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Chapter 2 
Graphene-based hybrids through the Langmuir-
Blodgett approach  
 

 

 
Layer-by-layer assembly is an easy and inexpensive technique for the development 

of multilayer films. Nevertheless, simplicity and low cost are not the only reasons 

why layer-by-layer deposition has attracted so much of attention over the past two 

decades. The versatility of the process, the capability of using diverse types of 

materials, the tailoring of the final nanostructures with controlled architecture, 

thickness and functionality and lastly the potential of tuned, well defined and desired 

properties determined by the number of layers in the films are briefly the main 

advantages of layer-by-layer methods. Consequently, layer-by-layer assembly is 

considered to be an important bottom-up nanofabrication technique today which has 

very few limitations. The Langmuir-Blodgett technique is one of the most promising 

layer-by-layer methods for preparing monolayer and multilayer of graphene-based 

thin films. This bottom-up approach enables the precise control of the single layer 

thickness and allows homogeneous deposition over large areas on almost any kind 

of solid substrate. Although this emerging field of graphene nanoscience remains 

largely unexplored, several studies have demonstrated either the successful 

preparation of high-quality graphene monolayer films or of multilayer films of novel 

graphene hybrids created by integrating a variety of guest species with the graphene 

matrix. 

  

																																																								
This chapter is based on the book chapter: “Layer-by-Layer assembly of graphene-based 
hybrid materials”, by A. Kouloumpis, P. Zygouri, K. Dimos and D. Gournis, which appeared 
on pp. 359-399 of “Functionalization of Graphene”, 1st ed., edited by Vasilios Georgakilas, 
2014, Wiley-VCH GmbH & Co. KGaA, Weinheim, Germany). 
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2.1 Introduction 
Graphene, being a single-layered material is an amazing and promising candidate 

for layer-by-layer (LbL) assembly. Its superior electronic and mechanical properties 

can be modified, tuned, or enhanced by LbL assembly as many studies have 

reported over the last 3-4 years. The resulting LbL graphene-based hybrid films 

commonly attain varied and complex properties as various substances can be used 

for the intermediate layer and may become elements of electronic circuits, 

supercapacitors, sensors etc. 

Thin films of a thickness of a few nanometers (composed of single layer 

graphene) are the source of high expectations as useful components in many 

practical and commercial applications. The possibility to synthesize hybrid materials, 

almost without limitations, with desired structure and functionality in conjunction with 

a sophisticated thin film deposition technology enables the production of electrically, 

optically and biologically active components on the nanometer scale. The Langmuir-

Blodgett (LB) technique is one of the most promising techniques for preparing such 

thin films as it enables: 

• the precise control of the monolayer thickness,  

• homogeneous deposition of the monolayer over large areas and  

• the possibility to make multilayer structures with varying layer composition. An 

additional advantage of the LB technique is that monolayers can be deposited 

on almost any kind of solid substrate. 

Many possible applications (optical, electrical and biological) have been 

suggested over the years for Langmuir Blodgett films.1 Next to other layered 

materials, like aluminosilicate nanoclays or layered double hydroxides, graphene has 

been widely used in the LB approach. High quality graphene monolayers have been 

placed on surfaces where direct graphene growth is not possible or multilayer films 

of novel graphene hybrids have been developed by integrating graphene matrices 

with a variety of guest species. 
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2.2 Monolayers of Graphene Oxide 
With the Langmuir-Blodgett technique, water supported single layers of graphene 

oxide (GO) can be compressed and transferred without any surfactant or stabilizing 

agent as demonstrated by Laura Cote et al.2 in 2008. The single layers formed a 

dispersion, which was stable against flocculation or coagulation when confined in 2D 

at the air-water interface. The edge-to-edge repulsion between the single layers 

prevented them from overlapping during compression. The layers folded and 

wrinkled at their interacting edges at high surface pressure, leaving the interior flat. 

GO single layer Langmuir films can be readily transferred to a solid substrate and 

their density is continuously tunable from dilute, to close packed and to over packed 

monolayers of interlocking sheets. When single layers of very different sizes are 

brought together face to face, they can irreversibly stack to form double layers.2 The 

geometry-dependent GO single layer interaction revealed here should provide insight 

into the thin film processing of GO materials since the packing of GO single layers 

affects surface roughness, film porosity, packing density, etc. In addition, LB 

assembly readily creates large-area films of single layer GO, which is a starting 

material for graphene-based electronic applications.2 

The insight that graphene oxide has hydrophilic functional groups and parts of the 

basal plane that are hydrophobic, should lead to a better understanding of the 

processing and assembly of GO sheets. GO can be solution processed to form thin 

films by many techniques such as spin coating, drop casting, spraying and dip 

coating, etc. Laura Cote et al.3 also deposited GO on various surfaces by means of 

the classical Langmuir-Blodgett technique, where a surfactant is spread on the water 

surface and confined between two movable barriers (Figure 2.1a). As the barriers 

are closed, the surface density of molecules increases, leading to an increase in 

surface pressure, or reduction in surface tension that can be continuously monitored 

by a tensiometer. The floating Langmuir films can then be transferred to a solid 

support by vertical dip-coating. GO can be spread from alcohols that are even 

miscible with water, such as methanol. When methanol droplets are gently dropped 

on water surface, they can first spread rapidly on the surface before mixing with 

water. 
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Figure 2.1. LB assembly of GO sheets. (a) With an LB trough, the surface density of 

GO sheets can be continuously manipulated by the barriers and the surface pressure 

can be monitored by the tensiometer. Monolayers can be transferred to a solid 

substrate by dip-coating. (b) Surface pressure-area isotherm of a GO Langmuir film 

showing a continuously increasing surface pressure with decreasing area. (c–f) SEM 

images of monolayers transferred at surface pressures in the corresponding regions 

in the isotherm plot, showing continuously tunable surface coverage from (c) isolated 

flat sheets, (d) close-packed sheets, (e) overpacked sheets with folded edges to (f) 

overpacked sheets interlocked with each other. (Reproduced with permission from 3) 

 

In this way, the GO surfactant sheets can be effectively trapped at the air–water 

interface3 and their density in the Langmuir film continuously tuned by moving the 

barriers. Upon compression, the Langmuir film exhibits a gradual increase in surface 

pressure, as shown in the surface-pressure–area isotherm plot (Figure 2.1b). If the 

film is transferred at the initial stage where the surface pressure is near zero, it 

consists of dilute, well-isolated flat sheets (Figure 2.1c). As compression continues 

and the surface pressure increases, the sheets start to close pack into a broken tile 

mosaic pattern over the entire surface (Figure 2.1d). Upon further compression, the 

soft sheets are forced to fold and wrinkle at their touching points in order to 

accommodate the increased pressure (Figure 2.1e). This is in stark contrast to 

traditional molecular or colloidal monolayers, which would collapse into double layers 

giving rise to a constant or decreasing surface pressure when compressed beyond 

the close-packed regime. Even further compression results in interlocked sheets with 
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nearly complete surface coverage (Figure 2.1f).3 The LB assembly produces flat GO 

thin films with uniform and continuously tunable coverage. 

The Langmuir–Blodgett technique was used by Xi Ling and Jin Zhang4 in the 

same year, to build up ordered mono- and multilayer assemblies of protoporphyrin IX 

(PPP) on top and on bottom sides of graphene as shown in Figure 2.2. The Raman 

enhancement was dependent on the molecular configuration in contact with 

graphene; the functional group of PPP in direct contact with graphene caused a 

stronger enhancement than other groups.4 These results reveal that graphene-

enhanced Raman scattering (GERS) is strongly dependent on the distance between 

graphene and the molecule, which is convincing evidence that the Raman 

enhancement based on graphene is due to a chemically enhanced mechanism. This 

discovery provides a convenient system for the study of the chemical-enhanced 

mechanism and will benefit further understanding of surface-enhanced Raman 

scattering (SERS).  

Tamás Szabo et al.5 observed a negligible amount of imperfections in LB films of 

GO sheets deposited in a hydrophilic substrate: folded back at interconnecting edges 

or face-to-face aggregates were extremely scarce. These highly ordered single 

layers are very promising for advanced electronic applications because very large 

areas can be covered by densely tiled graphene oxide nanosheets, which can 

provide continuous electrical pathways after reduction to increase their conductivity.5 

LB films of chemically reduced graphene oxide may be especially beneficial for the 

fabrication of optically transparent flexible circuits, where the use of indium tin oxide 

(ITO) is limited due to its rigidity and fragility. 

 

 
Figure 2.2. Schematic representation of the preparation of protoporphyrin IX (PPP) 

and graphene. (Reproduced with permission from 4) 
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Xiluan Wang, Hua Bai and Gaoquan Shi6 in 2011 developed a universal technique 

for size fractionation of GO sheets by just adjusting the pH value of GO dispersion. 

The hydrazine reduced Langmuir-Blodgett films of GO flakes with large lateral 

dimensions showed much higher conductivities than those of GO flakes with small 

lateral dimensions. Furthermore, the thin film of large GO flakes prepared by filtration 

exhibited a smaller d-spacing as well as much higher tensile strength and modulus 

than those of films built up from small flakes. The LB films of larger GO sheets also 

showed higher conductivities after chemical reduction because of their more 

compact morphology, fewer structural defects and lower contact resistances.6 The 

lateral dimensions of GO sheets also have a strong effect on the structure and 

properties of the self-assembled GO films: larger GO sheets favor the formation of 

paper-like films with more tight and perfect structures, which greatly improved their 

mechanical properties.  

A year later Luna Imperiali et al.7 investigated the structure and properties of the 

graphene oxide interfacial layer and evaluated the conditions for the formation of 

freestanding films. The rheological properties were shown to be responsible for the 

efficiency of such layers in stabilizing water-oil emulsions. Moreover, because of the 

mechanical integrity, large-area monolayers deposited by the Langmuir-Blodgett 

technique can be turned into transparent conductive films upon subsequent chemical 

reduction. 

Régis Y. N. Gengler and co-workers8 developed a straight forward method to 

deposit uniform single-layer graphene films on arbitrary substrates without size 

limitation and under ambient conditions. The fast high-yield method allowed control 

of graphene coverage by simple adjustment of the applied surface pressure in a LB 

trough. The prepared films could sustain all physical and chemical treatments 

associated with the lithography process without any loss of material. Additionally, 

among all chemically exfoliated graphite, the flakes obtained show one of the lowest 

resistivities at the Dirac charge neutrality point (≈65 kV) and gave evidence for 

switching from a hole-conduction regime to an electron-conduction regime.  

In 2012 spectroscopic studies of large sheets of graphene oxide and reduced 

graphene oxide monolayers prepared by the Langmuir–Blodgett technique were 

reported by D. S. Sutar et al.9 Moreover, photoelectron spectroscopy was used to 
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investigate the electronic structure of the monolayers.10 The GO monolayers 

obtained by Langmuir-Blodgett route and suitably treated to obtain rGO monolayers. 

In comparison with GO, rGO monolayers showed steeper Fermi edge, decrease in 

work function (WF) and increase in p electron density of states (DOS) due to removal 

of oxygen functional groups or increase in graphitic carbon species. The rGO as 

compared to GO, also exhibited Auger features attributable to the increase in p 

electron DOS. The effective number of valence electrons as obtained from plasmon 

loss features showed 28% increase upon reduction, associated with the increase in 

graphitic carbon content. Thus, by controlled reduction of GO, it should be possible 

to tune its electronic structure and hence electronic/optoelectronic properties. 

 

2.3 Nanocomposite films 
A Langmuir-Blodgett approach for the highly-efficient fabrication of nanoscrolls 

was reported by Yan Gao et al.11 The scrolls consisting of rolled up functionalized 

graphene oxide single sheets have a tubular structure without caps at their ends as 

revealed by transmission electron microscope. The scrolls align parallel to the 

moving barriers of the LB equipment and exhibit a loose-dense pattern during the LB 

compression process. The authors also realized that specific solvents could unwind 

the scroll structures.  

Transparent conductive films were produced by Qing-bin Zheng et al.12 in 2011 

using the ultra-large graphene oxide sheets that were deposited layer-by-layer on a 

substrate using the Langmuir-Blodgett (LB) assembly technique. The density and 

degree of wrinkling of the ultra large GO monolayers are turned from dilute, close-

packed flat GO to graphene oxide wrinkles and concentrated graphene oxide 

wrinkles by varying the LB processing conditions.12 The method opens the way for 

high-yield fabrication of GO wrinkles or concentrated GO wrinkles that are 

considered promising materials for hydrogen storage, supercapacitors and 

nanomechanical devices. The films produced from ultra large GO sheets with a 

close-packed, flat structure exhibit exceptionally high electrical conductivity and 

transparency after thermal reduction and chemical doping treatments. A remarkable 

sheet resistance of ~500 Ω/sq at 90% transparency were obtained, which 
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outperformed the graphene films grown on a Ni substrate by chemical vapour 

deposition.12 In another similar work of Zheng Qing-bin and co-workers13 a sheet 

resistance of 605 Ω/sq at 86% transparency was obtained. This technique for the 

production of transparent conductive thin films of ultra large GO flakes is not only 

facile and inexpensive; it can also be upscaled for mass production. 

A year later, Ganganahalli K. Ramesha et al.14 demonstrated the possibility of 2-D 

in-situ electrochemical polymerization in a Langmuir trough. They spread exfoliated 

graphene oxide on the water surface to bring anilinium cations present in the 

subphase to air−water interface through electrostatic interactions (Figure 2.3). 

Subsequent electrochemical polymerization of aniline under applied surface pressure 

results in a GO/polyaniline composite with polyaniline in planar polaronic form. For 

the deposition in a glassy carbon substrate the Langmuir-Schaefer mode (horizontal 

dipping of the substrate) was applied. 

The same year Pavan Narayanam and his co-workers15 prepared a GO-Cd 

composite Langmuir-Blodgett film by introducing Cd2+ ions into the subphase. The 

changes in the behaviour of the Langmuir film isotherm in the presence of Cd2+ ions 

are attributed to changes in the microstructure and density of the GO sheets on the 

subphase surface. 

 

 
Figure 2.3. Experimental LB setup for in-situ polymerization. (Reproduced with 

permission from 14) 
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The attachment of Cd ions onto the GO single layers causes some overlapping of 

the sheets and extensive formation of wrinkles. Sulphidation of the GO-Cd sheets 

results in the formation of uniformly distributed CdS nanocrystallites on the entire 

basal plane of the GO flakes.15 The de-bonding of Cd with oxygen functional groups 

reduces the number of wrinkles. The GO sheets act primarily as a platform for the 

interaction of metal ions with oxygen functionalities and their structure and 

characteristic features are not affected by either the uptake of Cd or the formation of 

CdS. 

 

2.4 Applications and properties of LB thin films 
Xiaolin Li and his co-workers16 in 2008 reported that the exfoliation-reintercalation-

expansion of graphite can produce high quality single-layer graphene sheets stably 

suspended in organic solvents. The graphene sheets exhibit high electrical 

conductance at room and cryogenic temperatures. Moreover the Langmuir-Blodgett 

technique can assemble graphene sheets into large transparent conducting films in a 

layer-by-layer manner. The chemically derived, high-quality graphene sheets could 

lead to future scalable graphene devices. 

Yang Cao and his co-workers17 in 2010, present a new class of high performance 

photoresponsive molecular field-effect transistors prepared from Langmuir-Blodgett 

films of copper phthalocyanine (CuPc) monolayer, where two-dimensional (2D) 

ballistically-conductive single-layer graphene is employed as planar contacts (Figure 

2.4). The unique feature is the integration of the LB technique with the fabrication of 

nanogap electrodes to build functional molecular electronic devices. The integration 

of the LB technique with sophisticated micro/nanofabrication affords efficient 

molecular field-effect transistors with bulk-like carrier mobility (as high as 0.04 cm2 V-

1 s-1), high on/off current ratios (over 106), high yields (almost 100%) and high 

reproducibility. Another important result is that these transistors are ultrasensitive to 

light, although their active channel consists of a single, only 1.3 nm-thick layer; such 

devices could form the basis for new types of environmental sensors and tunable 

photodetectors. 
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Figure 2.4. The structure of the CuPc monolayer transistor device with metal 

electrodes protected by a 50 nm layer of silicon dioxide. Inset: the molecular 

structure of copper phthalocyanine (CuPc). (Reproduced with permission from 17) 

 

This method of incorporating molecular functionalities into molecular electronic 

devices by combining bottom-up assembly and top-down device fabrication should 

speed the development of nanometer/molecular electronics in the future. 

Negatively charged functionalized graphene oxide layers were incorporated into 

polyelectrolyte multilayers (PEMs) fabricated via Langmuir Blodgett deposition by 

Dhaval Kulkarni et al.18 (Figure 2.5) in the same year. These LbL-LB graphene oxide 

nanocomposite films were released as robust freely standing membranes with large 

lateral dimensions (centimeters) and a thickness of around 50 nm. 

 

 
Figure 2.5. Schematic representation of fabrication and assembly of free-standing 

GO-LbL membrane. (Reproduced with permission from 18) 
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Micromechanical measurements showed an elastic modulus enhancement by an 

order of magnitude, from 1.5 GPa for pure LbL membranes to about 20 GPa for 

membranes with only 8.0 vol % encapsulated graphene oxide. 

A few-layer reduced graphene oxide (rGO) thin film on a Si/SiO2 wafer using the 

Langmuir-Blodgett method, followed by thermal reduction, was fabricated by 

Zongyou Yin et al.19 in 2012 (Figure 2.6). After photochemical reduction of Pt 

nanoparticles (PtNPs) on rGO, the obtained PtNPs/rGO composite was employed as 

the conductive channel in a solution-gated field effect transistor (FET), which was 

then used for real-time detection of hybridization of single-stranded DNA (ssDNA) 

with high sensitivity (2.4 nM). Such a simple, but effective method for fabrication of 

rGO-based transistors shows great potential for mass-production of graphene-based 

electronic biosensors. 

A study on composite electrode materials based on GO and transition metal oxide 

nanostructures for supercapacitor applications was presented by John Lake et al.20. 

Electrophoretic deposition of GO on a conductive substrate was used to form 

reduced graphene oxide (rGO) films through chemical reduction. The strong 

interaction of GO with Co3O4 and MnO2 nanostructures was demonstrated in the 

self-assembled Langmuir–Blodgett monolayer composite, showing the potential to 

fabricate thin film supercapacitor electrodes without using binder materials.  

 

 
Figure 2.6. Schematic illustration of fabrication of a solution-gated FET device for 

DNA detection, based on LB films which combine Pt nanoparticles and reduced GO. 

(Reproduced with permission from 19) 
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They demonstrated a facile, two-step process of metal oxide and graphene 

nanocomposite to fabricate binder-free supercapacitor electrodes.20 The initial hybrid 

electrode comprising a Co3O4 and MnO2 nanocomposite with a top rGO layer 

provides more efficient contact of electrolyte ions, electroactive sites and shorter 

transport and diffusion path lengths, leading to higher specific capacitances than 

those of traditional double layer supercapacitors.20 Particular advantages of this two-

step composite nanostructure thin film process are that it is nontoxic and scalable for 

binder-free supercapacitor processing. 

A compressed Langmuir film of GO flakes deposited on top of a fragile organic 

Langmuir-Blodgett film of C22 fatty acid cadmium salts (cadmium (II) behenate) can 

serve as an efficient protection as demonstrated by Søren Petersen et al.21 The 

structure of the GO-protected LB film was found to be perfectly preserved. While 

metal deposition completely destroys the first two LB layers of unprotected films, the 

protected film showed to act as atomically thin barrier toward metal penetration and 

totally preventing the structural reorganization.  

Continuing their research Qing-bin Zheng et al.22 assembled large-area hybrid 

transparent films of ultra large graphene oxide and functionalized single walled 

carbon nanotubes via a layer-by-layer LB deposition (Figure 2.7).  

 

 
Figure 2.7. Flow chart for the synthesis of hybrid films of ultra large GO flakes and 

single walled carbon nanotubes. (Reproduced with permission from 22)  
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The optoelectrical properties are much better than the corresponding of GO films 

prepared by the same technique and the highest among all graphene, GO and/or 

carbon nanotube thin films reported in the literature. The LB assembly technique, 

which, was developed, is capable of controlling the film composition, structure and 

thickness, while is highly suitable for fabrication of transparent conducting 

optoelectronic devices on a large scale without extra post-transfer processes. With 

further refinement of the synthesis technique, this versatile material could offer the 

properties required for next generation optoelectronic devices.  

A novel simple and relatively cheap method for the fabrication of graphene flakes 

based on the intercalation of graphite with a KCl–NaCl–ZnCl2 eutectic liquid was 

introduced by Kwang Hyun Park et al.23	The authors confirmed that the alkali metal 

(potassium) was successfully inserted between graphite layers is at the optimized 

operation condition and showed that exfoliation also occurs in the process. The 

resulting graphene flakes preserve the unique properties of graphene and could be 

stably dispersed (>6 months) in pyridine solution without additional functionalization 

and surfactant stabilization. Transparent conducting graphene films from well-

dispersed graphene flakes with high yield (~60%) were produced by a modified 

Langmuir-Blodgett assembly.23 The resulting graphene film exhibited a sheet 

resistance of ~930 Ω/sq at a transparency of ~75% and a high conductivity 

(~91.000 Sm-1). The overall results suggest that the eutectic-based method to 

graphene production is a scalable and low-cost route that brings graphene-based 

electronics and composite fields closer to practical applications. 

Other applications of graphene-based films were reported by Sohyeon Seo et al.24 

The authors fabricated a p-n diode junction of p-type rGO/n-doping Si substrate. 

Electric field-induced reduction of graphene oxide was performed by conductive 

atomic force microscopy in order to create a reduced GO p-n nanopatterned diode in 

a dry and non-destructive process directly on the surface where single GO sheets 

were deposited by the LB method. The authors chose n- and p-doped Si substrates 

that control charge transfer at the rGO interface (Figure 2.8).  
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Figure 2.8. Electric field induced reduction to nanopattern the formation of rGO p-n 

diode junctions. (Reproduced with permission from 24) 

 

Electric field induced nanolithography resulted in locally reduced GO nanopatterns 

on GO sheets corresponding to the application of a negative bias voltage on an n-

doping Si substrate. Electric field induced nanolithography was performed as a 

function of applied voltage and the rGO nanopatterned when -10.0 V were applied to 

the substrate showed high conductivity, comparable with that of the chemically 

reduced GO.24 In addition, transport of rGO sheets, which were efficiently reduced 

under a local electric field, showed a uniform conductivity at sheet edges and the 

basal plane. Current-voltage (I-V) characteristics of rGO on n- and p-doping Si 

substrates indicated that electric field induced reduction nanolithography produced p-

type rGO nanopatterns on the Si substrates. This junction is an indispensable 

electronic component that rectifies charge transport and prevents interference 

between neighboring electronic components in high density integrated crossbar 

devices. 

Hai Li and his co-workers25 used graphene oxide as a novel substrate for dip-pen 

nanolithography. After GO was transferred onto a SiO2 substrate using the Langmuir-

Blodgett technique, CoCl2 was patterned on both GO and exposed SiO2 substrates 

simultaneously by dip-pen nanolithography and then used for the growth of 

differently structured carbon nanotubes as presented in Figure 2.9. This novel 

graphene oxide/CNT composite might have potential applications in sensing, solar 

cells, electrode materials, etc. 
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Figure 2.9. Schematic illustration of the experimental procedure. (1) Single layer GO 

sheets were transferred onto SiO2 by using the LB technique. (2) CoCl2 was 

simultaneously patterned on GO and SiO2 by dip-pen nanolithography. (3) CNTs 

were grown on the patterned catalyst dots on GO and SiO2 after CVD. (Reproduced 

with permission from 25) 

 

 

2.5 Conclusions 
The Langmuir Blodgett technique is one of the most promising LbL processes as it 

enables the precise control of the monolayer thickness while allowing for 

homogeneous deposition over large areas and on almost any kind of solid substrate. 

On the other hand, graphene being a 2D single-layered material exhibits great opto-

electronic and mechanical properties, which could be further tailored or enhanced 

with LbL assembling. In this direction, numerous studies have been reported during 

the past years concerning the modification of graphene sheets by LbL assembly to 

produce hybrid films. Owing to their exceptional properties, these multilayered 

systems are employed in a variety of different application areas from electronics to 

(bio)sensors. Despite these achievements there are still many challenges in 

designing and fabricating even better and higher quality graphene-based hybrid 

films. 
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