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A B S T R A C T

Substrate-free graphene synthesized in the gas-phase is a promising material with high specific surface area, 
exceptional purity, and conductivity. Despite these desirable properties for various applications, the trans
formation from the powder to stable dispersions and functional thin films remains an obstacle for the technical 
integration of this material. In this work, this challenge is addressed through systematic dispersion, stabilization, 
and thin film formation studies. Space- and time-resolved analytical centrifugation was used as an in-situ method 
to quantify the sedimentation of graphene. Remarkable stability was achieved only when agglomeration of 
graphene particles was suppressed in either solvents such as N-(2-hydroxyethyl)-2-pyrrolidone, a non-toxic 
analog to N-methyl-2-pyrrolidone or using polymers and surfactants as stabilizers like carboxymethyl cellu
lose, polyvinylpyrrolidone, and N-didodecyldimethyl-ammonium bromide in aqueous dispersions. These opti
mized dispersions were used to fabricate thin films via Langmuir deposition, spray coating and ink-jet printing. 
Hall effect conductivity measurements in van der Pauw geometry, novel to this class of thin films, and surface 
analysis revealed conductive, yet rough and porous layers formed by spray coating (mobility up to ≈ 2 cm2/V•s, 
carrier density ≈ 50•1014 1/cm2) and compact micro-rough layers by Langmuir deposition (mobility ≈ 19 cm2/ 
V•s). This study provides insights into dispersion-process-structure-functionality relations and forms the 
framework for scalable dispersion formulation and thin film formation. The findings gained address major 
challenges for the device-integration of free-standing graphene for catalytic, adsorption and electronic 
applications.

1. Introduction

Since the first exfoliation of graphene by Novoselov et al. [1] (Nobel 
Prize 2010), much attention and research have been focused on this new 
class of materials. Its large tensile strength, thermal and electrical con
ductivity and specific surface area are desirable properties for numerous 
applications such as electronic, optical, and electrochemical devices. To 
utilize the promising properties of graphene and few-layer graphene 
(flG), different approaches have been studied extensively to produce 

colloidal dispersions of flG which could be processed further to devices 
by coating and printing methods [2–5]. One method is a top-down 
approach to exfoliate graphite directly in a liquid to produce flG dis
persions. Another method involves the oxidation of graphite e.g. by 
modified Hummer's method [6] resulting in graphite oxide which can be 
exfoliated to graphene oxide (GO) thermally or in liquids that is func
tionalized with organic oxygen groups [7–16]. Since the disruption of 
the 2D lattice and chemical alterations degrade the desirable high 
electrical conductivity, GO is reduced by different means for instance 
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chemically by hydrazine or hydrogen, or by thermal decomposition to 
produce so called reduced graphene oxide (rGO) to restore some of the 
conductivity [16–24]. Alternatively, flG can be synthesized from small 
molecules like ethanol in the gas-phase using a microwave plasma and 
collected as a dry powder. This method yields high purity substrate-free 
crumpled 2D flakes: gas-phase synthesized graphene (gpG) [25].

Due to the high conductivity and large accessible surface area caused 
by their flat two-dimensional geometry, flG flakes are of interest for a 
number of applications, e.g., sensors, heterogenous catalysis, energy 
storage, electromagnetic shielding and (opto-)electronic devices. The 
deposition methods used include vacuum filtration onto porous sub
strates for free standing films (often several tens of micrometers thick), 
as well as 3D printing, blade coating, screen-printing, Langmuir depo
sition, or simply painting or drop-casting [10,18,26–39]. Specifically, 
gpG as a material has been used to produce silicon-graphene composites 
for the application in lithium-ion batteries [25].

However, despite many possible applications requiring a coating or 
printing step for which the flG must be prepared as a stable dispersion in 
a proper liquid, the transition of gpG from the powder to a device re
mains an unsolved challenge to date. The reason is that unlike the vol
uminous spherical composites (e.g. with Si) that seem to be compatible 
with a wider range of liquids, pure gpG is difficult to disperse in most 
common liquids. This is amplified by the absence of functional groups 
which could support interactions with liquids and stabilizers. There is a 
lack of understanding and empirical knowledge on the mechanism to 
stabilize the anisotropic particles while fulfilling basic technological 
demands to the dispersions: favorable drying behavior, compatibility of 
non-volatile compounds with the desired application and preferably 
non-hazardous substances. This is an obstacle which needs to be over
come in order to fully use the promising properties of gpG.

Most of the current knowledge on dispersions of flG is from the 
exfoliation of graphite, which directly yields flG dispersions. To increase 
the yield and quality of the flakes, different experimental routes have 
been explored. One strategy is to exfoliate in pure liquids such as N- 
methyl-2-pyrrolidone (NMP), dimethyl formamide (DMF), o-dichloro 
benzene (DCB) and chloroform (TCM), ionic liquids or even more vol
atile liquids such as isopropanol [13,40–50]. Other strategies include 
the use of stabilizers such as surfactants or polymers in less favorable 
liquids like water, and also electrochemical intercalation [27,31,51–59]. 
In this approach, graphite, liquids, and possibly additives like stabilizers 
and intercalation compounds are mixed and (shear) forces by sonifica
tion or other means are applied to the dispersion. In a consecutive step, 
sedimentation by gravity or centrifugation is used to separate larger 
aggregates and residual graphite. While this may be necessary to ensure 
a high quality and uniformity of the flakes, about 90 % of the particles or 
possibly more are discarded by estimate. Hence the yield is often very 
limited [4], which is not the case for gpG dispersions since the fabri
cation of the flakes and the dispersion formulations are independent 
from each other.

The quality of colloidal graphene dispersions, which can be defined 
as limited aggregation and sedimentation by gravity within a reasonable 
time period [3], has been evaluated by various methods: visual inspec
tion after some time (shelf life time) [14,18,24,30], light scattering [60], 
zeta-potential evaluation [6,12,23,26], absorption in UV-Vis light after 
shelf time and determination of graphene concentration e.g. after 
varying centrifugation time and acceleration [16,49,51,61]. The dis
persibility and liquid-phase exfoliation success in the means of flG 
concentration have been explored with surface energy, Hildebrand pa
rameters and Hansen parameters by Hernandez et al. [62]. By 
comparing different concentrations – measured by UV-Vis spectroscopy 
– they report favorable parameters of about 40 mJ/m2 for surface energy 
and Hansen parameters of δD 18 MPa1/2, δP 9.3 MPa1/2 and δH 7.7 
MPa1/2 for disperse, polar and hydrogen interactions respectively. This 
confirms the preference of flG for polar aprotic solvents with maximum 
concentrations of about 4 to 8 μg/mL like NMP, DCB and DMF, while 
demonstrating that other solvents can be used, too [62], e.g. to tune 

exfoliation by Hansen parameters [63]. These general trends have been 
reported for GO and rGO as well [16].

However, the determination of graphene concentration as a criterion 
for successful exfoliation and dispersion formulation suffers from the 
problem that the Lambert-Beer absorption coefficient is not constant 
[4], probably due to varying flake thickness, state of oxidation and 
conformation (flat sheet vs. crumpled). On review, coefficients from 66 
to 13.6 cm2/mg have been used to calculate the dispersion concentra
tion from UV-vis absorption [4], thus the precision of the reported 
concentrations may be optimistic in some cases. This limits the validity 
of argumentations based solely on changes in concentration after exfo
liation and centrifugation when comparing between different reports. 
Considerable progress towards more precise particle characterization 
methods has been achieved more recently by Walter et al. [64] on the 
basis of very dilute aqueous GO dispersion, by Goldie et al. [65] for 
different 2D materials such as WS2 and flG, and by Sims et al. [66] for 
flG. The different studies have the common goal to improve the sepa
ration process for the selective centrifugation after exfoliation to obtain 
a narrow particle size distribution.

In this study, however, centrifugation will be used for a new 
perspective on graphene dispersions. While in the case of graphene 
preparation, it is a step to purify exfoliated graphene, in the case of gpG, 
it can be applied as a tool for characterizing dispersions as well. 
Analytical centrifugation (AC) is a versatile method in which the ab
sorption of light is measured, space- and time-resolved, during accel
erated sedimentation. This adds an in-situ perspective to the topic of 
graphene dispersions. Being space- and time-resolved, AC can take op
tical heterogeneity into account, be them in the spatial or time dimen
sion and conclusions can be drawn on the progression of the 
sedimentation over the whole length of a measurement cell. Therefore, 
AC is a promising tool for the evaluation of the quality of colloidal 
graphene dispersions [67–69]. As the method allows for rapid dispersion 
characterization of a new material such as gpG in several different for
mulations, the above-mentioned lack of empirical knowledge and un
derstanding of gpG dispersions are addressed, enabling to assess the 
stability of graphene dispersions in concentrations ready-to use for 
coatings. This is supported by previous results made in the past on other 
materials like carbon black [70,71]. Noteworthy, related methods have 
been applied by Park et al. [72] to compare chemically modified GOs 
and their stability in water and ethylene glycol. They used, among other 
methods, transmission profiles to directly compare the different dis
persions and draw conclusions on the particle behavior. Hence, with the 
help of characterization and coating methods known from other cases, 
gpG can be investigated such that the technical integration of this 
promising material is facilitated.

Here, the interactions of gpG dispersed in different organic probe 
liquids and water with selected additives are explored by AC with the 
aim to find and describe formulations for stable gpG dispersions. In a 
second step, the formulations found are used to create conductive films 
of graphene particles by methods well-known for nanoparticles and that 
enable coatings on device-relevant scales, including ultrasound sup
ported spray coating, Langmuir films and ink-jet printing. This approach 
enables the identification of optimal dispersion conditions that lead to 
flake networks with improved conductivity and mobility and provides 
fundamental insight into the colloidal mechanisms governing gpG sta
bility and thin film assembly.

2. Experimental

2.1. Materials and material characterization

Pure gpG was synthesized as described by Münzer et al. [25] with the 
same equipment and methods. A microwave supported plasma is started 
in a hydrogen-argon gas stream. Ethanol is injected into the plasma where 
it decomposes to form graphene which can be collected from the exit 
stream using an inline membrane filter. Thus, this substrate-free material 
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is synthesized from a small molecule instead of exfoliation from graphite. 
For characterization, transmission electron microscopy (TEM, Jeol 
JEM-2200FS), X-ray photoelectron spectroscopy (XPS, Versaprobe II by 
ULVAC-Phi), specific surface area measurements (Anton Paar Nova 800, 
multipoint BET method), Raman spectroscopy (custom-built, 
quasi-confocal geometry, 532 nm semiconductor laser, 500 μW, spot size 
of about 1 μm2) and infrared spectroscopy (IR, Bruker IFS 66v/S in ATR 
mode) were performed. Chemicals for the dispersions are used as received 
from the vendors and listed in Table S 1 in the supplementary information 
(SI). The Hansen parameters (δD, δP, δH) were obtained from HSPiP soft
ware (version 5.3.06). For an additional comparison of the product 
quality, experiments with commercially available graphene-related par
ticles have been performed with sulfur-doped graphene (No. 900528, 
batch 1003745018) and graphene (No. 900561, batch 1003660766) 
purchased from Sigma-Aldrich and used as received.

2.2. Preparation of dispersions in pure liquids

To prepare dispersions in pure liquids, gpG and the selected liquids 
were weighed into 15 mL centrifuge tubes with a total of 5 mL liquid and 
a concentration of 0.5 and 0.1 mg/mL respectively. The choice of con
stant volumetric concentration will ensure that the same surface area of 
graphene is surrounded by the same volume of liquid for comparison. 
The dispersions were first mixed by an IKA vortex 2 for about 10 s and 
then dispersed by mild probe sonication at ~11 W (Branson Model 550) 
for 5 min while being cooled in an ice bath, similar to the procedure 
described in Ref. [71] with limited sonication power and duration to 
prevent damage to the particles [73]. The resulting dispersions were 
analyzed immediately after preparation.

2.3. Preparation of dispersions with additives

The dispersions tested for the possible formation of gpG thin films for 
practical applications were not prepared by concentration, but by 
weight fractions as this approach is more convenient to handle. There
fore, 0.1 wt% was used for graphene with the addition of different 
amounts of additives. The rest was filled up with the respective liquid to 
yield a total mass of 5 g. The mixing and dispersing of the components 
were performed as described above. The formulations are listed in 
Table 1, the additives in Table S 2.

2.4. Dispersion characterization

The dispersions of gpG were characterized by analytical centrifuga
tion (AC, LUMiSizer 6514-44, LUM GmbH). The centrifuge was operated 
at 2000 rpm, corresponding to a g-force of about 575, and it continu
ously measured transmission profiles on a minimal time resolution of 
about 5 s. Thus, a space- and time-resolved transmission profile can be 
obtained and further evaluated as described in the results section and in 
the references [67–69,74–81]. All centrifugations were performed at 15 
◦C (DMSO 25 ◦C) and using 2 mm cells made of polycarbonate (water 
and alcohols), glass (DCB, DCE, TCM), or polyamide (for other liquids). 
To determine the Hansen solubility parameter (HSP), where the “S” in 
case of particles has to be understood as similarity [82], EtOH, HEX, 
TOL, ACE, EAC, DMSO, NMP and DMF were used as probe liquids. The 
calculations for the HSPs were performed using HSPiP software with the 
HSPs of the liquids used as implemented in the software and listed in 
Table S 1. For ranking the liquids, the integral extinction was used which 
is calculated from the space- and time resolved AC transmission profiles 
as established before [74,78,79].

To interpret the AC data quantitatively, previous theoretical models 
describing the sedimentation of flake-like particles are considered. 
Walter et al. [64] as well as Goldie et al. [65] derived quantitative 
models to describe the sedimentation velocity of flat flake-like particles 
to be used in centrifugation. For both approaches, the Stokes sedimen
tation for spherical particles has been adopted for a new geometry of flat 
disks. From the balance of force on a particle in a centrifugal field a 
general differential equation for particle movement can be derived: 
dr/dt = Srω2, with r being the radius [m], t the sedimentation time [s], S 
the sedimentation (Svedberg) coefficient [s] and ω the angular fre
quency [1/s].

To derive S, further considerations on the geometry of the particles 
have been made. The results of those can be interpreted that both the 
diameter d [m] and the thickness h [m] of a flake will increase the 
sedimentation velocity dr/dt with: S∝h2/3d4/3 derived by Walter et al. 
[64] and S∝hd by Goldie et al. [65]. Thus, the sedimentation of graphene 
is still a topic of ongoing research and fundamental questions on the 
relation of particle shape and sedimentation velocity are unanswered to 
this day.

In summary, small and flat flakes will sediment the slowest, large and 
thick flakes the fastest. However, this does not consider complications 
such as re-agglomeration or a change in conformation, like crumpling of 
the 2D-flakes to a more spherical form. Therefore, flake thickness or 
layer number cannot be directly derived from AC data in this work. 
Instead, in this study, the primary AC results, transmission, time and 
position, serve as the basis for the evaluation of the graphene dispersion 
quality.

Photographs and optical micrographs (Olympus BX51) were taken 
from dispersions in 2 mm quartz cells about one day after preparation. 
Additional atomic force microscopy (AFM, TOSCA 400, Anton Paar; 
equipped with Nanosensors’ SSS-NCHR in tapping mode) and optical 
microscopy (Olympus BX51) were performed for selected dispersions 
drop-cast on polished silicon thermal oxide wafers. The wafers were 
prepared by careful cleaning in organic solvents (hexane, ethanol) and 
water, followed by turning the surface hydrophobic with 3-aminopropyl 
triethoxysilane (APTES, Sigma-Aldrich, 99 % purity). A droplet of gpG 
dispersion was placed by a Pasteur pipette on the hydrophobic wafer 
and blown off with compressed nitrogen after about 10 s, to minimize 
drying-induced agglomeration.

2.5. Coating preparation and characterization

Coating layers from selected dispersions were prepared on polished 
sapphire wafers (c-plane, polished, 10 by 10 mm, cleaned) using an 
ultrasound spray coater (Ultrasonic Systems Inc., Prism 400 Ultra-Coat) 
at a low flowrate of only 0.2 mL/min and a head speed of 50 mm/s for 

Table 1 
Formulations of dispersions for applications.

Name Graphene Additives Liquids

​ wt% wt% wt%
CMC1.0 0.10 CMC 1.00 Water rest
PAA1.0 0.10 PAA 1.00 Water rest
PVP1.0 0.10 PVP 1.00 Water rest
PAA0.9+CMC0.1 0.10 PAA 0.90 Water rest

CMC 0.10
PVP0.9+CMC0.1 0.10 PVP 0.90 Water rest

CMC 0.10
CMC0.1 0.10 CMC 0.10 Water rest
PVP0.09+CMC0.01 0.10 PVP 0.09 Water rest

CMC 0.01
Water 0.10 - - Water rest
HEP 0.10 - - HEP rest
NMP1.0 0.10 - - NMP 1

Water rest
NMP10 0.10 - - NMP 10

Water rest
DCB 0.10 - - DCB rest
DCE 0.10 - - DCE rest
TMC 0.10 - - TCM rest
OSA0.1 0.10 OSA 0.10 Water rest
TMOA0.1 0.10 TMOA 0.10 Water rest
DDDA0.1 0.10 DDDA 0.10 Water rest
SDS0.1 0.10 SDS 0.10 Water rest
SBS0.1 0.10 SBS 0.10 Water rest
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15, 25 and 35 passes of the spray head over the sample. For each pass, 
the movement was rotated to form a cross pattern with a pause of 5 s. 
The heating plate directly below the substrate was set to 150 ◦C to ac
count for the low thermal conductivity of the substrate, while avoiding 
oxidation of gpG at higher temperatures. Films with HEP labeled as drop- 
cast were prepared by simply placing the wafer on a hot-plate set to 150 
◦C and slowly placing about 0.5 mL of dispersion using a pipette on the 
top of the substrate, ensuring the liquid did not run off.

Graphene dispersed in DCE was used to prepare thin films by Lang
muir coatings. The dispersion was prepared as described above and 
further diluted to 0.025 wt% with DCE. The substrates (polished sap
phire) were submerged under a water film in a Teflon trough. With a 
syringe pump (0.05 mL/min) the dispersion was dropped slowly onto 
the water from a tube, such that the droplet spreads on the water surface 
but does not penetrate into the water. The gpG formed a three dimen
sional crumpled cohesive film at the water-air interface, unlike films by 
similar methods reported in the past [83]. The dispersion addition was 
continued – for the purpose of reproducibility – until the droplet could 
no longer spread due to the accumulation of material at the interface. 
This occurred after 0.006 mL/cm2 volume dispersion per surface area of 
water. The water was then removed by a suction pump positioned 
behind barriers, allowing the graphene film to lower onto the wafer 
substrates. The specimens were dried at 40 ◦C.

Furthermore, graphene films were printed using an inkjet printer 
(CERAPRINTER F-Serie, Ceradrop) equipped with a Dimatix-Samba 
cartridge head. The ink formulation consisted of 0.1 wt% graphene 
dispersed in DCB. Jetting was carried out under stable conditions at a 
frequency of 10 Hz, yielding droplets with an average volume of ~7 pL 
and a velocity of 1.2 m/s. Silicon wafers with a thermally grown 100 nm 
SiO2 layer were used as substrates. Prior to printing, the substrates un
derwent sequential solvent cleaning followed by UV-ozone treatment. 
Under these jetting parameters, the deposited droplets exhibited a splat 
diameter of approximately 55 μm on the cleaned substrate surface. The 
substrate was heated up to 50 ◦C during the printing.

Characterizations of the coating properties were performed to eval
uate film morphology and electrical performance. Transmission optical 
microscopy (Olympus BX51), Raman spectroscopy (WITec alpha300 RA 
confocal Raman Spectrometer, 532 nm 1 mW laser, 1800 g/mm 
grating), AFM, scanning electron microscopy (SEM, FEI Helios 600 
NanoLab DualBeam) and optical profilometry (S Neox 090 operated in 
confocal mode) were performed.

Furthermore, the electrical properties of the layers were investigated 
using Hall measurements in van der Pauw geometry to determine con
ductivity, carrier density and mobility. A schematic illustration of the 
electrical measurement setup, and a representative sample are provided 
in Figure S 1. In the measurement setup, the current was applied by a 
Keithley 2400 source meter, while voltages were measured using a 
Keithley 2000 digital multimeter. A perpendicular magnetic field of up 
to 1.2 T was generated using a Bruker B-E 10 electromagnet. All elec
trical measurements were performed using automated data acquisition 
and instrument control implemented in Python. Contacts, made of Ti/Au 
(5 nm/100 nm), were deposited by shadow-masked evaporation at the 
corners of the sample. They displayed ohmic behavior (Figure S 9a). 
Measurements were conducted at room temperature in the dark and in a 
vacuum environment to avoid interference from light, air or moisture. 
The sheet resistivity was calculated by applying the van der Pauw 
equation [84] to four-point resistance measurements performed be
tween adjacent contact pairs, and the sheet conductivity was obtained as 
the inverse of the sheet resistivity. For the determination of Hall 
mobility, a constant current was applied to the sample, the transverse 
voltage was measured between diagonal contact pairs, and a magnetic 
field was applied perpendicular to the sample plane. Further details on 
resistance configurations, van der Pauw analysis, and Hall mobility 
evaluation are provided in the SI (pages 3 and 4). It is important to note 
that the classical van der Pauw technique assumes a uniform, continuous 
(hole-free) thin film with edge contacts, but it can be applied with care 

to samples that contain isolated holes or small voids. The van der Pauw 
measurements are therefore primarily used as a consistent, comparative 
metric across processing routes (spray coating vs. Langmuir deposition) 
and pass or layer counts. Samples with substantial void fractions or 
discontinuities (e.g., HEP coatings) fall outside the method's applica
bility and were not characterized by the van der Pauw method.

For evaluation of the electrical properties of the printed graphene, 
Cr/Au electrodes (5/40 nm) were thermally evaporated onto the Si/SiO2 
substrates with a 100 nm oxide layer and patterned via standard 
photolithography. The electrode pair consisted of two parallel contacts 
separated by 10 μm and each 1000 μm long. After metal deposition, the 
substrates were cleaned sequentially in deionized water, acetone, and 
isopropanol using sonication, followed by nitrogen drying. A brief 
UV–ozone treatment was then applied to remove residual organic con
taminants. Graphene ink was inkjet-printed in the gap between the 
electrodes with multiple passes to ensure complete coverage. The prin
ted samples were dried under vacuum overnight to remove remaining 
solvent, and current–voltage (I–V) measurements were carried out 
under vacuum and dark conditions.

3. Results and discussion

3.1. Particle characterization

The results of the characterization of gpG particles after the synthesis 
in gas-phase from ethanol are displayed in Fig. 1. TEM micrographs 
(Fig. 1a) and Raman spectroscopy (Fig. 1b) indicate that the flakes 
harvested from the microwave plasma reactor consist of flG. The full 
width at half maximum (FWHM) of the 2D signal is 68 cm− 1 and the 
intensity ratio of I2D/IG = 1.57, both suggest an average of bi- and tri- 
layered graphene flakes. The wrinkled structure of the flakes (size 300 

± 100 nm) is typical for this material [85] and leads to defects on the 
edges of the flakes, as suggested by the ratio ID/IG = 0.34. This is a 
higher defect density as for most graphene exfoliated or synthesized on a 
substrate but has considerably less defects than many substrate-free flG 
flakes. The position of the D signal at 1580 cm− 1 suggests the lattice is 
not significantly strained or doped. The purity of the flakes is supported 
by the chemical characterization with IR spectroscopy (Fig. 1c) and XPS 
(Fig. 1d). No significant peaks in the expected region for e.g., 
carbon-oxygen bonds can be found, thus, most oxygen – originated from 
ethanol in the synthesis – is not incorporated in the 2D lattice of this flG. 
By XPS, the oxygen content of gpG is below 1 at%. No contamination of 
soot-like spherical carbon can be found. The specific surface area as 
determined with the BET method is about 330 m2/g.

3.2. Dispersions in pure liquids

3.2.1. General dispersion studies
The stability of gpG in liquid media determines its suitability for 

processing into coatings and films. To elucidate solvent–graphene in
teractions, AC was applied to evaluate the sedimentation behavior of 
gpG in a set of pure probe liquids with varying polarity and molecular 
structure.

As a first step to examine the dispersibility of gpG, dispersions of pure 
liquids with different chemical structures and consequently different 
intramolecular forces are used. The results of exemplary dispersions of 
0.5 mg/L concentration are displayed in Fig. 2. On the left side, the 
transmission profiles are displayed. Here, the transmission through the 
measurement cell in the centrifuge vs. the position in the cell is shown, 
the position itself is with respect to the center of rotation. The meniscus 
is seen at just about 108 mm and the bottom of the measurement cell at 
about 127.5 mm, the dispersion is in between. The color-scale diagrams 
on the right side are called transmittograms [77]. Here, the space-time 
resolved sedimentation of gpG in dispersion is shown in a single 
diagram.
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For ethanol (Fig. 2a and b), the sedimentation is fast and complete 
within 5 s. The large spikes in the transmission profile indicate gaps be
tween the particles with clear liquid in between. The gpG in DMSO (c) 
seems to be more stable judging from the transmission profiles, yet the 
transmittogram (d) shows that much of the graphene sediments within the 
first 10 min. As for ethanol, the transmission profiles are approximately 
parallel to the abscissa, the transmission is about equal in the whole cell at 
a given point in time. This is in contrast to expectations. If the conditions 
defined by Walter and Goldie et al. [64,65] are met (constant shape and no 
agglomeration), a distinct sedimentation front would be observed, indi
cating polydisperse sedimentation or zone sedimentation as described by 
Lerche and Sobisch [81], and similarly for modified GO by Park et al. [72] 
with a transmission profile at an angle of about 20 to 90◦ towards the 
abscissa. The top liquid would clear up first, the bottom the latest, possibly 
with different fractions identifiable. Yet, in the case of ethanol and DMSO, 
it seems like sedimentation is progressing fast, much faster than the dif
ferences in density or the viscosity of the liquids would suggest. However, 
if the flake diameter is considered to be constant, this unexpected 
behavior can be explained as follows. When the flakes are agglomerating 
plane-on-plane instead of aligning edge by edge, then the observed in
crease in sedimentation velocity can be attributed to an increase in the 
effective flake thickness. This is consistent with both scaling relationships 
S∝h2/3 or S∝h and which predict a faster sedimentation when thickness 
increases due to agglomeration. This is furthermore consistent with Süß 
et al. [74], who found a similar agglomeration behavior for spherical 
carbon in different probe liquids. Altogether, this means the 
re-agglomeration is happening on very short timeframes of seconds and 
below and rather by plane-on-plane agglomeration and not in an 
edge-by-edge-configuration. This agglomeration seems to have progressed 
fast in case of ethanol (a) and the large spikes in the transmission profile 
are due to the agglomerates and the clear liquid in between.

DMF (Fig. 2e and f) and NMP (Fig. 2g and h) have been reported as 
two of the most favorable liquids for exfoliating graphene in liquid phase 
[2–4,6,13,44,49,56]. For dispersing gpG in these two liquids, this can be 
confirmed as well. In DMF, sedimentation and agglomeration are slowed 
down substantially, while in NMP both agglomeration and sedimenta
tion are effectively suppressed. Therefore, if a dispersion with a high 
yield of graphene from exfoliation is achieved in past reports, it is likely 
due to both factors: (i) weakening the interlayer adherence of the gra
phene particles as well as (ii) suppressing the re-agglomeration during 
exfoliation and stabilizing the graphene flakes in dispersion during the 
consecutive centrifugation and separation. Both of which would explain 
the reportativity high concentration of graphene dispersions from 
liquid-phase exfoliation. In order to visualize these observations, pho
tographs and micrographs of the dispersions in ordinary 2 mm quartz 
cells have been prepared and are presented in Figure S 2.

3.2.2. Hansen solubility parameters
After this first assessment, the dispersions’ stability depending on the 

particle and the probe liquid can be compared directly by integrating the 
extinction over the length of the measurement cell to determine the 
HSPs. As can be seen in Fig. 3a, on a logarithmic timescale, dispersions 
with fast sedimentation can be distinguished well from more stable 
dispersions. Here, in the first 10 min of centrifugation, only NMP and 
DMF show no signs of sedimentation. Thus, only these two are to be 
considered good liquids in the sense of HSP studies. The results of this 
evaluation for the dispersions of 0.5 g/L are shown in Fig. 3b. The results 
of the dispersions prepared with 0.1 mg/L are not different in principle 
and therefore summarized in Figure S 3 in the SI.

The calculated HSPs of gpG (δD = 17.81 MPa1/2; δP = 12.84 MPa1/2; 
δH = 9.1 MPa1/2) in Fig. 3b demonstrate a strong tendency for polar and 
dispersive bonds. These bonds, with respect to the probe liquids applied 

Fig. 1. Particle characterization of gpG synthesized from ethanol in the gas-phase. a) TEM micrographs of aggregated and separated flakes; b) Raman spectrum of dry 
powder, the intensity is normalized to the 2D signal; c) IR spectrum in the region where functional organic groups are to be expected; d) XPS detailed spectrum for the 
C1s binding energy, signal intensity in counts per second (CPS).
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in this study, are generally created by liquids, which molecules have a 
permanent dipole in a system of π-electrons as well as non-polar satu
rated bonds. Hernandez et al. [62] reported rather similar parameters, 
but noteworthy with less tendency for polar bonds. Yet in their study, 
graphene was exfoliated from graphite in the probe liquid. In this sce
nario, not only the ability of a probe molecule to stabilize a dispersion is 
examined, but the result is superimposed with the probe liquid's ability 
to exfoliate the material under consideration. For a molecule to weaken 
the bonds between graphite layers, it needs to intercalate between these 
layers. Consequently, it is not only a thermodynamic process – as could 
be interpreted from HSPs – but also a kinetic since diffusion processes 
have to take place as well. Thus, one can conclude that the best mo
lecular structure for exfoliation is limited to the best compromise to 
fulfill both requirements: diffusion and stabilization. This cannot be 

represented by HSPs alone, as they do not account for the size of a 
molecule but describe intermolecular interactions only. The results in 
Fig. 3 on the other hand reflect only the stabilization, since the gpG 
flakes do not require exfoliation but mild dispersing and therefore only 
the suppression of agglomeration is tested as described above in the 
discussion of Fig. 2.

Molecular dynamics simulations have been applied in the past to 
better understand the interactions of liquid molecules and the graphene 
surface. Similar preferences for solvents during exfoliation were found 
on the basis of solvent monolayers on the carbon surface of graphene or 
surfactant molecules hindering re-agglomeration [86,87], introducing 
energy barriers [58]. If the energy barrier by repulsive forces are not 
sufficient, agglomeration of graphene sheets happens plane-on-plane in 
the time period of some nanoseconds [86]. Goldie et al. [88] concluded 

Fig. 2. Transmission profiles and transmittograms of selected dispersions of gpG in pure liquids with the concentration of 0.5 mg/mL. Panels a) and b) EtOH with the 
data cut in a) after 60.6 s due to complete sedimentation; c) and d) DMSO; e) and f) DMF; g) and h) NMP.
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that molecules with a π-electron system and a dipole moment along it 
which can adsorb well on the graphene surface and a group with satu
rated bonds can facilitate exfoliation by hindering the re-agglomeration. 
Probe molecules with a π-electron system and a dipole moment will 
orient aligned with the π-electrons of the graphene layer, the saturated 
group will face away from it, thus posing a steric hindrance. Interest
ingly, this is likely not only true for NMP and similar small molecule 
compounds, but also for e.g. surfactants. If a liquid does not have a 
conjugated π-electron system, no preferable orientation was to be found, 
even if a permanent dipole is present for instance in the case of ethanol. 
For DMSO, the dipole moment loosely aligns with the graphene plane, 
the free electrons and methyl groups facing opposite. Yet in general, 
DMSO as confirmed in this work is less favorable than NMP, possibly due 
to the stronger steric hindrance from the more strictly oriented NMP. 
Water, however, cannot offer any significant barrier. From these find
ings, it can be concluded that a small molecule such as a solvent to 
stabilize graphene in dispersion, should have amphiphilic properties in a 
sense that one side should be attractive towards the graphene plane with 
a strong dipolar moment, while the other should be repellant, e.g. with 
aliphatic hydrocarbons, creating an energy barrier between the sheets. 
This shifts the dynamic equilibrium of agglomerated-dispersed nano
particles in the sense of Müller et al. [89] towards the dispersed gpG 
flakes in this study.

The agglomeration of the gpG can be derived from the transmission 
profiles and transmittograms indirectly. To possibly observe the 
agglomeration directly other imaging methods are required. Graphene 
dispersions have been drop-cast onto hydrophobic silicon thermal oxide 
wafers and blown off with compressed air before complete evaporation. 
Micrographs by AFM and optical microscopy have been recorded, and 
the results are presented in Figure S 4 in the SI. In summary, the mi
crographs show a trend to less agglomeration in the order of EtOH >
DMF > NMP. However, the agglomeration cannot be suppressed 
completely by the preparation method.

Furthermore, TEM microscopy (Figure S 5) and additional AC ex
periments (Figure S 6) have been conducted with commercial flG and 
sulfur-doped flG. The results are discussed in the SI (page 6 and 7). In 
nuce, both materials are impurified with soot, the undoped flG more 

than the sulfur-doped flG, and both yield less stable dispersions than 
gpG. The results show, it is possible that the presence of soot destabilizes 
the dispersion further but that the wrinkled and folded structure of gpG 
increases the stability in solvents like NMP, which has been found by Luo 
et al. as well for rGOs [90].

3.3. Dispersions for the formation of thin films

3.3.1. Dispersions in pure liquids
After evaluating the sedimentation behavior of gpG dispersed in pure 

liquids, other dispersions for the practical use of the formation of thin 
films were prepared. For a dispersion of flG or gpG to be applied in a 
coating forming a dry layer, certain requirements can be formulated. 
First and foremost, the dispersion should be stable against sedimentation 
at least for the time required to complete the coating process. Yet, as 
seen above, to stabilize graphene in dispersion against sedimentation 
does necessarily mean to suppress the agglomeration in the first place. 
Therefore, the first task to formulate a dispersion of gpG is to separate 
the individual graphene flakes. Furthermore, it is generally desirable to 
use components which are not toxic and – in the case of liquids that must 
evaporate – have a low heat of evaporation and boiling point. The 
dispersion should be prepared with as little effort and time as possible. 
However, the fast-drying, volatile organic liquids such as EtOH and EAC 
do not yield sufficiently stable dispersions. NMP and DMF on the other 
hand would yield sufficiently stable dispersions, but both have other 
disadvantageous properties: toxic and high boiling point. The same 
intramolecular properties that are advantageous for adsorption on the 
graphene surfaces [88] seem to yield a high cohesive energy as well, 
which results in a high boiling point. To formulate dispersions which 
fulfill the desired properties, different approaches were followed and 
tested. The formulations and abbreviations are outlined in Table 1. In 
general, the abbreviations with numbers refer to the additive with a 
concentration in weight percentage (NMP10 is water with 10 wt% NMP) 
and the abbreviations without numbers refer to pure liquids.

Because the pure liquids used above did not satisfy all requirements 
simultaneously, a second step was taken using other liquids and water- 
based mixtures with selected additives. Water is desirable as it is not 

Fig. 3. Comparison of dispersibility of different probe liquids for gpG in dispersions of 0.5 mg/L. a) Evaluation by the integral extinction along the measurement cell; 
b) HSP for the applied probe liquids and graphene flakes.
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hazardous and does not emit hydrocarbons during drying, with a mod
erate boiling point. Yet, pure water (Fig. 4a) does not yield stable dis
persions, only a very small amount of gpG, as seen by the limited 
absorption, seems to be semi-stable and sediments until about 700 min. 
When NMP, which yields the most stable dispersions in the step before, 
is used as an additive in water with 1 wt% and 10 wt% (Fig. 4b and c), 
the stability is not increased, which demonstrated that NMP is not 
selectively adsorbing on the surface of gpG, unlike a surfactant even
tually would.

For additive-free dispersions, HEP can serve as a non-toxic alterna
tive to NMP. The chemical structure and physical properties are similar, 
yet HEP is not labeled as CMR (carcinogenic, mutagenic, and toxic to 
reproduction) and is not on the SVHC (substance of very high concern) 

list. However, for coatings, the high boiling point and slow evaporation 
remain challenging. More volatile solvents with similar polar bonds 
indicated by HSPs (in particular δp) can be found among chlorinated 
solvents. DCB and DCE (e and f) yield stable suspensions not indicating 
relevant sedimentation within 700 min centrifugation. Note, the 
different shape of the transmittograms is due to the use of glass cells, e. 
g., the line just above 125 mm corresponds to the glass bottom of the 
cell. TCM does not yield stable dispersions – in contrast to previous re
sults like from O'Neill and Khan [45] for the exfoliation of graphite. This 
might be due to the weaker polar interaction (δp) or the lack of a 
repulsive part towards graphene within the trichloromethane molecule. 
The drawbacks of chlorinated solvents such as DCB and DCE are that 
these solvents corrode polymers which make them difficult to handle in 

Fig. 4. Transmittograms for 0.1 wt% gpG in different liquids, centrifuged with a relative acceleration of about 575 g. a) Pure water; b) water with 1 wt% NMP; c) 
water with 10 wt% NMP; d) pure HEP as a non-toxic alternative to NMP; e) DCB; f) DCE; g) TCM. Note, the region of high transmission at about 125 mm in e-g) is due 
to the use of glass cells, the line just above 125 mm is the bottom of the cell.
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coating machines, as well as their persistence and in case of DCE the 
toxicity as a CMR and SVHC substance.

The results of the other pure liquids HEP, DCB, DCE and TCM show 
that stable dispersions can be found beyond the small HSP volume close 
to DMF and NMP in Fig. 3b, as the HSPs of the other probe liquids are 
scattered also among liquids which yield unstable dispersions (comp. 
Table S 1). Therefore, it is not possible to predict the stability of a 
dispersion with gpG based on HSPs alone. To elaborate on this matter, 
different physical properties of each probe liquid are compiled in Table S 
3 in the supplementary information. The liquids can be categorized for 
yielding stable (NMP, HEP, DCB), medium stable (DMF, DCE) and un
stable dispersions with gpG. With this clustering and assuming NMP and 
HEP to have similar properties, it becomes apparent that there is no 
single physical property (like dipole moment or surface tension) nor 
related numerical property (like HSPs) which predicts if a dispersion is 
stable or not. However, it is possible to formulate a combination of 
properties for a probe liquid under which stability is to be expected: The 
dipole moment should be at least 2 D strong, the molecular volume 
should be about 100 mL/mol or higher, the molecule should be formed 
as a ring with one side consisting of apolar bonds. If one or more of these 
properties is not sufficient, a decrease in stability is to be expected. For 
instance, if the probe molecule does not have a ring structure with 
apolar bonds like DMF, the stability is decreased substantially. If the 
dipole moment is not sufficiently large, like for TOL, the stability is 
decreased. However, the proposed amphiphilic structure of probe mole
cules for stable dispersions cannot be presented by these numerical 
values directly, as the disperse HSP scatters too much, but only indi
rectly by the molecular structure and volume.

This interpretation is confirmed by theoretical approaches such as 
molecular dynamic simulations involving one or two graphene planes 
and the assemble of probe molecules. Shih et al. [86] concluded from 
such simulations that in order to stabilize a graphene dispersion, the 
interactions between the adsorbed monolayer of probe liquid molecules 
on the graphene plane should be strong. The stronger this interaction 
compared to the bulk interaction of the liquid is, the more is the 
agglomeration hindered, as the energy barrier which includes desorp
tion is raised. As mentioned above, Goldie et al. [88] added that some 
probe molecules adopt to preferred orientations following the dipole 
moment of molecules such as NMP. However, if the dipole of such a 
molecule is oriented facing towards the graphene plane in accordance 
with the simulations, two graphene flakes would approach each other 
with a monolayer of molecules with opposing dipole moments, posing a 
repulsive force. Both of these studies point towards the formation of a 
strong and oriented monolayer of liquid molecules on the graphene 
plane. This interpretation is visualized in Figure S 7 by a sketch.

3.3.2. Aqueous dispersions with additives
To achieve stable aqueous dispersions, additives were therefore 

tested. Three different polymers were used, CMC, PAA, PVP. All of 
which are known as effective additives e.g. for GO and similar particles. 
Thus, the experimental focus is shifted towards the gpG. The first two 
polymers have anionic side-groups, the latter the same γ-lactam ring as 
NMP and HEP. The transmittograms are displayed in Fig. 5. With a 
concentration of 1 wt%, ten times larger than that of gpG, the disper
sions can be stabilized well, following the order CMC > PVP > PAA. For 
all the samples, a polydisperse sedimentation can be identified, indi
cated by the inclination in the transmittograms. Thus, all three polymers 
suppress the agglomeration well. CMC is still effective at just 0.1 wt% 
and as mixtures with 0.9 wt% PAA or PVP, even further lowering the 
concentration to 0.01 wt% CMC and 0.09 wt% PVP was possible, while 
still retaining reasonable stability against sedimentation. This makes all 
three polymers potential additives for non-toxic gpG dispersions.

Interestingly, comparison of 1 wt% NMP (Fig. 4b) and 1 wt% PVP 
(Fig. 5d) addition to gpG in water shows that the stability of a dispersion 
is not determined by the attractive group towards graphene alone. As 
both are easily dissolved in water, their only difference is that NMP is a 

small molecule and PVP a polymer. If PVP or NMP adsorbs onto the 
particle surface replacing water molecules, it is possible that the 
adsorption of PVP opens more translational degrees of freedom in terms 
of molecular movement than NMP. This increases the entropy of the 
system, making PVP adsorption thermodynamically more favorable 
than that of NMP. This entropic effect likely contributes to the enhanced 
stability of PVP-stabilized dispersions similar to the improved stability 
of coordination compounds with ligands which have more than one 
bond to the central atom. However, this is an interpretation of the 
presented data. In any case, it is apparent that the actual stabilization is 
due to both Derjaguin–Landau–Verwey–Overbeek (DLVO) and non- 
DLVO mechanisms (e.g. maintaining osmotic pressure between the 
particles).

Not only can polymers be used to stabilize gpG in water, but also 
surfactants. Therefore, different surfactants have been tested which are 
like the polymers known as additives, and the results are shown in Fig. 6. 
OSA, SDS and SBS are similar anionic surfactants with a sulfonate or 
sulfate polar group. The apolar parts have different sizes with SDS being 
the largest and SBS the smallest. All anionic surfactants are well miscible 
with water (critical micelle concentration for SDS is about 2.3 mg/mL 
and for OSA about 30 mg/mL) [91], which are well above the approx
imate concentration used in this study (0.1 mg/mL). This concentration 
was chosen to minimize the possible impact of the non-volatile 
non-conductive surfactant salts on the final coatings. Cationic surfac
tants derived from quaternary ammonium have been tested, too. The 
critical micelle concentration is about 35 mg/mL for TMOA [92] and as 
small as about 0.032 mg/mL for DDDA [93]. Thus, the cationic surfac
tants are used both below and above their respective critical micelle 
concentration, with DDDA yielding a more stable dispersion than 
TMOA. The results suggest that surfactants with larger apolar parts in 
their molecular structure yield more stable dispersions, generally 
pointing towards the effect of steric hindrance as it was found for 
non-ionic surfactants in the exfoliation scenario, while for anionic sur
factants the electrical double layer was found to be more dominant [58].

Generally, it is reported in literature that surfactants can support the 
exfoliation of graphene from graphite, with cholates being preferable 
over non-ionic, cationic surfactants, or other anionic surfactants like 
SDS [31,57,58]. In other cases of rGO at 0.1 mg/mL particle concen
tration with 0.05 and 0.5 wt% additive concentration, SDS was not 
found to be practical to stabilize the dispersion [94], which is in contrast 
to the findings in this study. In the same context, PVP showed to yield 
stable dispersions, which is in agreement to the results here. However, 
the dispersions were prepared at the extreme pH of 1 and 12 unlike in 
this study. It is therefore apparent again that the details in the prepa
rations are important factors for the stabilization of graphene disper
sions, be it the different flakes or the liquids and additives.

It is further noteworthy that the films Fernández-Merino et al. [94] 
produced from dispersions containing polymers and surfactants often 
exhibited lower conductivity, whereas samples with a higher rGO frac
tion (e.g., rGO in a pure liquid) showed the best electrical performance. 
This observation highlights the potential negative influence of stabiliz
ing additives on graphene's electronic properties. Therefore, to evaluate 
the practical impact of stabilization on coating performance, selected 
dispersions were further processed into model coatings using Langmuir 
deposition, ultrasonic spray coating and ink-jet printing.

3.4. Formation of conductive thin films

3.4.1. General aspects
For the possible application of gpG in devices such as sensors or in 

energy storage, thin films are required that aim for fulfilling two quality 
demands: sufficient electrical or thermal conductivity and high surface 
area for some applications. To utilize the intrinsic properties of gpG, 
different thin films are prepared by Langmuir deposition, spray coating 
and ink-jet printing with selected dispersions. The different techniques 
were chosen as they are well-known for the deposition of particles onto a 
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substrate yet have different demands on the properties of the feed 
dispersion and yield different layer structures. The Langmuir deposition 
technique has good prospects of generating additive-free coatings from 
water-immiscible spreading solvents such as DCE, the spray coater is 
versatile and handles different dispersions well, while direct ink-jet 
printing could be used for the preparation of structured layers. The 
often-reported vacuum filtration is known to yield conductive and 
compact films. However, this technique cannot be performed on non- 
porous substrates and the compact graphene layers are inaccessible to 
reactants. Consequently, this technique cannot be applied for some of 
the possible applications.

With the high inherent conductivity of the individual few-layer gpG 
flakes, the main source of resistance in a layer is the interface resistance 

between the particles. However, high porosity and roughness are 
beneficial for interface-driven chemical processes in liquid and gas 
phase. Therefore, conductivity and accessibility of the surface by 
porosity and roughness are key thin film properties which need to be 
balanced carefully in a compromise. Both are highly dependent on the 
layer formation and therefore on the graphene dispersion used. The 
proper choice of liquids and additives for a dispersion in this technical 
context depends on several factors. 

• sedimentation stability of the dispersion
• evaporation and drying behavior
• surface energy and wetting of the substrate

Fig. 5. Transmittograms for 0.1 wt% gpG in water with different polymers as additives centrifuged with a relative centrifugal acceleration of about 575 g. a) Water 
with 0.1 wt% CMC and b) with 1 wt% CMC; c) water with 1 wt% PVP; d) water with 1 wt% PAA; e) water with a mixture of 0.9 wt% PAA and 0.1 wt% CMC; f) water 
with 0.9 wt% PVP and 0.1 wt% CMC and g) with 0.09 wt% PVP and 0.01 wt% CMC.
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• in case of non-volatile additives: their compatibility with the desired 
application

• compatibility of possible additives with the materials of the coating 
device

• toxicity and environmental sustainability of the applied chemicals

3.4.2. Transport characteristics of gpG thin films
The carrier transport properties of the prepared layers on polished c- 

plane sapphire were characterized with results presented in Table 2. 
Transport measurements of a representative sample (Langmuir, 3x 
Layers) are presented in Figure S 9 and reveal linear current-voltage 
behavior characteristic of ohmic contacts and symmetric Hall re
sponses under magnetic field reversal, demonstrating stable and repro
ducible charge transport. The individual measurements have a 
maximum relative error of about 1 %. To accurately determine the bulk 
three-dimensional conductivity, the thickness of the film is needed. 
However, the coatings are rough and uneven as will be discussed in 
detail later. Here the effective two-dimensional sheet resistivities and 
conductivities are therefore reported in Table 2. Furthermore, even an 
average thickness cannot represent the electron pathways properly since 
the main source of resistance is most likely due to points of limited 
contact of flakes both in lateral dimension as well as cross-sectional.

Four-point probe resistance, resistivity, and conductivity in a van der 
Pauw geometry were measured for spray-coated and Langmuir samples 
at varying numbers of layers by subsequent deposition. The printed 

Fig. 6. Transmittograms for 0.1 wt% gpG in water with different surfactants as additives centrifuged with a relative acceleration of about 575 g. a) Water with 0.1 wt 
% sodium octyl sulfonate; b) with 0.1 wt% sodium dodecyl sulfate; c) with 0.1 wt% sodium benzoyl sulfonate; d) with 0.1 wt% trimethyloctylammonium bromide; e) 
with 0.1 wt% n-didodecyldimethylammonium bromide.

Table 2 
As measured conductivity and transport properties of the prepared gpG thin 
films on polished sapphire.

Sample Resistance Sheet 
resistivity

Sheet 
conductivity

Hall 
mobility

Carrier 
density

​ [kΩ] [kΩ/sq] [mS/sq] [cm2/ 
V•s]

1014 

[cm− 2]
Langmuir films
1x Layer 17.76 80.46 0.01 4 0.2
2x Layer 1.59 7.20 0.14 11 0.8
3x Layer 1.12 5.43 0.18 19 0.6
Spray coating
DDDA 1.03 4.64 0.21 2 6.6
15 passes
DDDA 0.16 0.73 1.36 9 9.7
25 passes
DDDA 0.13 0.60 1.67 2 50.0
35 passes
CMC 0.1 

wt%
0.18 0.83 1.20 9 8.9

15 passes
CMC 0.1 

wt%
0.09 0.40 2.52 11 14.0

25 passes
CMC 0.1 

wt%
0.12 0.52 1.92 6 20.0

35 passes
​ [kΩ] [mS]
Printing 0.23 - 4.3 - -
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samples have been measured using prepared Au/Cr electrodes on the 
substrates. The results for spray coated gpG films show clear trends: As 
expected, an increasing number of passes of the spray head increases the 
sheet conductivity for both CMC and DDDA. With the surfactant DDDA, 
conductivity rises to 1.67 mS/sq at 35 passes. The Hall mobility is in the 

range between 1 and 10 cm2/V•s, while the sheet carrier density in
creases with thickness from 6.6•1014 to 9.7•1014 and finally to 50•1014 

cm− 2. The mobilities are somewhat lower than the best values reported 
in the literature for printed graphene layers [95–97] and several orders 
of magnitude below the mobility of a single, suspended mechanically 

Fig. 7. Graphene thin films on sapphire prepared by Langmuir deposition characterized by SEM (left column), AFM (middle), transmission optical microscopy (right) 
and Raman spectroscopy (bottom). a-c) One deposition; d-f) two depositions; g-i) three subsequent depositions on the same substrate; j) and k) Raman spectroscopy 
of two distinctly different spots by one layer deposition, graphene layer breathing modes are in the marked region.
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exfoliated graphene flake [98]. This shows that to form conductive 
layers of graphene, the flake-to-flake contact has a strong impact. In 
Fig. 1a, the wrinkled nature of gpG is apparent. This self-folding prop
erty of graphene from gas phase synthesis together with a complex 
interrelationship of liquids and additives opens many different options 
to tailor the coating properties, but also complicates interpretation. To 
better understand the film formation, microscopic imaging methods 
were applied and discussed for each coating technique in the following 
chapters.

3.4.3. Layer formation by Langmuir deposition
A first scalable method is the Langmuir deposition which yields 

additive-free graphene layers. The thin films prepared by this method 
are characterized by SEM, AFM, optical microscopy, and Raman spec
troscopy. The results are presented in Fig. 7. The micrographs a-c) show 
the deposition of only one layer on the flat and insulating substrate. Gaps 
between the individual agglomerates remain, which are the main source 
of electrical resistance for these layers. This first kind of defects for this 
layer deposition method can be cured by simply adding more layers on 
top. As can be seen in the other micrographs for the two (d-f) or three (g- 
i) consecutive depositions, the gaps between the agglomerates are filled 
up and thus this kind of defect is cured which leads to the improved 
conductivity (Table 2). Layers of liquid-phase exfoliated flG [35] flakes 
did agglomerate much less on the surface of water, so that continuous 
coverage was possible with much less deposition. Furthermore, the 
conductivity increases linearly above a minimal threshold, whereas this 
threshold seems to be much higher in the case of gpG. This is due to the 
amplified agglomeration. Exemplary Raman spectra (Fig. 7j and k) were 
recorded to investigate this agglomeration of gpG combined with 
mappings of the 2D- and G-mode, presented in Figure S 10.

The low-frequency Raman mode at about 115 cm− 1 is related to layer 
breathing modes of graphene plates, which are of low but identifiable 
magnitude. Furthermore, the FWHM values of the 2D signals of different 
Raman spectra from samples with one to three consecutive depositions 
with both bright and dark spots are compared, and no significant dif
ference can be found. The values are in the range of 49.1 to 55.6 cm− 1 

and presented in Table S 4. This is also apparent by the mappings in 
Figure S 10. The only difference found is a higher intensity of the Raman 
signal for the dark spots compared to the bright spots, which is explained 
by the larger amount of material in those spots. For the agglomeration of 
graphene, many different geometries are imaginable, e.g.: plane-on- 
plane, edge-to-plane, corner-to-plane. However, the low intensity of 
the layer breathing mode, together with the characteristic 2D and G 
Raman features — both highly sensitive to layer number — suggests that 
extended plane-on-plane stacking is limited in the resulting films. 
Instead, the agglomeration and film assembly are likely governed by 
edge and corner interactions between the wrinkled gpG flakes, both 
laterally and vertically. This interpretation is consistent with SEM and 
AFM observations showing locally disordered, non-planar morphology. 
Further aspects on agglomeration are discussed in more details in the SI. 
In summary, the lack of three-dimensional movement in the surface film 
on water seems to limit the agglomeration to wrinkled structures instead 
of plane-on-plane agglomeration, even though it would reduce more the 
surface energy of the gpG flakes.

Another kind of defect occurs during the deposition. The graphene 
agglomerates on the surface of water seem to form a cohesive but brittle 
layer. As the water level is lowered at the end of the deposition, the 
graphene layer shrinks to adapt to the new geometry yet breaks under 
the tension. Consequently, gaps can be found in the layer. Furthermore, 
other gaps can be introduced by drying the layers. Examples of these 
kinds of defects are displayed in Figure S 11. While these gaps are 
apparent in the film with only one deposition, the addition of more 
layers on top also cures this defect. The lesser absorption of light of a gap 
in three layers of deposition is still visible in optical microscopy, yet the 
surface coverage is complete as seen in the AFM to the degree that the 
original gap is almost no longer detectable. The removal of these two 

kinds of defects is reflected in the improved conductivity as well, as seen 
in Table 2.

The influence of the dispersion on the layer formation is indirect for 
this method since the layer is initially formed on the surface of water. 
However, stability can be assumed as a necessity for the dispersion. If 
the dispersion is unstable (for instance in HEX), graphene would 
agglomerate fast in the syringe and tubes. Therefore, it cannot be cast 
carefully onto the surface of water and form a floating film. But this 
method does impose other demands onto the liquids used for the dis
persions as it needs to spread and float on the water surface and needs to 
be immiscible in large parts with water to prevent mixing in the bulk. 
These demands have for gpG only been fulfilled by DCE simultaneously. 
Therefore, it remains the only possible option for the Langmuir depo
sition despite its unfavorable safety properties.

Considering these results in light of the Hall data, the following 
picture evolves. The Langmuir films exhibit much higher resistivity than 
spray coated films when only one layer is deposited (80 kΩ/sq) due to 
the gaps in the film. However, further addition of layers in the Langmuir 
films drastically lowers resistivity and raises conductivity (0.01 mS/sq 
for one layer to 0.18 mS/sq for three layers). The Hall mobility increases 
from 4 to 19 cm2/V•s, the highest among all three methods. This can be 
explained in a way that single layer Langmuir depositions leave gaps 
between agglomerated flakes on the substrate, which are the major 
source of resistance. Successive depositions fill these gaps, increasing 
flake-to-flake contacts and enhancing both conductivity and mobility.

3.4.4. Layer formation by ultrasonic spray coating
Ultrasonic spray coating is a well-known method to deposit thin films 

on flexible and rigid substrates from dispersions with different formu
lations. To investigate the relation of conductivity and the microstruc
ture of the graphene layers produced by this method, the set of samples 
coated with gpG dispersed in water with DDDA are characterized by 
SEM, AFM and optical microscopy as displayed in Fig. 8. At this point it 
should be mentioned that the demands on dispersions mentioned above 
(stability, evaporation behavior, wetting, compatibility of additives) for 
a coating application have been considered for the selection of liquids 
and additives. The ultrasonic spray coater uses tubes and a syringe pump 
to control the flow of liquids to the nozzle. Critical components (com
mon polymers such as Teflon, polyolefins) are compatible with water 
and alcohols, for limited contact time also with aprotic polar solvents 
like NMP or HEP.

In general, the layers appear to be rough and porous, with the 
coverage of the substrate increasing with each pass of the spray head. 
The roughness magnitude nearly exceeds the measurable range of the 
AFM. Nonetheless, the AFM micrographs show the flakes forming a thin 
film by agglomeration, yet the gpG flakes are not in compact arrange
ment just like the layers from the Langmuir deposition. The Sq roughness 
parameter (ISO 25178) from 15 to 35 layers is 340, 410 and 220 nm 
respectively as determined from the AFM micrographs. From the SEM 
and optical micrographs, it is apparent that the porosity is not reduced 
but maintained between subsequent passes of the spray nozzle, even 
forming foam-like cavities (Fig. 8i). These cavities are about 0.1 to 10 
μm wide and internally rough due to the graphene folding, which is 
promising for heterogenous surface-limited processes, like catalysis and 
adsorption. Residues of DDDA bromide salt were not found in the mi
crographs. The electron transport properties therefore seem to be linked 
to the porous foam-like microstructure observed in the films that persist 
after successive passes. Such porosity limits flake-to-flake transport.

The thin films formed with other dispersion formulation (aqueous 
0.1 and 1 wt% CMC, as well as organic HEP and EtOH) are described in 
detail in the SI (Figure S 12 – Figure S 16). In summary, the formulation 
with 0.1 wt% CMC is able to form a conductive layer with long-stretched 
island-like structures in between areas of less material. The features are 
of about 10 to 100 μm. The formulation with 1 wt% CMC however does 
form a cohesive polymer matrix, in which the gpG flakes are embedded. 
The thin film is not conductive. The two dispersions with organic liquids 
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did not successfully yield thin films for scalable applications. HEP suffers 
from a low vapor pressure, which leads to ineffective drying and EtOH 
leads to unreliable results due to the lack of sedimentation stability.

Taken together, the results show that the formation of thin films 
prepared by the ultrasonic spray coater directly depends on the 
dispersion properties. The aqueous dispersions with additives show 
promising behavior. The stability is sufficient in the case of DDDA and 
CMC, as well as the evaporation fast enough for the fabrication. For 
these two cases, the additive shows a strong impact on the layer for
mation. As the surface energy seems to be lowered with DDDA and thus 
gas-bubbles stabilized, the gpG arranges in a foam-like manner forming 
a porous layer. For CMC, it is apparent that the additive can impact the 
layer formation negatively for the desired application with 1 wt%, while 
0.1 wt% is compatible with a conductive thin film. However, the thin 
films with additives demonstrate the need for detailed optimization of 
these layers in terms of concentration and drying conditions like the 
length of the timeframe between each layer. In any case, the additives 
dominate the layer formation and thus the form and properties of the 
thin film. In contrast, EtOH does not fulfil the demands on stability 
against agglomeration. Therefore, the coverage is very unreliable, which 
is unsuited for scalable production. HEP on the other hand satisfies the 

demands on stability exceptionally well. However, the drying properties 
are not sufficient for the formation of coatings. Even at 150 ◦C, which is 
too high for most flexible substrates already, the evaporation is too slow 
for any practical purpose.

3.4.5. Layers by ink-jet printing
Finally, a third way to produce graphene layers is the use of ink-jet 

printing, which has been demonstrated with promising results with 
exfoliated graphene on flexible and rigid substrates in the past [37–39,
99]. Two different formulations were tested: one aqueous dispersion 
with 0.1 wt% gpG and 0.1 wt% PVP in water, as used similarly in other 
studies before (e.g. Ref. [39]), and one of 0.1 wt% gpG in DCB. The 
waterborne formulation led to immediate clogging of the printer's noz
zles. This could also not be cured by further diluting the ink to only 
0.025 wt% PVP and gpG. The organic ink with DCB was directly print
able. While both dispersions were stable against sedimentation, the 
conformation of the particle (crumpled or flat) is unknown but can be 
decisive if the nozzle diameter is in the range of 10 to 100 times the 
particle diameter of some hundred nanometers (Fig. 1a).

Electrodes (Au on Cr) where prepared by lithography on a silicon 
thermal oxide wafer with a gap of 10 μm, and the gpG ink was printed 

Fig. 8. Graphene thin films spray coated on sapphire from aqueous dispersion of gpG with DDDA cationic surfactant. Left: SEM micrographs, middle: AFM mi
crographs, right: transmission optical micrographs. a-c) 15 Passes of the ultrasound spray head, d-f) 25 passes, g-i) 35 passes. f and i) inset: SEM micrograph zooming 
into the porous microstructure, b) and h) note the distortions in parts with large slopes as the limitation of the AFM capabilities.
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between the two electrodes. The characterization of the gpG by SEM, 
AFM and optical microscopy is presented in Fig. 9.

These micrographs show that gpG agglomerates during the drying of 
the layer forming web-like structures stretching from one electrode to 
the other. In between some individual isolated agglomerates are 
apparent in the AFM micrographs. This first printing with the new ma
terial gpG already provides some conductivity of 4.3 mS. Similar web- 
like layer formation has been found for liquid phase exfoliated modi
fied graphene by Arapov et al. on porous substrates [38]. Depending on 
the substrate and the modification of the graphene, the coverage could 
be improved. On rigid Si substrates, Torrisi et al. found a strong de
pendency of the coverage with the surface preparation, hydrophobic 
surfaces showed the best results. This indicates that like for the 
spray-coated samples with CMC, the drying step can be optimized to 
reliably provide high-quality graphene thin films. To improve the sur
face coverage and thus the conductivity and precision of the printing, 
surface preparation should be considered, which might improve the 
wetting of the substrate by the hydrophobic DCB. Furthermore, to 
enhance the drying limited by the device to a maximum temperature of 
50 ◦C, DCB might be exchanged with DCE, which provides similar sta
bility and wetting properties, but evaporates much faster. However, the 
results show that gpG can be printed as an ink with DCB just like exfo
liated flG which is as seen for the aqueous dispersion not guaranteed. 
The detailed optimization, however, is subject to future research beyond 
the scope of this work.

4. Conclusion

In this work, the applicability of gas-phase synthesized graphene 
(gpG) for the fabrication of thin films is investigated by a systematic 
approach to formulate and evaluate stable dispersions and conductive 
thin films. Using space- and time-resolved analytical centrifugation 
(AC), the dispersion stability was quantitatively assessed in-situ. AC as a 
method with accelerated sedimentation allows for the fast screening of 
several dispersion formulations and subsequent improvement of the 
formulation as well as the differentiation of different sedimentation 
modes – without the need for a mathematical sedimentation model. The 

results identify flake agglomeration, intensified by the anisotropic ge
ometry of gpG, as the main cause of destabilization.

From the results of AC, Hansen parameters (HSPs) were calculated 
for stable gpG dispersions: δD = 17.81 MPa1/2, δP = 12.84 MPa1/2 and δH 
= 9.1 MPa1/2. In comparison to previously published results, the polar 
interaction is emphasized with a larger value. However, in the past, 
results were achieved by evaluating the concentration and stability of 
exfoliated graphene. Therefore, they included the stabilization as well as 
the exfoliation, whereas the HSPs in this study represent the stabiliza
tion alone. Furthermore, it should be considered that the exfoliation also 
depends on kinetic factors such as diffusion and thus the particle size.

The HSPs for stable dispersions in this study appear to be very nar
row. While NMP yields a suspension with immeasurable slow sedi
mentation, DMF is only stable for 10 min of centrifugation. Furthermore, 
if other liquids which yield stable dispersions outside of the HSP study of 
this work are considered (HEP, DCE, DCB), the HSPs becomes less clear, 
as stable dispersions can be found further away from the calculated 
value. Thus, the stability of a dispersion with gpG does not seem to be 
predictable by HSPs alone. Another interpretation is the formation of 
energy barriers between the graphene flakes. These require proper sol
vent–particle or solvent–additive–particle interactions. For a probe 
liquid to stabilize the dispersion, its molecular structure should have 
amphiphilic properties: one side of the molecule should be attractive by a 
strong dipole which can orient towards the graphene plane, the other 
should be less attractive with apolar hydrocarbon bonds, consequently 
creating an energy barrier between the two graphene flakes. Additives 
seem to stabilize the gpG dispersions by both DLVO and non-DLVO 
mechanisms. Hence, stability is not a matter of thermodynamics 
alone, but depends on kinetic phenomena.

This way, stable dispersions were achieved both in pure organic 
liquids and in aqueous systems with green non-toxic additives. Among 
pure liquids, γ-lactam compounds, NMP and HEP as well as the chlori
nated liquids DCB, and DCE produced the most stable dispersions, 
confirming that well-dispersed gpG can be obtained without oxidation 
or chemical modification. In water, the polymers CMC, PVP, and the 
cationic surfactant DDDA enabled stable formulations using only mild 
sonication for 5 min, offering environmentally benign alternatives to 

Fig. 9. Graphene ink jet printed from 1,2-dichlorobenzene dispersion on electrodes, characterized by SEM (a and d), AFM (b and e) and optical microscopy (c and f).
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organic media.
For a successful formation of a thin film, a dispersion of gpG has to 

meet requirements with respect to the coating technique. Langmuir 
deposition requires a dispersion stable within the timeframe of the 
process, furthermore, the liquid needs to have a much lower surface 
tension to spread on the water surface and finally evaporate quickly 
under ambient conditions. This has, so far, only been fulfilled by DCE 
simultaneously. Although requiring multiple layers for complete 
coverage, the method allowed to produce additive-free films with the 
highest carrier mobility (≈19 cm2/V•s), preserving the intrinsic trans
port of gpG flakes. Improvements for this method might be of geometric 
nature in order to minimize the formation of cracks.

For ultrasonic spray coatings, the dispersion must be stable as well, 
the drying should be possible at reasonable temperatures without 
damaging the substrate, and possible additives should not be incom
patible with the desired application. With DDDA and CMC, two addi
tives have been found which fulfil these requirements. The layers formed 
by 0.1 wt% CMC are rough yet compact (conductivity ≈ 2.5 mS/sq, 
mobility ≈ 11 cm2/V•s), while the layers by DDDA have a rough, foam- 
like structure and exhibited lower mobility. However, if the content of 
CMC in the dispersion is too high, the layer becomes insulating as the 
flakes are isolated in the polymer matrix. It is therefore apparent that the 
formation of thin films by ultrasonic spray coating is a matter of further 
detailed optimization regarding the type and concentration of additives 
and the drying condition (temperature and time between each layer). 
Furthermore, due to the strong impact of additives such as surfactants 
and polymers, future work on the thin film formation of gpG related 
materials should focus on the particle-additive interaction during the 
film formation. It is possible that the transport properties can be 
improved further by post-treatment methods which focus on the modi
fication or even removal of such additives.

Finally, inkjet printing proved feasible for organic dispersions but 
still faces challenges with drying and nozzle clogging for aqueous dis
persions. However, before an optimization of the process can be pur
sued, the conditions under which a droplet of ink can be formed reliably 
without clogging the nozzles should be studied. It is likely that the 
particle form, determined by its chemical environment, is a vital factor 
which needs to be controlled. Once this is understood and controlled by 
the ink formulation, the drying conditions and possibly surface prepa
ration can be adjusted to optimize the thin-film formation. By this, ink- 
jet printing of gpG might add a valuable method for the fabrication of 
flexible electronics under ambient low-temperature conditions.

Overall, the study establishes clear processing-structure-property- 
relationships for gpG systems: dispersion stability and drying behavior 
dictates film uniformity, which in turn governs charge transport. While 
each of the individual methods for characterization as well as for thin- 
film formation are not novel on its own, their combination in this 
study facilitates the technical integration of this new and promising 
material gpG. The findings provide a foundation of empirical and 
mechanistic knowledge for scalable, additive-controlled, or additive- 
free coating strategies and highlight gpG's potential beyond lithium- 
ion batteries, particularly in electronic, catalytic, and sensing applica
tions. Future work can use this study as a steppingstone for application 
of gas-phase synthesized graphene-related materials in applications.
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