
2003426  (1 of 10) © 2020 Wiley-VCH GmbH

www.small-journal.com

FULL PAPER

Graphene Oxide “Surfactant”-Directed Tunable 
Concentration of Graphene Dispersion

Jiajun Luo, Liangwei Yang, Danping Sun, Zhenfei Gao, Kun Jiao,* and Jin Zhang*

J. Luo, Dr. L. Yang, Dr. D. Sun, Dr. Z. Gao, Dr. K. Jiao, Prof. J. Zhang
Center for Nanochemistry
Beijing Science and Engineering Center for Nanocarbons
Beijing National Laboratory for Molecular Sciences
College of Chemistry and Molecular Engineering
Peking University
Beijing 100871, P. R. China
E-mail: jinzhang@pku.edu.cn
J. Luo, Prof. J. Zhang
Academy for Advanced Interdisciplinary Studies
Peking University
Beijing 100871, P. R. China
J. Luo, Dr. L. Yang, Dr. D. Sun, Dr. Z. Gao, Dr. K. Jiao, Prof. J. Zhang
Beijing Graphene Institute (BGI)
Beijing 100095, P. R. China
E-mail: jiaokun@bgi-graphene.com
Dr. L. Yang
Research Institute of Aerospace Special Materials  
and Processing Technology
Beijing 100074, P. R. China

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/smll.202003426.

DOI: 10.1002/smll.202003426

1. Introduction

As the thinnest carbon material, graphene possesses unique 
and extraordinary mechanical, electrical, and thermal properties 

Homogeneous graphene dispersions with tunable concentrations are 
fundamental prerequisites for the preparation of graphene-based materials. 
Here, a strategy for effectively dispersing graphene using graphene oxide 
(GO) to produce homogeneous, tunable, and ultrahigh concentration 
graphene dispersions (>150 mg mL−1) is proposed. The structure of GO with 
abundant edge-bound hydrophilic carboxyl groups and in-plane hydrophobic 
π-conjugated domains allows it to function as a special “surfactant” that 
enables graphene dispersion. In acidic solutions, GO sheets tend to form 
edge-to-edge hydrogen bonds and expose the π-conjugated regions which 
interact with graphene, thereby promoting graphene dispersion. While in 
alkaline solutions, GO sheets tend to stack in a surface-to-surface manner, 
thereby blocking the π-conjugated regions and impeding graphene dispersion. 
As the concentration of GO-dispersed graphene dispersion (GO/G) increases, 
a continuous transition between four states is obtained, including a dilute 
dispersion, a thick paste, a free-standing gel, and a kneadable, playdough-like 
material. Furthermore, GO/G can be applied to create desirable structures 
including highly conductive graphene films with excellent flexibility, thereby 
demonstrating an immense potential in flexible composite materials.

by virtue of its honeycomb-lattice arrange-
ment of atoms.[1,2] Although graphene has 
been used in many fields,[3–7] its remark-
able properties are only observed on a 
molecular level and cannot be effectively 
utilized in macroscopic graphene-based 
materials. Thus, to more widely apply gra-
phene intrinsic superior properties in var-
ious fields, it is necessary and extremely 
important to build a bridge to transfer 
the excellent microscopic properties of 
graphene to macroscopic graphene-based 
materials.[8] In this regard, the prepara-
tion of homogeneous, stable graphene 
dispersions is one of the key issues. How-
ever, the main challenge for dispersing 
graphene nanosheets in aqueous solution 
is their tendency to agglomerate because 
of the mismatch of surface tensions and 
strong π–π interactions between the large 
sp2-conjugated structures.[9,10] To date, two 
feasible strategies have been generally 
adopted to address this problem. The first 
involves the noncovalent functionalization 

of graphene using specific polymers, surfactants, or conjugated 
aromatic small molecules as stabilizers (such as polyvinylpyr-
rolidone, diazaperopyrenium dications, or pyrenes).[11–19] The 
second strategy employs the covalent functionalization of gra-
phene, increasing its hydrophilicity by grafting functional moie-
ties such as hydroxyl, carboxyl, or amino groups.[20–23] However, 
covalent functionalization can destroy the original perfect 
structure and affect the microscopic properties of graphene; 
meanwhile, noncovalent functionalization usually introduces 
impurities into the system which may affect the transfer of 
microscopic properties to macroscopic properties.[10] Therefore, 
developing an efficient dispersion method that can maximally 
maintain and transfer the microscopic properties of graphene 
remains an urgent and challenging problem.

Besides, obtaining tunable and ultrahigh concentration gra-
phene dispersions is critical to the applications of graphene in 
different fields. For example, low-concentration graphene disper-
sions can be used to make the conductive film and heat dissi-
pation film;[24–26] high-concentration graphene dispersions can 
be spun into high-performance graphene fibers[27,28] and ultra-
high concentration graphene dispersions can be used for energy 
storage.[29] So far, low-concentration graphene dispersions are 
easily obtained using traditional graphene dispersants. How-
ever, it is difficult to prepare high-concentration or ultrahigh 
concentration graphene dispersions due to the requirement of 
a high concentration of dispersant, which inevitably can cause 
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the instability of graphene dispersions. First, the solubility of 
some dispersants is relatively small, which cannot meet the 
requirements. Second, it is difficult to combine the dispersant 
and graphene homogeneously at high concentration. Therefore, 
exploring a suitable graphene dispersant remains a top priority.

The noncovalent functionalization of graphene should be 
the most suitable option for maximally retaining its intrinsic 
properties. Surfactants are 1D chain-like molecules consisting 
of hydrophilic heads and hydrophobic tails that can adsorb 
at interface and reduce the surface tension of the solvent.[30] 
Several small organic molecules possessing aromatic planar 
surfaces and functional polar or apolar groups decorating the 
aromatic core have been used as surfactants to disperse gra-
phene.[9,12,13,15,31] Compared with these small organic molecules, 
graphene oxide (GO) contains a mass of larger hydrophobic 
π-conjugated regions as well as epoxy groups and hydroxyl 
groups on the basal plane, and more hydrophilic carboxyl 
groups at the edges.[32–35] Because of its special amphiphilic 
properties, GO can be stably dispersed in aqueous solutions at 
ultrahigh concentration and adhere to and activate the interface. 
For example, GO in aqueous solution can exhibit from low-con-
centration dispersions to high-concentration dense solids with 
the increase of GO concentration.[29] What is more, GO can 
be captured by the rising bubble of aqueous solution and then 
transported to the water surface to activate the interface.[36,37] 
Therefore, GO could be expected to act as a special “surfactant” 
to disperse graphene through π–π interactions between the 
π-conjugated basal plane in aqueous solution with high concen-
tration.[38,39] Owing to the structural similarity between GO and 
graphene, the prepared macroscopic graphene-based materials 
may maximally maintain intrinsic properties of graphene.

Herein, we report an efficient “surfactant”-GO that effectively 
disperses graphene through π–π interactions in acidic aqueous 
solutions, without the need for any additives. In acidic solu-
tions, GO sheets tend to form edge-to-edge hydrogen bonds and 
expose the π-conjugated regions, which interact with graphene, 
thereby promoting dispersibility. In contrast, GO sheets tend 
to stack in a surface-to-surface manner in alkaline solutions, 
thereby blocking the π-conjugated regions and impeding gra-
phene dispersion. Stable, homogeneous graphene dispersions 
at unprecedentedly high concentrations (>150 mg mL−1) can be 
obtained by adjusting the pH value to make the dispersion alka-
line, as shown in Figure  1a. In addition, as the concentration 
of GO-directed graphene dispersion (GO/G) increases, a con-
tinuous transition between four states is observed, including a 
dilute dispersion, a thick paste, a free-standing gel, and, even-
tually, a kneadable, playdough-like material (Figure  1b). These 
four states can be further transformed into 1D graphene fibers, 
2D graphene films, and 3D graphene doughs through a broad 
array of material-processing techniques.

2. Results and Discussion

2.1. The Structure and Interface Activity of GO

In order to determine the ability of GO to disperse graphene, 
the structure of GO was considered first. GO was analyzed by 
X-ray photoelectron spectroscopy (XPS) to evaluate the chem-
ical states of various elements and the presence of functional 
groups. The survey scan spectra of all samples (Figure S1, Sup-
porting Information) show the presence of carbon and oxygen 

Figure 1.  a) Schematic illustration of graphene dispersion using GO as a special “surfactant.” The addtion of OH− will destroy the edge-to-edge 
hydrogen bonds between GO sheets and form stable graphene dispersion. b) Four continuous physical states as a function of GO/G concentration, 
including a dilute dispersion, a thick paste, a free-standing gel, and a kneadable, playdough-like material.
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with a trace amount of sulfur, which was a result of process 
contamination. High-resolution XPS spectra of C 1s region and 
O 1s region give detailed information (Figure S2, Supporting 
Information). The deconvoluted C 1s peaks 1, 2, 3, 4, and 5 
show peak binding energies of 291.82, 289.44, 287.91, 286.52, 
and 284.60  eV, which correspond to π–π* satellite bonds, 
OCO, CO, CO, and CC, respectively. The deconvo-
luted O 1s peaks 1, 2, 3, and 4 with binding energies of 533.92, 
532.98, 532.55, and 531.38  eV represent the COC, COH, 
CO, and OCO groups, respectively.[40–43] These fully show 
that GO has rich functional groups, such as carboxyl, hydroxyl, 
and epoxy groups, which make GO have better water solubility 
and can be stably dispersed in aqueous solution. In a typical 
GO structure, the carboxyl groups are mainly distributed at the 
edge, hydroxyl and epoxy groups are mainly on the basal plane, 
and there are also a large number of holes and hydrophobic 
π-conjugated regions.[44]

Based on its special amphiphilic properties, GO exhibits 
interfacial activity and can form Pickering emulsions at the 
water–oil interface, similar to surfactants.[37] To probe these 
phenomena in detail, we mixed GO aqueous solutions at dif-
ferent pH values with organic solvents and studied their emul-
sification properties. As pH value increases, the volume of the 
Pickering emulsion formed between GO aqueous solution 
and n-hexane decreases, and the Pickering emulsion droplets 
become larger (Figure S3, Supporting Information), meaning 
that the ability of GO to form Pickering emulsion gradually 
decreases, and the interfacial activity becomes weaker. This 
is due to the deprotonation reaction of edge-bound carboxyl 
groups of GO to produce more hydrophilic carboxylate ions, 
which leads to the enhanced hydrophilic properties of GO, 
thereby reducing its interfacial activity. More importantly, when 
n-hexane is replaced by π-conjugated toluene, the volume of 
Pickering emulsion becomes larger, and the droplets become 
smaller (Figure S4a, Supporting Information). Moreover, with 
the increase of GO concentration, the tendency to form a 

Pickering emulsion with toluene is more pronounced than that 
with n-hexane (Figures S4b, S5, and S6, Supporting Informa-
tion). Results above indicate that GO can interact with toluene 
through its π-conjugated basal plane regions to form more 
stable Pickering emulsion. These results further illustrate that 
the amphiphilic properties of GO depend not only on its edge-
bound carboxyl groups but also on its π-conjugated basal plane 
regions.

An efficient dispersant for dispersing graphene usually 
exhibits two basic characteristic: a high affinity toward gra-
phene and good compatibility with the dispersing medium.[4] 
GO that contains a large number of π-conjugated regions on 
its basal plane has the potential to interact with graphene via 
π–π interactions to achieve the dispersion of graphene.[39,45,46] 
Besides, owing to the presence of numerous hydrophilic car-
boxyl groups at the edges of GO, it can be stably dispersed in 
aqueous solution. These factors inspired us to use GO as a spe-
cial “surfactant” to disperse graphene in aqueous solution by 
changing its interfacial activity.

2.2. Performance of GO as a Graphene Dispersant

To verify the capability of GO as a special dispersant for 
graphene in water, graphene powder was characterized in 
detail. Low-resolution transmission electron microscopy (TEM) 
and atomic force microscopy (AFM) indicate that the average 
size of graphene is about 3.2  µm (Figure  2a; Figure S7, Sup-
porting Information). High-resolution TEM shows that gra-
phene that we used was with few layers, consistent with the 
results of AFM (Figure 2b).

To achieve the dispersion of graphene, commercial and high-
concentration GO dispersion was first diluted with deionized 
water to homogeneous and low-concentration GO dispersion 
with an average size of ≈620 nm and a pH value of ≈5–6 by an 
ultrasonic process (Figure S8, Supporting Information). Then, 

Figure 2.  a) Low-magnification TEM image of graphene. b) High-resolution TEM image of the edge of graphene and a layer spacing of ≈0.35 nm can 
be observed. c) AFM image of GO/G; the inset shows the thickness of GO/G hybrid. d) Effect of the pH of GO/G on the GO/G sheets size (pH value 
of GO aqueous solution is 6, mGO:mG = 1:2). e) Effect of pH of GO aqueous solution on GO/G sheets size (pH value of GO/G is 12, mGO:mG = 1:2). 
f) Zeta potential of GO aqueous solution and GO/G as a function of pH (cGO = 0.05 mg mL−1, mGO:mG = 1:2).

Small 2020, 2003426



2003426  (4 of 10)

www.advancedsciencenews.com

© 2020 Wiley-VCH GmbH

www.small-journal.com

graphene powder with an appropriate proportion was added to 
above GO dispersion and was sonicated with suitable power 
for a certain time (Figure S9, Supporting Information). As 
expected, a stable and homogeneous graphene dispersion was 
obtained in the aqueous solution. Further, compared with gra-
phene dispersed in water, no distinct sedimentation of GO/G is 
observed (Figure S10, Supporting Information).

However, after shaking GO/G, floccules and sediments vis-
ible to the naked eye appear quickly. Interestingly, when the pH 
value of the solution is adjusted above 8 using NaOH solution 
(pH = 13), the floccules quickly disappear, a stable and homo-
geneous dispersion is achieved. Figure  2c displays a typical 
AFM image of GO/G hybrid. It should be noted that when the 
alkaline GO/G is adjusted to acidic with HCl solution (pH = 1), 
the floccules reappear (Figure S11, Supporting Information). 
The scanning electron microscope (SEM) images provide direct 
evidence for the dispersion states of GO/G with different pH 
values (Figure S12, Supporting Information). Under the acidic 
environment, GO/G sheets appear agglomeration, whereas, 
under the alkaline environment, a uniformly dispersed state is 
observed.

Optimizing the pH values of GO solution before adding 
graphene powder and GO/G can effectively improve the homo-
geneity and stability of GO/G. First, we examined the effect of 
the pH values of GO/G on dispersion stability (Figure  2d). A 
laser particle size analyzer was used to study sheets’ size. The 
measurements obtained provide a means of monitoring dis-
persion stability.[47] As pH value increases, the size of GO/G 
sheets gradually decreases, which indicates the improving sta-
bility of GO/G. Besides, zeta potential was further used to study 
the stability of the dispersion (Figure 2e). With the increase of 
pH value, the absolute value of the zeta potential of the disper-
sion increases, which means that the dispersion is more stable. 
Especially, when the pH value is 12, the corresponding abso-
lute value of the zeta potential is very high (46.9 mV), indicating 
that graphene dispersion is very stable and homogeneous. In 
addition, graphene dispersion can still exist stably after half a 
year of storage (Figure S13, Supporting Information). Based 
on the optimal pH value of GO/G, the effect of pH values of 
GO aqueous solution on dispersion stability was further inves-
tigated. Here, GO aqueous solutions with different pH values 
were used to disperse graphene in aqueous solution, respec-
tively. Then, after the dispersion of graphene, the pH value was 
adjusted to 12. In Figure  2f, as the pH value of GO aqueous 
solution increases, the size of GO/G sheets grows larger; espe-
cially when it comes to alkaline environment, the sheet size 
shows a sharp increase, meaning the inability to disperse gra-
phene. Thus, to prepare a homogeneous, stable GO/G, two 
conditions must be satisfied: the GO aqueous solution before 
adding graphene powder must be weakly acidic and the final 
graphene dispersion must be in an alkaline environment.

One of the criteria for evaluating the stability of graphene 
dispersion is the sedimentation rate. As the pH value of GO/G 
increases, the sedimentation rate decreases. Especially, at 
pH = 12, the sedimentation rate of GO/G is only 5.5%, indicating 
that GO/G has extremely high stability in alkaline environment 
(Figure S14, Supporting Information). In addition, dispersion 
capability of GO as a special “surfactant” for graphene was also 
investigated. As the graphene content increases, the size of 

GO/G sheets steadily grows (Figure S15a, Supporting Informa-
tion). Besides, when mGO:mG  >  1:2, two peaks appear (Figure 
S15b, Supporting Information), which implies that part of the 
graphene cannot be dispersed and suggests that the capability 
of GO to disperse graphene is twice the wight of GO itself. To 
further verify the dispersion capability, graphene films were 
prepared by filtering the dilute dispersion with different weight 
ratios (Figure S16, Supporting Information). As the graphene 
content increases, the square resistance of the corresponding 
graphene film decreases. Especially, when mGO:mG  = 1:2,  
the square resistance of the graphene film exhibits a sharp 
drop. GO itself has essentially poor electrical conductivity.[24] 
The conductivity of graphene film comes from the construction 
of graphene network. When mGO:mG  >  1:2, the low graphene 
content is insufficient for graphene sheets to make contact with 
each other on the surface of GO, leading to the poor conduc-
tivity of graphene film. However, when mGO:mG ≤ 1:2, graphene 
sheets are capable of interacting with each other and build a 
conductive path, resulting in a highly conductive graphene film 
(Figure S17, Supporting Information).

In order to verify the universality of GO as a special “sur-
factant” to disperse graphene, small-sized graphene (S-G) was 
also used for dispersion. Low-resolution TEM and AFM indi-
cate that the average size of graphene is about 310 nm. High-
resolution TEM shows that S-G has few layers’ characteristic, 
consistent with the results of AFM (Figure S18, Supporting 
Information). XPS survey spectra of these two different types 
of graphene show that S-G has less oxygen content than the 
large-sized graphene we used before (Figure  3a). In addition, 
the quality of each graphene was also characterized. Figure 3d 
shows the Raman spectra of these two different types of gra-
phene. It can be seen that S-G (graphene with low oxygen con-
tent (LO-G)) possesses extremely high quality (Figure 3b). We 
used the same method to disperse S-G using GO as a disper-
sant. After adjusting the solution to alkalinity (pH = 12), a stable 
and homogeneous graphene dispersion was also obtained 
in aqueous solution (Figure S19, Supporting Information). 
The zeta potential of the dispersion was found to be −47.3 mV 
(pH = 12) which explains the excellent stability of the dispersion 
(Figure S20, Supporting Information). A typical AFM image 
of GO/S-G hybrid was also observed (Figure S21, Supporting 
Information). We found that a large-sized graphene sheet can 
be combined with multiple GO sheets, and multiple S-G sheets 
can be combined with one GO sheet. These results demonstrate 
that whether graphene can be dispersed has no relationship 
with the functional groups on graphene using GO as a special 
“surfactant,” illustrating the universality of this method.

2.3. The Mechanism of GO as a Graphene Dispersant

The effect of GO π-conjugated basal plane regions on graphene 
dispersion was first investigated. The π-conjugated regions on 
GO basal plane are closely related to the interactions with gra-
phene. As we all know, GO dispersion is a colloidal solution.[47] 
Adding an electrolyte solution such as NaOH (pH = 14) into 
GO dispersion leads to immediate coagulation (Figure S22a,d, 
Supporting Information). When we mixed GO and graphene, 
only by stirring, or low-power ultrasound, after adding a large 
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amount of NaOH solution with a pH value of 14, GO sheets 
also precipitated rapidly, similar to Figure S22a (Supporting 
Information). However, because graphene sheets do not have 
the colloidal property, they still disperse in the aqueous solu-
tion, though the dispersion is not stable (Figure S22b,e, Sup-
porting Information), which means that there is no interaction 
between GO and graphene. By contrast, when we give GO and 
graphene a very large force (high-power ultrasound) before 
adding a large amount of NaOH solution with a pH value of 14, 
GO and graphene complex will rapidly precipitate completely 
(Figure S22c,f, Supporting Information), which shows a strong 
combination of GO and graphene. To verify the interactions 
between GO and graphene, UV–visible (UV–vis) absorption 
spectroscopy was used to characterize dispersions with dif-
ferent weight ratios (mGO:mG) (Figure 3c). At 230 and 300 nm, 
the GO aqueous solution shows a strong absorption peak and 
a shoulder, corresponding to the π → π* transition of the CC 
double bond and the n → π* transition of the CO double 
bond, respectively. However, the spectrum of GO/G undergoes 
a redshift at 230 nm. Furthermore, as the content of graphene 
increases, the degree of the redshift increases, which indi-
cates that more π-conjugated regions of GO interact with the 
π-conjugated domains of graphene. Besides, the Fourier-trans-
form infrared (FTIR) spectra in Figure  3d are further verified 
the interaction. Compared with the CC stretching vibrations 
in GO and G, the CC stretching vibration in the GO/G is 
slightly shift to 1631  cm−1, which is attributed mainly to π–π 
interactions between the GO and graphene.[48,49]

The effect of the carboxyl groups closely related to the pH 
values of the solution at the edge of GO on graphene dispersion 
was next investigated. Comparing GO sheets’ size in acidic and 
that in alkaline solution, the size of GO sheets is much larger 
in acidic solution (Figure S23, Supporting Information), which 
is mainly attributed to the agglomeration of GO sheets. AFM 
images (Figure 4a) provide direct evidence that in acidic solu-
tion, GO sheets indeed apparently agglomerate together. The 
aggregate thickness of 2 nm approximates a bilayer GO stack, 
indicating that the aggregation of GO sheets occurs mainly at 
the edges (Figure 4b). In slightly acidic solution, GO sheets are 
homogeneously dispersed as monolayers with a thickness of 
≈1 nm (Figure 4b–e). However, under alkaline solution, the size 
of GO sheets is similar to that in slightly acidic solution, but 
the average thickness of GO sheets is much higher, indicating 
the multilayer stacking of GO sheets (Figure 4c–f; Figure S24, 
Supporting Information).

Through the study of the factors affecting the amphiphilic 
properties of GO, the following conclusions can be drawn, as 
shown in Figure 4g. In the acidic solution, GO sheets can form 
hydrogen bonds due to the presence of a large number of car-
boxyl groups at their edges, causing the sheets to engage in 
edge-to-edge bonding.[50,51] Even if GO agglomeration occurs, a 
large number of π-conjugated regions that can interact with gra-
phene are exposed on the basal plane, leading to the stable dis-
persion of graphene. In the alkaline solution, the edge-bound 
carboxylic acid groups on GO are deprotonated to carboxylates, 
and the hydrogen bonds are broken. As a result, the GO sheets 

Figure 3.  a) XPS survey spectra of two different types of graphene. The red curve represents small-sized graphene and the black curve represents large-
sized graphene. b) Raman spectra of graphene with high oxygen content (HO-G) and graphene with low oxygen content (LO-G). c) UV–vis absorption 
spectra of GO and GO/G with different weight ratios (pH = 6). d) FTIR absorption spectra of GO, graphene, and GO/G (mGO:mG = 1:2, pH = 6).
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tend to stack in a surface-to-surface mode to reduce their sur-
face energy, which, in turn, blocks the π-conjugated regions on 
the GO basal plane. Thus, in the alkaline solution, it is difficult 
for GO to interact with graphene, and dispersion fails.

2.4. The Four States of GO/G

Having probed the mechanisms underlying the successful GO-
directed dispersion of graphene in aqueous solution, we next 
explored the processability of the dispersions. Previous studies 
have shown that GO and carbon nanotubes’ dispersions of 
different concentrations can be divided into four states.[29,52] 
In our experiment, increasing GO/G concentrations results 

in a continuous transition between four states, from a dilute 
dispersion (<10 mg mL−1) to a thick paste (10–50 mg mL−1), a 
free-standing gel (50–100  mg mL−1), and eventually, a knead-
able, playdough-like material (>100 mg mL−1). These four states 
were further transformed into 1D graphene fibers, 2D graphene 
films, or 3D graphene doughs using various material-pro-
cessing techniques (Figure S25, Supporting Information). The 
successful preparation of these four graphene states and three 
applications further highlights the excellent homogeneity and 
stability of GO/G.

The alignment of GO/G sheets and the compactness of 
the films ultimately determine electron transport behaviors 
in the graphene films. The preparation of highly conductive 
and flexible graphene films can be achieved via either simple 

Figure 4.  a–c) AFM image of GO in the acidic (pH = 2), slightly acidic (pH = 6), and alkaline (pH = 12) solutions, respectively. d–f) Size distribution 
of GO sheets in the acidic (pH = 2), slightly acidic (pH = 6), and alkaline (pH = 12) solutions, respectively. g) Interaction models between graphene 
and GO in the acidic and alkaline solutions, respectively.
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filtration of the dilute graphene dispersion or coating of the 
thick paste. The graphene films formed by filtration with alka-
line GO/G display well-maintained GO/G sheets alignment 
and have excellent flexibility and strength, folding hundreds of 
times without any breaking (Figures S26 and S27, Supporting 
Information). In addition, Figure 5a shows the process of for-
mation of a graphene film by uniformly coating GO/G thick 
paste on polyethylene terephthalate (PET) film. Upon drying at 
45 °C, the graphene film displays well-maintained GO/G sheet 

alignment and can be simply removed completely. In Figure 5b, 
the graphene film formed simply by mixing GO/G without 
ultrasonic dispersion displays extremely high square resistance, 
while the graphene film formed from GO/G alkaline thick 
paste has extremely low square resistance (only 22 Ω sq−1). 
It should be noted that after high-temperature reduction, the 
square resistance drops sharply, which greatly improves the 
conductivity. Digital images of the graphene films reveal that 
the films formed from simply mixed GO/G without ultrasonic 

Figure 5.  Highly conductive and flexible graphene films. a) Schematic diagram of coating technique for graphene films. b) Effect of dispersion 
methods on square resistance of coated films (mGO:mG = 1:2). c–e) Digital photographs of graphene films; the inset shows a high flexibility of gra-
phene film prepared from alkaline GO/G. f–h) Top-view SEM images and i–k) cross-sectional SEM images of graphene film prepared from different 
dispersion methods.

Small 2020, 2003426



2003426  (8 of 10)

www.advancedsciencenews.com

© 2020 Wiley-VCH GmbH

www.small-journal.com

dispersion and acidic GO/G are fragmented and inhomoge-
neous (Figure  5c,d), whereas the graphene film formed from 
the thick paste state of alkaline GO/G exhibits widespread 
integrity (Figure  5e). Furthermore, compared to the graphene 
films formed from the simply mixed GO/G and acidic GO/G 
(Figure 5f,g,i,j), the graphene film from alkaline GO/G displays 
well-maintained sheet alignment and layer-by-layer stacking, 
as evidenced by the planar and cross-sectional SEM images 
(Figure 5h,k). These data further illustrate that the alkaline gra-
phene dispersion is more homogeneous, resulting in extremely 
high electrical conductivity and flexibility of related products, 
which maximally maintain the intrinsic properties of graphene.

In addition, graphene fibers and doughs were also prepared 
by different processing methods. Graphene fibers can be pre-
pared from GO/G in thick paste state or in the more highly 
concentrated gel state.[52] The GO/G in the thick paste state can 
be wet spun into flexible graphene fibers with a diameter of 
500 µm through an ethyl acetate coagulation bath by wet-spin-
ning method (Figure S28, Supporting Information). The GO/G 
sheets are in an aligned orientation, resulting in graphene 
fibers with good flexibility, as evidenced by SEM images (Figure 
S29, Supporting Information). In addition, graphene fibers 
with millimeter-scale diameter can also be prepared through 
a needle tube from the more highly concentrated gel state by 
dry-spinning method. These fibers display excellent flexibility, 
which can be used to write characters directly, revealing the 
high stability and uniformity of the graphene dispersion in 
high concentration (Figure S30, Supporting Information). 
When the concentration of the graphene dispersion further 
increased, a kneadable, playdough-like material is observed. 
This playdough-like graphene dispersion can be formed into 
arbitrary shapes by common shaping methods (Figure S31, 
Supporting Information). In addition, after calcination at high 
temperature, lightweight graphene dough maintains its struc-
tural integrity without collapse, meaning that graphene sheets 
in the dough have a regular arrangement and strong interac-
tion force (Figure S32, Supporting Information). These results 
further illustrate that GO can stably disperse graphene and 
form homogeneous graphene dispersions.

3. Conclusion

In summary, GO, with its abundant hydrophilic edge-bound car-
boxyl groups and hydrophobic π-conjugated basal plane domains, 
functions as a special “surfactant” to effectively disperse graphene 
in aqueous solution and form stable, homogeneous graphene dis-
persions at unprecedentedly high concentrations (>150 mg mL−1). 
More importantly, the stability and uniformity of the graphene 
dispersions are determined by the pH value of GO aqueous solu-
tion and GO/G. Depending on the concentration, graphene dilute 
dispersions, pastes, gels, and kneadable, playdough-like material 
can be observed and further transformed into 1D graphene fibers, 
2D graphene films, and 3D graphene doughs through various 
material-processing techniques. Owing to the structural similari-
ties of GO and graphene, the prepared macroscopic graphene-
based materials maximally maintain the intrinsic properties of 
graphene, demonstrating the immense potential of this strategy 
for bridging the micro- and macroscopic properties.

4. Experimental Section
All chemical reagents and solvents were commercially available without 
further purification. Graphene oxide dispersion and graphene powder 
were purchased from Changzhou Sixth Element Material Technology Co. 
Ltd. Other chemicals used here were purchased from Beijing Chemicals 
and Sino-pharm. All chemical reagents were of analytical grade. All 
solutions were prepared in deionized water (DI water, 18.2 MΩ cm) from 
a Thermo Scientific Nanopure system.

Preparation of GO-Dispersed Graphene Dispersion: The preparation 
method was modified from a published article.[46] In detail, GO 
dispersion was diluted to the proper concentration using an Ultrasonic 
Cell Disruption System for 1 h in an ice-water bath with 90% power 
(120  W) until a homogeneous solution was obtained. The graphene 
powder with an appropriate proportion was transferred to the above 
solution and was sonicated for 1 h in the ice-water bath using an 
Ultrasonic Cell Disruption System with 90% power (120 W). After 
ultrasound, the solution was adjusted to the proper alkaline using 
NaOH (0.1 m) to obtain homogeneous and stable graphene dispersion.

Preparation of a Continuous Transition between Four States: The 
preparation method was modified from a published article.[29] The 
preparation method of the diluted dispersion is mentioned above. 
The thick paste was prepared using high-pressure homogenizers. The 
graphene powder was transferred to the homogeneous GO dispersion 
and was sonicated for 10 min using high-pressure homogenizers. Then 
the GO/G thick paste was obtained by adjusting pH to suitable alkaline 
using NaOH (0.1 m). The free-standing gel and kneadable, playdough-
like material were obtained by direct stirring and evaporating the GO/G 
thick paste.

Preparation of Graphene Films: The graphene films were prepared via 
either simple filtration of the dilute graphene dispersion or coating of 
the thick paste state. The dilute graphene dispersion was filtered using 
an anodic aluminum oxide filter. The resulting filter was washed with 
deionized water and finally dried at 45  °C overnight. The thick GO/G 
paste was uniformly coated using a razor blade to drag the paste to the 
PET film. The thickness was controlled by adjusting the screws on both 
ends of the rod. The coating film was left to dry at 45 °C overnight and 
was then torn off from the substrate to obtain graphene films.

Preparation of Graphene Fibers: The graphene fibers were prepared 
from GO/G in thick paste state or the highly concentrated gel state. 
GO/G in thick paste state was spun through an ethyl acetate coagulation 
bath using the wet-spinning method. After drying at 45 °C overnight, the 
graphene fiber was obtained. The GO/G in the concentrated gel state 
was loaded into a syringe and manually extruded from needles with the 
diameters of 1 mm, like the dry-spinning process.

Preparation of Graphene Doughs: The kneadable, playdough-like 
material was kneaded to the shape of a ball to make a graphene dough. 
A kneaded dough was sandwiched between two stainless steel foils and 
cold-rolled to a film with the proper thickness, which could be cut into 
various shapes with a razor blade or a character-shaped template. The 
lightweight graphene dough was prepared by calcining graphene dough 
at 200 °C for 15 min in an air oven.

Characterization: The morphology and detailed structure of GO 
and GO/G were investigated by SEM (FEI Quattro S, acceleration 
voltage 5–10 kV) and AFM (dimension ICON, tapping mode). Electron 
microscope specimens and AFM specimens were prepared by diluting 
GO dispersion or GO/G and added dropwise onto silicon wafers and 
dried at 45 °C. TEM (FEI Tecnai F30; 300 kV) and aberration-corrected 
atomic-resolved TEM (Titan Cubed Themis G2 300; 80  kV) were 
conducted to investigate the morphology and structure of graphene. 
Raman spectroscopy (Horiba Jobin Yvon LabRAM HR 800, 514.5  nm) 
and XPS (Kratos Analytical Axis-Ultra spectrometer with Al Kα X-ray 
source) were used to evaluate the quality, oxygen content, or impurity 
content of graphene and GO. Using FTIR (IRTracer-100, spectral ranges: 
5000–500 cm−1), specimens were prepared by freeze-drying. GO/G 
was immersed in a liquid nitrogen bath to freeze for 10 min. After GO 
dispersions were frozen, the vials were then transferred to a freeze-
dryer, and porous and spongy GO foams were obtained after the ice 
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in frozen GO dispersions was completely sublimated. The interaction 
between GO and graphene was studied by UV–vis absorption spectra 
(Perkin Elmer Lambda 950, wavelength ranges: 200–1000  nm) and a 
laser particle size analyzer (Bluewave S3500). Note that the particle size 
measurement on this instrument is based on the assumption that the 
particles are spherical, so the instrument is unable to give the absolute 
sizes of graphene sheets. Nevertheless, the measurements obtained 
provide a means of monitoring dispersion stability. A four-probe 
resistance tester (ResMap 178) was used to test the square resistance 
of graphene films. A metallographic microscope (Leica Germany, 
DM750M) was used to observe Pickering emulsions and observe the 
dispersion of graphene.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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