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The realization of good aqueous dispersibility of commercial graphene products composed of exfoliated
graphene sheets is of significance for downstream applications. However, the tap density of commercial
graphene powder is quite low (0.03-0.1 kg/m?), meaning that 1kg graphene powder occupies about
10-30 m® in volume during transportation. And, the available content of commercial graphene
dispersion/slurry in aqueous medium cannot exceed 5 wt%, although the density is high (=~ 1050 kg/m?).
In this work, a graphene monolith was prepared by oven-drying of graphene sheets prefunctionalized
with poloxamer surfactants. Our graphene monoliths not only have a high density (1500 kg/m?) and high
graphene content (=~ 10 wt%), but also a full capability to be completely redispersed (~ 100%) in water by
bath sonication to obtain solubilized graphene sheets, whose lateral size and thickness are unchanged
compared to as-exfoliated ones. Moreover, a simple empirical method was proposed to predict the
redispersion capability of graphene monoliths using different poloxamers by contact angle measure-
ments. Our results provide a universal approach to make exfoliated graphene-based products with better
downstream availability and lower transportation cost.
© 2020 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
Published by Elsevier B.V. All rights reserved.
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Graphene, a well-known two-dimensional material, exhibits
interesting properties different from other nanomaterials and has
attracted considerable attention in both academia and industry
[1-3]. Made up by one-atom-thick honeycomb-latticed carbon
atoms, graphene has many fascinating properties, including
highest thermal conductivity [4], ultrahigh carrier mobility [5],
great mechanical strength, etc. [6], thus showing great application
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potential in conductive inks [7], functional polymer composites
[8,9], energy storage/conversion [10-12], and flexible transparent
electronics [13,14]. In order to better develop graphene based
applications, the production of graphene in a large quantity or
large-area using high-efficiency, low-cost, and environmentally
friendly methods is strongly demanded. In the past ten years,
graphene production has been successfully commercialized based
on top-down and bottom-up approaches, the former typically
including Hummers method [15], electrochemical exfoliation [16]
and sonication-assisted liquid exfoliation [17], as well as the latter
mainly chemical vapor deposition (CVD) [18]. Graphene products
prepared by above two approaches have different features and
suitable applications, as an example, large-area graphene films
grown by CVD are good candidates for use in transparent
conductive electrodes [19]. In addition, exfoliated graphene sheets
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with a production capacity of several hundred kilograms has been
applied in anticorrosive paints [20,21], heat spreaders [22,23], and
conductive additives for Li-ion batteries, etc. [24].

Due to the strong m-7 interaction between graphene layers,
exfoliated graphene sheets without appropriate treatment would
be easily restacked and lose their properties during storage and
transportation [25]. Therefore, the guarantee of good redispersi-
bility of graphene products in a liquid medium (in most cases,
water) is of most importance for further use. In general,
commercial exfoliated graphene is made into two forms: liquid
dispersion/slurry and dry powder [26]. The liquid dispersion/
slurry is prepared by dispersing exfoliated graphene in aqueous or
organic media and certainly has good dispersibility [27]. However,
in order to avoid restacking, the available content of graphene in
the dispersion/slurry is limited to be less than 5wt% [28],
suggesting very low volume usage of the products and high rise
of transportation cost. In contrast, the powder form has a high
content of graphene (50—90 wt%) [29], but a poor redispersibility
without the assistance of surfactants, especially when dispersed in
water [30]. Moreover, the tap density of graphene powder obtained
mostly by spray drying is quite low (0.03-0.1 kg/m?) [31,32],
meaning that 1 kg graphene powder occupies about 10-30 m? in
volume. This results in low transportation efficiency due to
unnecessary waste of cargo space. As aresult, currently, it has a real
demand from the industry side to provide graphene products with
the form which possesses good aqueous redispersibility, high
packing density, and high graphene content.

Here, a dense monolith made of graphene sheets prefunction-
alized with poloxamer nonionic surfactants was prepared by oven
drying. Poloxamer is an effective and innocuous surfactant, and has
been commonly used for improving water solubility and bioavail-
ability of drugs [33]. Compared to as-prepared graphene, the oven
dried monoliths made of poloxamer functionalized graphene
sheets have a density of up to 1500 kg/m?>, which is four orders
magnitude higher than the tap density of commercial graphene
powder. Moreover, with the assistance of poloxamers (e.g.,
Pluronic P123), the graphene monoliths can be completely
redispersed in water by bath sonication for 5 min. Our investiga-
tion may offer an alternative concept to make products based on
exfoliated graphene with better downstream availability and lower
transportation cost.

In this work, the as-prepared graphene sheets were dispersed in
deionized (DI) water medium with a concentration of 0.03 mg/mL.
Poloxamers with different mass ratios of surfactant/graphene were
dissolved in 10 mL graphene dispersion, respectively, by ultra-
sonication for 2 h. The solutions were dried in the oven at 120 °C for
3h to completely remove water. Then graphene powder was
obtained, following with cold-molding into monolith. As well
known, due to the attractive van der Waals interactions between
graphene sheets, exfoliated graphene without hydrophilic surface
functionalization tend to form aggregates in aqueous medium [34].
In such cases, as presented in Fig. 1a, the oven dried monoliths
made of unfunctionalized graphene sheets cannot be well
redispersed in water, because of the creation of a high binding
energy (~ 1.65eV/nm?) between graphene interlayers during
drying [35,36]. In contrast, with the assistance of enough
surfactants, graphene sheets can be homogeneously redispersed
from the monolith by bath sonication for 5 min. This interprets the
significance of our study to produce water redispersible graphene
monoliths by functionalization with poloxamer surfactants.

Graphene sheets used in this study were synthesized using an
electrochemical exfoliation method [37], by which the obtained
sheets are composed of few-layer graphene with a lateral size
ranging from a few to more than 10 wm (Fig. 1b). The characteristic of
electrochemically exfoliated graphene is the better electrical
properties without the need of further reduction treatment [38],

as-prepared K

graphene wlo

g - surfactant i M
e 4 ’ #

& ¥
oven i ‘% .

drying ¢ ‘

with " %

- —— 2
surfactant b .‘

——C=C 68.5% N G
C-0 17.4% ; \
—C-0 14.1%

,\
O
)
~
&

Intensity (a.u.)
Intensity (a.u.)

201 289 287 285 283
Binding Encrgy (cV)

1200 1500 1800 2100 2400 2700 3000
Raman Shift (cm™)

Fig.1. (a) Schematic of water redispersible graphene monoliths with the assistance
of poloxamer surfactants. (b) Morphology, (c) C 1s XPS spectrum and (d) Raman
spectrum of electrochemically exfoliated graphene sheets.

but the intrinsic hydrophobic feature makes it difficult to disperse in
water due to the low content of surface oxygen-containing groups. As
the high-resolution C 1s XPS spectrum shown in Fig. 1c, three
deconvoluted components can be assigned to sp?>-hybridized bonds
(C=C, at ~ 284.4eV), hydroxyl (C—0O, at ~ 286.1 eV), and carbonyl
groups (C=0, at ~ 287.1 eV), respectively [39]. Accordingly, the ratio
of oxygen-containing groups of electrochemically exfoliated graphene
is ~ 31.5%, which is lower than that of graphene oxide (46.5%-57.2%)
[40]. In addition, a 2D-band at ~ 2700 cm ™! with a I,p/I; ratio of 0.31
(the peak heightratio between 2D-and G-bands) can be found in the
Raman spectrum in Fig. 1d, demonstrating that the quality of
electrochemically exfoliated graphene is close to reduced graphene
oxide [41,42].

Not only the good aqueous dispersibility, but the maintenance
of atomic thickness of graphene redispersed from the monolith is
also of importance for further applications. The influence of
graphene sheets prefunctionalized with and without poloxamers
on their morphology after redispersion was investigated, as
exhibited in Fig. 2. In Fig. 2a, the as-prepared graphene sheets
placed on SiO,/Si substrate (300 nm-thick SiO,) show a typical
polygonal shape, and the restacking phenomenon can be clearly
seen in Fig. 2b when graphene was oven dried without the use of
surfactants and then redispersed in water by ultrasonication. In
contrast, Fig. 2c indicates that the morphology of redispersed
graphene sheets with poloxamer functionalization is as same as
that of as-prepared one. The change of the sample thickness was
precisely examined by AFM analysis, as the results displayed in
Figs. 2d-f. Note that the samples were rigorously rinsed by DI
water to remove the surfactant residue before AFM measurements
[39]. As expected, the morphological variation between three
samples according to AFM images confirms the SEM observations.
Fig. 2g is the statistical analysis of graphene thickness derived from
Figs. 2d-f, demonstrating that the average thickness of redispersed
graphene with functionalization (5.9 nm) is similar to that of as-
prepared one (5.0 nm), whereas, without surfactant assistance,
graphene sheets would be restacked and difficult to be well
redispersed based on the increased thickness (25.4 nm). Fig. S1
(Supporting information) indicates that the Raman spectrum of
the poloxamer-prefunctionalized graphene is similar to that of
pristine as-prepared graphene sheets, interpreting that the surface
functionalization of graphene sheets may not alter their defect
degree and crystalline structure. In contrast to as-prepared
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Fig. 2. SEM images of (a) as-prepared graphene sheets and the samples redispersed
from the monolith (b) without and (c) with poloxamer functionalization. (d-f) The
corresponding AFM images. (g) Statistical analysis of graphene thickness derived
from (d-f). (h) Schematic of the function of surfactants for improving the
redispersibility of graphene monoliths.

graphene sheets, a dominant C—O peak at ~ 285.8 eV in C 1s XPS
spectrum can be observed for the sample after poloxamer
prefunctionalization (Fig. S2 in Supporting information), which
can be attributed to the contribution from rich ether bonds of
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poloxamer molecules. As shown in Fig. 2h, the enhancement
mechanism of water redispersibility of graphene monoliths with
functionalization can be attributed to the blocking effect of
surfactants between graphene interlayers. In addition, during
redispersion, the dissolved surfactants may also lower the surface
tension of water to better match that of graphene [43].

In order to systematically study the redispersion effect based on
the conditions of surfactants, four kinds of poloxamer surfactants
with a general term of poly(ethylene oxide)-poly(propylene
oxide)-poly(ethylene oxide) triblock copolymers (PEO-PPO-
PEO) were employed (Pluronic F68, L61, F127 and P123). In
Fig. 3a, we found that the redispersion capability of graphene
sheets was improved by increasing the added amount of
poloxamers in the graphene monoliths. The monoliths with a
similar density of ~ 1500 kg/m> were prepared by mixing water
dissolved poloxamer with 0.01-3mg/mL concentrations and
0.03 mg/mL graphene, followed by oven drying. The redispersion
properties of graphene monoliths can be quantitatively character-
ized by determining the absorbance of redispersed solution in the
UV-vis spectra. A calibration curve was first developed by
dispersing as-prepared graphene with defined concentrations
in ethanol, and the absorbance in the UV-vis region was recorded
as presented in Fig. 3b. Since there is no absorption peak of the
dispersion in the visible light range of 400-800nm, the
absorbance at 650 nm wavelength was set as an indicator of
dispersed/redispersed graphene concentration (mg/mL) and the
calibration curve could be defined as: Y(absorbance at
650 nm)=30.1 X(graphene concentration). The linearity of the
calibration curve suggests a good fit of Beer-Lambert law [44]. As
shown in Fig. 3¢, no matter what kind and amount of poloxamers
were added, the UV-vis absorbance of as-prepared graphene
dispersions keeps almost the same. However, after drying, the
absorbance of graphene inks redispersed from the monolith
varies as a function of added poloxamer concentration
(0.01-3 mg/mL). This indicates that graphene sheets could be
uniformly separated from the monolith and the surface tension of
water could be adjusted to an appropriate value, when enough
surfactants were added. Note that excess surfactants would not
give a bonus to help redispersion.
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Fig. 3. (a) Photos of as-prepared graphene dispersion and redispersed graphene inks with different poloxamer concentrations. (b) UV-vis absorbance of as-prepared
graphene dispersions and the calibration curve. (c) UV-vis absorbance of redispersed graphene inks with different poloxamer concentrations.
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Fig. 4. (a-d) UV-vis absorbance at 650 nm of as-prepared graphene dispersions and redispersed graphene inks with different poloxamer conditions. (e-h) The redispersion

ratio and K value calculated from (a-d).

According to the value of UV-vis absorbance at 650 nm, the
redispersion ratio of graphene inks from the monolith with
different poloxamer conditions can be obtained for comparing
their redispersion capability. In Figs. 4a-d, the absorbance is
similar (~ 0.85) for as-prepared graphene dispersions (graphene
content: 0.03 mg/mL) with various poloxamer types and added
concentrations. After redispersion, the absorbance of graphene
inks is quite low (0.05-0.15) when only small amount of
poloxamers was added at a mass ratio of surfactant/graphene of
0.33, and then linearly increases with an increase of the surfactant/
graphene mass ratio, eventually achieving a saturation value
(0.84-0.92) which is similar to that of as-prepared graphene
dispersions. Due to the limited resolution of UV-vis spectrometer,
some absorbance values of redispersion are over those of as-
prepared dispersion. In Figs. 4e-h, the redispersion ratio can be
estimated, which is defined as the ratio of absorbance at 650 nm
between redispersed graphene ink and as-prepared graphene
dispersion. Correspondingly, the K value calculated from the slope
of linear fit is an indicator: a higher K represents easy achievement
of 100% redispersion of graphene monoliths at a lower dosage of
poloxamers. As a result, the estimated values are 0.43 (F68), 0.48
(L61),0.57 (F127) and 0.60 (P123), respectively, demonstrating that
P123 is the most effective surfactant for our purpose and the
dosage is ~ 90% compared to that of F68 for achieving complete
redispersion.

The relation between K value and affinity between poloxamer
and graphene was studied by contact angle measurements. As
displayed in Fig. 5a, aqueous solution with 1 mg/mL poloxamer
concentration was dropped onto the surface of as-prepared
graphene sheets, and the observed contact angles are 54.2°
(F68), 45.1° (L61), 41.2° (F127) and 31.7° (P123), respectively. At
steady-state, the contact angle of those solution drops in Fig. 5a is
less than 60.0°, indicating that graphene is lyophilic to poloxamer
aqueous solution, whereas the contact angle is large (~ 70.2°)
when DI water was dropped on the graphene surface. As shown in
Fig. 5b, we concluded that a better affinity (smaller contact angle)
between poloxamer and graphene may lead to a higher K value.
The redispersion mechanism of graphene monoliths with func-
tionalization is proposed and schematically illustrated in Fig. 5c.
During redispersion, water is difficult to insert into graphene
interlayers due to the hydrophobic nature of graphene, and
graphene sheets prefunctionalized with poloxamer result in ease
of intercalation of water molecules because of low contact angle
between them.
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Fig. 5. (a) Contact angle measurements of poloxamer aqueous solutions dropped
on the graphene surface. (b) K value as a function of contact angle. (c) The
redispersion mechanism of graphene monoliths with poloxamer functionalization.

In summary, we have made a systematic study on the
preparation of graphene monoliths which possesses good aqueous
redispersibility (~ 100%), high density (1500 kg/m?), and high
graphene content (~ 10wt%). The redispersibility of dense
graphene monoliths is implemented by functionalization with
poloxamer surfactants, such as Pluronic P123. Note that either the
lateral size or sheet thickness of graphene would not be altered
after redispersion based on our proposed approach, guaranteeing
the convenience and performance of downstream applications.
Moreover, we developed a simple empirical method to predict the
redispersion capability of graphene monoliths using different
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poloxamers by contact angle measurements. Note that this
empirical finding may also be applied to other surfactant systems.
Our work paves a feasible way to make water redispersible
graphene products which may lower transportation cost and give
better downstream availability.
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