV and equipped with an energy-dispersive X-
ray spectrometer (EDX). Transmission electron microscopy (TEM) and high-resolution TEM
images were recorded with a transmission electron microscope (JEOL 2100F) operated at 200
kV. TEM samples were prepared by pipetting a few milliliters of the dispersion onto holey
carbon mesh grids (400 mesh). Raman spectra of graphene films and graphite powder were
collected with a Horiba Jobin Yvon LabRam 2 confocal Raman microscope with a HeNe Laser
excitation at 633 nm (1.96 ¢V) with a power of 3.5 mW. Deposited thin films were prepared by
vacuum filtration onto porous nylon membranes (Whatman, 0.2 pm pore size, 47 mm membrane
diameter) and dried at room temperature. Measurements were taken with 5 s of exposure time
using a long working distance objective of 50-fold magnification and aperture 0.5 yielding a
beam diameter of ~600 nm in the focus. The peak maximum intensity ratio was obtained by
taking the peak intensities following baseline corrections to remove residual fluorescence.
Thermogravimetric (TGA) analysis was performed on a Netzsch STA 409 PC/PG instrument in

an air atmosphere.

2.5 Thermal conductivity measurements The theoretical background and experimental set-up

for thermal conductivity measurements are illustrated in the Supporting Information. The



thermal conductivity sensor was placed in a vessel, which was temperature controlled by a water
thermostat (Type C, Haake, Karlsruhe, Germany). In addition, the needle probe was vertically
aligned in order to minimize errors related to free convection during the measurement procedure.
Moreover, the sensor was connected to one pair of leads for temperature measurements with the
type E thermocouple and the other pair supplied the heating current; connected instruments are a
data acquisition system (DAQ, 3700 System switch/multimeter equipped with a 3721 multiplex
card, Keithley, Munich, Germany) and a constant current source (DC Calibrator J 152, Knick,
Berlin, Germany). The junction of the thermocouple and the lead wire were immersed in an ice
bath which was used as a 0 °C temperature reference.

Prior to each thermal conductivity measurement, the sample was sonicated for 5 min in

an ultrasonic bath (type RK 106, Brandelin electronic, Berlin, Germany). The generated heating

power per unit length (¢ ) was determined from the equation ¢ = (%) I?using supplied current

(/) and the known total resistance per unit length of the heater wire in the sensor
(R/L=1041.5Qm™"). The DAQ recorded the temperature course inside the sensor
(thermocouple) with aninterval of 0.25s. The thermal conductivity measurements were
performed not less than 3 times for each sample at temperatures between 10 and 60 °C with a
heating rate of 0.12 W to ensure reproducibility of the experiment. Generated data were analyzed
using the maximum slope method according to the literature [20]. This method delivers

appropriate thermal conductivity results within an accuracy of 5%.

3. Results and discussion
After being subjected to mild bath sonication followed by centrifugation, stable graphene
dispersions in ethanol and isopropanol were obtained in the presence of P20, as clearly seen in

the inset of Fig. 1a. The Tyndall effect of the dispersion confirmed its colloidal nature (Fig. S3a).



This contrasts to the settling of graphene flakes upon centrifugation without P20. To find the
optimal content of P20 for graphene exfoliation, 4,,// was measured for a range of dispersions
versus P20 concentration at a fixed C;, = 5 mg mL", which showed a peak at a polymer
concentration of 20 mg mL" (Fig. 1a). As such, we chose to prepare subsequent dispersions with

C

P20

= 20 mg mL". The dispersibility of graphene in P20, in terms of A4/l at its optimal

660
concentration, was 4-fold as high as that in NMP. This also surpassed the values in surfactants,
such as SC [10] and STC [11], and the polymer PVP [12], each of which was reported to be one
of the best dispersing agents. The quantitative comparison of the yield of single-layer graphene
by P20, NMP, SC, STC and PVP remains inconclusive at present and needs to be further
addressed in our future work. We note that graphene can be readily dispersed in ethanol with the
aid of P20, which is not the case using the surfactants. The easy removability of ethanol
facilitates further processing of graphene for fabrication of films and composites. Another

advantage of using P20 for the exfoliation of graphene is its relatively low toxicity, thus making

it more user-friendly than traditional organic solvents and some surfactants or polymers.
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Fig. 1 (a) Aeco/l, the absorbance per unit-cell-length at 660 nm, for dispersions of graphene
(initial graphite concentration Cg; =5 mg mL'l, tsonic = 1 h, centrifugation: 3000 rpm for 30 min),
as a function of Cpyg in ethanol. For comparison purposes, A¢s0/! data for varying dispersions that
were prepared in a similar manner each at its optimal dispersant concentration (SC: 0.1, STC: 3,
PVP: 10 mg mL™") are also shown. Inset: Photographs of dispersions (C61=200 mg mL", fyonic =
24 h, centrifugation: 5000 rpm for 30 min); Left to right: G/i-PrOH, G/EtOH, P20/G/i-PrOH,

P20/G/EtOH, and P20/G/i-PrOH and P20/G/EtOH both diluted by a factor of 5. (b)
Concentration of dispersion (Cg) as a function of Cg ;. The symbols 2 and v represent PO8 and
P19, respectively. (Insets) Top: Aeso/l versus Cg. Bottom: Ageo// versus sonication bath 7. (Cpyo =

20 mg mL'l, centrifugation: 3000 rpm, 30 min). (¢) Ageo/l Versus tsonic for centrifugation speeds of

3000 and 5000 rpm (Cg; = 200 mg mL™, centrifugation: 30 min). Inset: Absorption spectra



before and after freezing (-26 °C) and heating (70 °C) for 24 h. (d) Ao/l versus centrifugation
speed (Cg1 = 200 mg mL'l, tsonic = 24 h, centrifugation: 30 min). Inset: Cg versus sedimentation
time for the dispersion (Cg; = 50 mg mL'l, tsonic = 24 h, centrifugation: 5000 rpm for 30 min).
The dashed line in (a) is drawn to guide the eye, whilst the dashed line in either (b) or (d) is the

fit to the data shown in the figure.

The UV-vis spectrum of graphene dispersion in P20 is featureless with a monotonic
decrease in absorbance with increasing wavelength, except below 320 nm where a strong
absorption band is observed which scales with P20 concentration but is less independent on
graphene concentration. This band can be mainly ascribed to the P20 (Fig. S4a).
Thermogravimetric (TGA) analysis together with knowledge of the mass of (graphitic material +
P20) after evaporation of ethanol for known volumes of dispersions allows one to determine the
concentration of the stock dispersion. A sample of the stock dispersion was serially diluted with
20 mg mL™" P20 solution. The absorbance per unit-cell-length for each diluted sample was then
measured and plotted as a function of graphene concentration (Cg) (top inset, Fig. 1b). A straight
line fit through the points gives the absorption coefficient at 660 nm of & = 2607 mL mg" m’
agreeing reasonably with those reported previously [9,11]. The non-zero intercept in the figure is
attributed to the A/l of extra polymer molecules in the dispersion.

Keeping Cpyo constant at 20 mg mL'l, Cc was measured as a function of Cg; (Fig. 1b).
An empirical relationship of Cg = 0.0178 x (Cg)"? is observed (fsonic = 1 h, centrifugation: 3000
rpm, 30 min), even at a very high Cg. Cg increases steadily with Cg and reaches 0.3 mg mL"
at Cg1 =200 mg mL™, a value that was achieved with SC after over 400 h of bath sonication [10].
We also found that Cs was dependant on sonication temperature and was maximized at 40 °C
(bottom inset, Fig. 1b). Moreover, the dispersed concentrations after centrifugation for 30 min at

3000 and 5000 rpm were plotted versus sonication time (Zonic, Fig. 1¢). The concentration



increases gradually with #onic, and attains values of 1.71 and 1.04 mg mL'l, respectively. It was
possible to recycle the sediment to increase the yield of graphene further. The concentration after
centrifugation at 500 rpm for 90 min (fsonic = 24 h) is as high as ~4 mg mL™', a value that is much
higher than the reported yield using the good surfactant (SC) [10] and the best organic solvent
(NMP) [6-7], and even surpasses the results for exfoliation of GO in organic solvents [21]. To
the best of our knowledge, this ranks one of the highest concentrations obtained for pristine
graphene to date. Significantly, in contrast to 400 h of bath sonication for dispersing graphene in
either NMP [7] or SC [10], the processing period herein (24 h) was dramatically reduced. The
stabilization of graphene by the polymer may arise from a steric effect, i.e. the hydrophobic
polymer segments, which contain a high percentage of allyl methacrylate and butyl acrylate,
interact with the surface of graphene, while loops of hydrophilic chains originating from higher
amounts of poly (ethylene glycol) methacrylate or dimethylamino methacrylate extend into the
bulk ethanol solution, hence preventing the sheets from aggregating.

The concentration after centrifugation at varying centrifugation rates (@) is shown in Fig.
1d. The Cg value scales well with ™' at > 3000, while an empirical scaling of Cg with the
inverse square root of centrifugation time is observed at a fixed centrifugation speed (@ = 5000)
(Fig. S4b). The dispersion stability was evaluated by monitoring Aes// and thus concentration as
a function of sedimentation time. The profile as shown in the inset of Fig. 1d exhibits an
exponential decay and can be well approximated by ¢ (£) = co + (c1-co) €%, where ¢ is the
concentration of the stable phase, ct represents the initial concentration of the dispersion, and ¢
corresponds to the sedimentation time constant. Fitting the data gave co/ct = 0.997 and 7 =456 h,
which indicated that approximately 99.7% of graphene in the dispersion remained stably
dispersed against sedimentation over very long times. Moreover, no degradation of the

dispersion occurred, even after freezing (—26 °C) or heating (70 °C) for 24 h, which was

10



reflected by the maintenance of its absorption spectra after subjection to either treatment (Fig.
S4c). For a number of applications, water would be the preferred solvent. However, the surface
energy of water does not match with that of pristine graphene [6], resulting in a very low yield of
graphene in water. With this in mind, it would be of significance to obtain graphene dispersions
that can be further processed using water. Here, we found that the P20/G/EtOH dispersions
retain high stability against sedimentation for at least 160 h even when exposed to water up to
80% volume ratio, as reflected by the maintenance of the absorbance (Fig. S5A). This may be
due to the dissociation of carboxyl groups in the polymer under natural and basic aqueous
conditions, which results in effective electrostatic repulsion forces between polymer-coated

graphene sheets enabling dispersion stability (Fig. SSB).
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Fig. 2 XRD patterns of the initial graphite and the sample resulting from the P20/G dispersion

(Zsonic = 24 hy centrifugation: 500 rpm, 30 min) after removal of ethanol at room temperature.

Inset: Anenlarged (002) reflection with the Lorentzian fit.

Figure 2 shows XRD patterns of the starting graphite and as-obtained P20/G. The
diffraction peaks at ~26.8 and ~54.8° in traces A and B originate from the (002) and (004)
reflections of the graphitic structure, respectively. The two peaks in trace B are approximately at

the same positions as those in trace A, suggesting that the graphite lattice was retained after
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exfoliation. However, weakening in the relative intensity of the (004) occurred, and almost no
(006) reflection was observed, which concurs with those observed for sublattices consisting of
few-layer graphene [22]. A broad peak at ~43.8° appeared corresponding to the (100) plane of
graphene. A remarkable broadening of the (002) peak, as shown in trace B, was clearly observed
indicating the formation of few-layer graphene. The mean thickness of layers was estimated
using the Debye-Scherrer equation: #=0.894/B002)c080(002), where ¢ is the thickness of the
graphitic stack and Bz represents the full width at half maximum (FWHM), which was
obtained from the Lorentzian fit for the (002) reflection. The number of layers is thus given by
t/d 02y Where do2) corresponds to the interlayer spacing between the (002) planes. In this case,

the mean number of layers was calculated to be ~14.

0.9 1.2 15
Energy (keV)

Fig. 3 (a) Optical and (b) SEM images of a deposited sample. Inset in (b): An enlarged SEM
image of P20/G showing interconnected graphene sheets. EDX mapping of the region shown in

(b): (¢) C and (d) O. (e) EDX pattern of the sample shown in (b). (f) SEM image of a crack on
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the surface of a film formed by vacuum-filtration of the dispersion.

Fig. 4 TEM images of (a) a number of few-layer graphene flakes and (b) an individual thin flake.

HRTEM images of (c) a monolayer graphene and (d) a section of monolayer graphene. (e) A
filtered image of the region enclosed by the square in (b). (f) Intensity analysis along the dashed
line in (e). (g) HRTEM image of a trilayer graphene. The inset in (a) is the FFT of the circled

regime. Insets in (c), (d), and (e) correspond to the FFT of the image.

Typical optical microscopy (Fig. 3a), SEM (Figs. 3b, 3f and S6a) along with elemental
mapping (Figs. 3c-¢), and TEM (Fig. 4a) images show large quantities of graphene-like flakes
stabilized by the polymer molecules. In addition to large flakes appearing as dark regions in the
optical image, many small flakes with lateral sizes of 500-1.5 um were detected by TEM. An

individual thin flake with possibly a folded morphology is shown in Fig. 4b. Thick multi-layer

13



sheets were rarely observed, while a significant number of few-layer graphene flakes (less than 5
layers) were easily identified by their edges. Most of the observed flakes appeared to be of good
quality and free of holes or other damages. Fig. 4c shows a high-resolution TEM (HRTEM)
image of a flake with well-defined edges, that appears to be a monolayer. As observed in the fast
Fourier transform (FFT, inset) of the image, intense (1100) spots are seen, whereas the (2110)
spots are too weak, further indicative of monolayer graphene. Shown in Fig. 4d is an aberration
corrected HRTEM image of a monolayer graphene. A filtered image (Fig. 4e) of the enclosed
region shown in Fig. 4d clearly illustrates the hexagonal nature of the graphene. Intensity
analysis (Fig. 4f) along the dashed line in Fig. 4e reveals a hexagon width of 0.24 nm, close to
the expected value of 0.25 nm [9]. Fig. 4f and Fig. S7f show trilayer and five-layer graphene

sheets, respectively.
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Fig. 5 (A) Raman spectra collected on the regions of large (b) and small (c) flakes for a thin ¢ Im

formed by filtration from a dispersion (¢,

sonic

= 24 h, centrifugation: 500 rpm, 30 min). Inset:
Optical image of the film. Raman mode for the starting graphite is also shown for comparison.
(B) Thermal conductivity (TC) of P20/G/EtOH (C,= 0.055 vol %) and P20/EtOH as a function

of temperature. Inset: Enhancement of TC versus temperature.
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Figure 5A shows representative Raman spectra of the original graphite powder and thin
films formed by vacuum filtration of the graphene dispersions. No D band being associated with
the breathing mode of k-point phonons of A;, symmetry was found in the Raman mode of large
flakes. This suggests that the exfoliation process did not lead to the formation of many defects in
the graphitic basal plane. The second-order two-phonon-mode 2D band of the flake resembles
the 2D band for graphite suggesting that the flake is relatively thick with >5 layers. In the case
of small flakes, a D band is observed. The ratio of D to G band intensity is about 0.33 which
indicates fewer defects than graphene sheets that were produced from the reduction of GO [11].
The Raman spectrum of the flakes is qualitatively in agreement with the Raman spectrum of
materials obtained from NMP-based dispersions [6-7]. The 2D line can be described as a single
Lorentzian peak possibly indicative of flakes with random stacking. This observation is in
contrast to the doublet 2D shape which consists of two components 2D; and 2D, typical of
graphite.

An enhancement (=25%) in thermal conductivity of the P20/G dispersion was observed at
a very low volume fraction of 0.055% (Fig. 5B). This outperforms the enhancement of <18%
demonstrated for graphene at 0.1 vol% [23] and of 10.5% for both GO and CNT nanofluids at a
much higher concentration of 1.0 vol% [24]. The enhancement shows temperature independence
akin to GO and CNTs suggesting a percolation model [23]. The superior enhancement of the
P20/G nanofluid relates to the low level of defects in the graphene and thus low phonon

scattering [25].

4. Conclusions
A set of acrylate polymers was demonstrated to be capable of exfoliating pristine graphite into

few-layer graphene in low boiling point alcohols. The polymer showed superior dispersion
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ability for graphene compared to the solvent NMP, the surfactants SC and STC, and the polymer
PVP. The dispersed concentration increased with the initial graphite concentration and reached
significantly high concentrations of up to ~4 mg mL"'. The graphene dispersions showed an
enhancement (=25%) in thermal conductivity at a low graphene volume fraction of 0.055%,

suggesting a potential in coolant applications.
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Fig. 1 (a) A_ /I, for dispersions of graphene (initial graphite concentration C., =5 mgmL", ¢ =
g oo p grap grap G g

1 h, centrifugation: 3000 rpm for 30 min), as a function of C,

oo 1IN ethanol. For comparison

purposes, 4/l data for varying dispersions that were prepared in a similar manner each at its
optimal dispersant concentration (SC: 0.1, STC: 3, PVP: 10 mg mL") are also shown. Inset:

Photographs of dispersions (Cj;= 200 mg mL", ¢ =24 h, centrifugation: 5000 rpm for 30 min);

sonic

Left to right: G/i-PrOH, G/EtOH, P20/G/i-PrOH, P20/G/EtOH, and P20/G/i-PrOH and

P20/G/EtOH both diluted by a factor of 5. (b) Concentration of dispersion (C,) as a function of

C,,- The symbols 2 “and v represent PO8 and P19, respectively. (Insets) Top: 4/ versus C,..

Bottom: 4, /I versus sonication bath 7. (C,,, = 20 mg mL", centrifugation: 3000 rpm, 30 min).
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(e) A/l versus ¢ . for centrifugation speeds of 3000 and 5000 rpm (C;, = 200 mg mL",

660 sonic

centrifugation: 30 min). Inset: Absorption spectra before and after freezing (-26 °C) and heating

(70 °C) for 24 h. (d) A,/! versus centrifugation speed (C,, = 200 mg mL", ¢

sonic

=24 h,

centrifugation: 30 min). Inset: C, versus sedimentation time for the dispersion (C,, = 50 mg mL’
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1

, t_. =24 h, centrifugation: 5000 rpm for 30 min). The dashed line in (a) is drawn to guide the

eye, whilst the dashed line in either (b) or (d) is the fit to the data shown in the figure.

Fig. 2 XRD patterns of the initial graphite and the sample resulting from the P20/G dispersion
(fsonic = 24 h, centrifugation: 500 rpm, 30 min) after removal of ethanol at room temperature.
Inset: An enlarged (002) reflection with the Lorentzian fit.

Fig. 3 (a) Optical and (b) SEM images of a deposited sample. Inset in (b): An enlarged SEM
image of P20/G showing interconnected graphene sheets. EDX mapping of the region shown in

(b): (¢) C and (d) O. (e) EDX pattern of the sample shown in (b). (f) SEM image of a crack on

the surface of a film formed by vacuum-filtration of the dispersion.

Fig. 4 TEM images of (a) a number of few-layer graphene flakes and (b) an individual thin flake.
HRTEM images of (c) a monolayer graphene and (d) a section of monolayer graphene. (¢) A
filtered image of the region enclosed by the square in (b). (f) Intensity analysis along the dashed
line in (e). (g) HRTEM image of a trilayer graphene. The inset in (a) is the FFT of the circled

regime. Insets in (c), (d), and (e) correspond to the FFT of the image.

Fig. 5 (A) Raman spectra collected on the regions of large (b) and small (c) flakes for a thin ¢ Im

formed by filtration from a dispersion (¢

sonic

= 24 h, centrifugation: 500 rpm, 30 min). Inset:
Optical image of the film. Raman mode for the starting graphite is also shown for comparison.
(B) Thermal conductivity (TC) of P20/G/EtOH (C,= 0.055 vol %) and P20/EtOH as a function

of temperature. Inset: Enhancement of TC versus temperature.
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Fig. S1 Chemical structures of the polymers P20, PO8 and P19 used in this work.
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Table S1 Monomer amounts used for the synthesis of P20, P08, and P19.

AlIMA PEGMA BA DMAEMA MAA
P20 631 mg /395 mg /417 mg /- 86 mg /
5.0 mmol 0.75 mmol 3.25 mmol 1.0 mmol
P08 631 mg /395 mg /480 mg /79 mg A
5.0 mmol 0.75 mmol 3.75 mmol 0.5 mmol
P19 631 mg /395 mg / 481 mg /- 43 mg /
5.0 mmol 0.75 mmol 3.75 mmol 0.5 mmol

Theoretical background for thermal conductivity measurements

Thermal conductivity measurements were carried out using a needle probe (sensor) mainly based
on the theory of a line heat source [1]. Van der Helden derived a theoretical approach from
Fourier’s law which can be expressed as follows by assuming an infinite length and a radially
symmetric temperature field gradient:

oT 0°T 19T Equation 1
—=a| —t——
ot [ar2 ror J

where T, t, r, and a correspond to the temperature, time, radius, and thermal diffusivity,

respectively. Given a sufficiently long measurement time, A7 can be approximated as:
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: Equation 2
AT = L[— ;/+ln(4—it]\
r

in which ¢ represents the heat flux, A denotes the thermal conductivity, and y is Euler’s constant

(= 0.5772) [2]. Furthermore, Equation can be simplified as:

A= g In(z,)- In(z,) Equation 3
dm o T,-T,

This expression was applied here for thermal conductivity determination.

Experimental instrument for thermal conductivity measurements

The sensor (East 30 Sensors, Pullman, USA) used in this work has a diameter of 1.27 mm and a
heater length of 60 mm. The length-to-diameter ratio is thus derived as 47.2, a value that is larger
than the minimum recommended value of 32 required for the line heat source method [3]. This
meets the assumption of an infinitively long and thin heat source. The sensor housing is
constructed of a stainless steel tube with a wall thickness of about 0.2 mm, which is filled with
highly thermal conductive epoxy (29.7x10 cal s cm™ °C™, given by the manufacturer). The
heater wire is made of a temperature invariant resistant evanohm alloy (Ni 75 wt.%, Cr 20 wt.%,
Al 2.5wt.%, Cu 2.5 wt.%). The total resistance per unit length of the heater wire is 1041.5 Q m”
(provided by the manufacturer). To detect the temperature course during the measurements, a

type-E thermocouple is placed in the sensor, the Seebeck coefficient of which is 62 mV K™ [3].

23



Fig. S2 Experimental set-up of the thermal conductivity apparatus.

The experimental set-up for thermal conductivity measurements is displayed in Fig. S2.
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Fig. S3 (a) Photograph of a P20/G dispersion in EtOH. The Tyndall effect of the dispersion
confirms its colloidal nature. Inset: Schematic illustration of the stabilization of graphene sheets
by polymer molecules through a steric effect, i.e. the hydrophobic polymer segments, which
contain a high percentage of allyl methacrylate and butyl acrylate, interact with the surface of

graphene while loops of hydrophilic chains, originating from higher amounts of poly (ethylene
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glycol) methacrylate or dimethylamino methacrylate, extend into the bulk ethanol solution, thus
preventing the sheets from aggregating. (b) TGA thermograms for graphite powder, pure P20,

and P20/G obtained with a ramping rate of 10 °C min™' in air.
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Fig. S4 (a) Absorption spectrum for a P20 ethanol solution at 0.5 mg mL™. (b) Aeeo// versus
centrifugation time exhibiting an empirical relationship of Agso/l = 1969 x 2. (c) Absorption

spectra before and after freezing (-26 °C) and heating (70 °C) for 24 h.
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Fig. S5 (A) Aeseo/! versus sedimentation time for graphene dispersions (Cgy = 50 mg mL'l, Lsonic =
24 h, centrifugation: 10000 rpm for 1 h) diluted by addition of 20 (e), 50 (¢), and 80% (A) H,O.
The dashed lines shown in the figure are drawn to guide the eye. (B) Zeta potentials for the
dispersion (Cg; = 50 mg mL'l, tsonic = 24 h, centrifugation: 10000 rpm for 1 h) diluted by
addition of 80% H,O as a function of pH. The absolute values of Zeta potential at original and
basic conditions are higher than 30 mV, suggesting the stability of the dispersion. The value
decreases with the reduction in pH originating from the neutralization of negative surface charge

of polymer-coated graphene sheets.

5 nm

Fig. S6 SEM image of (a) the sample obtained by freeze-drying of the dispersion. Inset in (a)
shows the bulk morphology of the freeze-dried sample. (b) HRTEM image of a 5-layer graphene

sheet.
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