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O glaube, mein Herz, o glaube: 
Es geht dir nichts verloren! 

Dein ist, ja dein, was du gesehnt! 
Dein, was du geliebt, 

Was du gestritten! 
 

O glaube 
Du wardst nicht umsonst geboren! 

Hast nicht umsonst gelebt, gelitten! 
 

Was entstanden ist 
Das muss vergehen! 

Was vergangen, auferstehen! 
Hör' auf zu beben! 

Bereite dich zu leben! 
 

O Schmerz! Du Alldurchdringer! 
Dir bin ich entrungen! 

O Tod! Du Allbezwinger! 
Nun bist du bezwungen! 

 
Mit Flügeln, die ich mir errungen, 

In heißem Liebesstreben, 
Werd' ich entschweben 

Zum Licht, zu dem kein Aug' gedrungen! 
 

Sterben werd' ich, um zu leben! 
Aufersteh'n, ja aufersteh'n 

wirst du, mein Herz, in einem Nu! 
Was du geschlagen 

zu Gott wird es dich tragen! 
 

— Gustav Mahler 
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Abstract 
 

Graphene-based materials have been emerging at a fast pace since the isolation of a 
single crystal in 2004 and the Nobel prize in physics for that in 2010. Due to the 
outstanding properties of graphene, new lines of research aim to address challenges 
in production and methods to strongly attach graphene onto surfaces. Addressing this 
challenge requires (i) efficient transport of graphene to surfaces where it, (ii) remains 
strongly attached and (iii) manifests the sought graphene-like properties. This thesis 
aims to address these points by exploring synergetic interactions between graphene 
oxide and biomolecules that act as linkers (here named “bio-interfactants”). A layer-
by-layer method was devised, which allowed the formation of ultra-thin coatings that 
safeguarded the overlapping graphene oxide flakes. In order to characterize the 
attainment of graphene-like properties, a mild thermal reduction of these newly-
devised materials was conducted. It was found that the choice of the bio-interfactant 
played a crucial role in the efficiency of achieving these properties. Besides that, the 
bio-interfactants allowed further verticals assemblies by repeating the layer-by-layer 
process. In that case, too, the bio-interfactants played a role in the scaling of coating 
properties and allowed the tailoring of thicknesses from ~5.5 nm to ~233 nm. After 
thermal reduction, the lowest coating thicknesses could be achieved with high degree 
of homogeneity, and the thicker coatings presented some level of expansion (puffing). 
Finally, the coating presented here was found to be a suitable material when employed 
as a hair cosmetic. A study case about the cosmetic benefits of this material and its 
potential role as a fundamentally new technology for hair cosmetics is presented in 
this thesis, too. 

Keywords: Graphene, bio-nanocomposites, coatings; graphene oxide; hair 
cosmetics; nanomaterials; bio-interfactants; layer-by-layer; dip-coating; surface 
functionalization; anchoring 
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Zusammenfassung 
 

Graphenbasierte Materialien entwickeln sich seit der Isolierung eines Einkristalls im 
Jahr 2004 und dem dafür verliehenen Nobelpreis für Physik im Jahr 2010 rasant. 
Aufgrund der hervorragenden Eigenschaften von Graphen, zielen neue 
Forschungslinien darauf ab, Herausforderungen in der Produktion zu bewältigen und 
Verfahren zur starken Haftung von Graphen an Oberflächen zu entwickeln. Dieses 
Unterfangen erfordert (i) den effizienten Transport von Graphen zu Oberflächen, an 
denen es (ii) fest gebunden bleibt, und (iii) die gesuchten graphenähnlichen 
Eigenschaften aufweist. Diese Arbeit zielt darauf ab, diese Punkte zu behandeln, 
indem sie synergetische Wechselwirkungen zwischen Graphenoxid und Biomolekülen 
untersucht, die als Linker fungieren (hier "Bio-Interfactants" genannt). Es wurde ein 
Schicht-für-Schicht-Verfahren entwickelt, welches die Bildung ultradünner Schichten 
ermöglichte und dadurch die Überlappung der Graphenoxidflocken sicherstellt. Um 
die erreichten graphenähnlichen Eigenschaften dieser neu entwickelten Materialien 
zu charakterisieren, wurde eine leichte thermische Reduktion durchgeführt. Es wurde 
festgestellt, dass die Wahl des "Bio-Interfactants" eine entscheidende Rolle für die 
Effizienz der Erreichung dieser Eigenschaften spielte. Darüber hinaus ermöglichten 
die "Bio-Interfactants" weitere vertikale Verbindungen, indem der Schicht-für-Schicht 
Prozess wiederholt wurde. Auch in diesem Fall spielten die "Bio-Interfactants" eine 
Rolle bei der Skalierung der Beschichtungseigenschaften und ermöglichten die 
Anpassung der Dicken von ~5,5 nm bis ~233 nm. Nach der thermischen Reduktion 
konnten die kleinsten Beschichtungsdicken mit hoher Homogenität erreicht werden 
und die dickeren Schichten zeigten eine gewisse Ausdehnung (Puffing). Schließlich 
wurde die hier vorgestellte Beschichtung als geeignetes Material für den Einsatz als 
Haarkosmetik identifiziert. Eine Fallstudie über die kosmetischen Vorteile dieses 
Materials und seine potentielle Rolle als grundlegend neue Technologie in Bereich 
Haarkosmetik wird ebenfalls in dieser Arbeit vorgestellt. 

Stichworte: Graphen, Bio-Nanokomposite, Beschichtungen; Graphenoxid; 
Haarkosmetik; Nanomaterialien; Bio-Interfactants; Schicht-für-Schicht; 
Tauchbeschichtung; Oberflächenfunktionalisierung; Verankerung 
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1 Introduction 

1.1 Motivation 

In a broader sense, this work was conducted with the motivation to explore the fringes 
of knowledge regarding the production and application of graphene coatings. 
Graphene is a unique 2D material that poses to revolutionize many areas of modern 
industry as it has outstanding properties; most popularly spread are the mechanical 
and electrical qualities. Such properties alone would probably suffice to justify a 
modest wave of research on the material. However, graphene brings the combination 
of many other properties simultaneously, garnering the attention of researchers from 
numerous fields. Instead of resulting in a modest wave of interest, graphene is 
currently among the most researched materials as since 2015 it topped “steel” in terms 
of the number of publications per year. 

Graphene is far from having any fraction of the industrial importance of steel as of 
2019. However, the bigger picture is that graphene is fundamentally unique being a 
real two-dimensions material that (besides theorized) could be isolated as of 2004[1], 
leading to the Nobel Prize in physics in 2010. The Prize was given “for groundbreaking 
experiments regarding the two-dimensional material graphene”, which fostered the 
establishment of a research field for 2D materials; since 2010 many research groups, 
journals, and conferences emerged carrying in the title “2D materials” or “graphene”. 

The discovery of the material in 2004 enticed the imagination of engineers and 
scientists to develop new processing methods, test fundamental theories, and develop 
proof-of-concept prototypes to demonstrate the potential of graphene-containing 
technologies. This dissertation is driven by such motivations, as it aspires to: 

(i) explore new developments in production technology of graphene-based 
materials,  

(ii) interpret results from characterizations through the lenses of fundamental 
theories in order to translate phenomena in the nanometric scale to 
geometric models, 

(iii) transfer knowledge developed in (i) and (ii) into a commercially relevant 
prototype with demonstrated benefits for the use of graphene, and finally  

(iv) characterize and discuss through the scientifically lenses the entailing 
consequences for the use of graphene in such relevant field. 

Within the multitude of graphene-based materials, this research focuses on producing 
coatings. Coatings can be seen as scaled-up versions of 2D materials; hence, 
graphene-based materials are natural candidates to fulfill demands typically imposed 
onto coatings. For example, due to their thinness and flexibility, graphene-based 
materials can intimately interact with the sub-micrometer roughness of other solids 
and scale the surface properties throughout a large area with minimal weight or 
thickness increase. 

However, there is a shortage of methods to attach graphene onto substrates firmly. 
This adhesion problem was viewed as a core motivation for this thesis, although 
further challenges were also relevant to address. For example, besides having a 
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strong adhesive characteristic, the coating process should be simple, cost-effective, 
and scalable, yet engineered to offer desirable characteristics like homogeneity, ultra-
thinness, transparency, and electrical conductivity. 

A summary of these characteristics and their technological importance is listed below: 

Strong attachment: A strongly attached coating is resistant to mechanical and 
chemical damage, leading to more extended periods of performance and less time out 
for maintenance. This characteristic is relevant for wearables, sensors, and parts that 
are exposed to mechanical loadings and fluids. 

Simple and scalable: It is eminently desirable to implement processes with low number 
of steps, simple machinery, and use of materials that are abundantly available in the 
marketplace. Also, it is advantageous to use naturally scalable methods; which can 
be applied in a continuous line of production and do not require adjustments to process 
distinct sizes and shapes. 

Homogeneity: Homogeneous coatings are beneficial for quality control, and the 
surface properties are even through the entire coated area, avoiding localized effects 
for the lack of coverage. These characteristics are desirable for coatings that must be 
protected from delamination and must protect the substrate from corrosive 
phenomena. 

Ultra-thinness: An ultra-thin coating is a few nanometers thick, which means it has the 
benefit of being extremely light carrying less than 10 mg for each covered square 
meter and not interfering with extremely tight dimension constrains. Such 
requirements are relevant in aerospace and aeronautical purposes. 

Transparency: Coatings that do not significantly alter the interaction between light and 
a coated solid are desirable for aesthetic and functional purposes. Such imperceptible 
color is relevant in the cases where a screen, a window, or an image has to be 
covered. 

Electrical conductivity: A coating capable of carrying electrical charges is relevant as 
an anti-static material and even as a conductive material. These coatings can be 
applied to spread electric charges in aircraft made of composite materials or even 
carry electricity as a replacement of traditional cabling. 

Individually, some of the properties listed above are not particularly outstanding. 
However, combining and delivering many of these properties simultaneously as 
advanced functional materials is where the most significant potentials of graphene-
based coatings lie. It remains a challenge for researchers to map the achievable 
properties and engineer solutions that can deliver the right balance of properties.  
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1.2 State of the art 

1.2.1 Research timeline of graphene 

The timeline of research on graphene goes back over a long period. The events prior 
to the current understanding of the material are summarized in Figure 1. One of the 
earliest recorded research associated with graphene goes back to 1859 where 
Benjamin Brodie devised a method to produce graphene oxide; at the time he coined 
the material “graphon”.[2] In 1947, P. R. Wallace made theoretical predictions of the 
band structure of “a monolayer of graphite” (graphene).[3] Next year, published in 1948, 
Ruess and Vogt observed few-nanometers thick graphene oxide flakes on a TEM grid 
while doing experiments with the graphene oxide suspension.[4] 

In 1958, a century after the first graphene oxide synthesis, Hummers et al. devised an 
enhanced method to synthesize graphene oxide[2], which, is vastly used in modern 
research of graphene-based materials. Following up on the research from Ruess and 
Vogt, in 1962, Boehm et al. identified single-layer flakes of reduced graphene oxide 
(at the time “graphite oxide”).[5] The researcher coined the name “graphene” to this 
material in 1986, to distinguish the single-layer material from the mineral (and the 3D 
crystal) from “graphite”. The ending “ene” was to allude to the aromatic nature of the 
material.[5] 

Finally, in the current century, Andre Geim united some ideas he had (not related to 
the literature mentioned above) and challenged a new Ph.D. student to make films of 
graphite “as thin as possible”. In the process, Geim observed that scotch tape was 
already being used as a technique to cleave HOPG and expose a fresh surface of 
graphite to provide a reference sample for scanning tunneling microscopy 
measurements. For years the tape used to “clean” the HOPG was simply discarded, 
but due to the challenge at hand Geim observed that disposed tape was carrying the 
answer to achieving a graphite speck “as thin as possible”.[6] 

 

Figure 1 - Timeline of events regarding the discovery of graphene. 

The Scotch tape method can be used to cleave crystals of graphite until a single layer 
of graphene is simply attached to the tape. Geim and his colleagues mastered this 
exfoliation method, developed a transfer technique, and added electrodes on the 
material. The groundbreaking discovery depended on two parts: (i) isolating the single 
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sheet of graphene and (ii) measuring the electric properties of the material. Not only 
the data demonstrated the superior electrical conductivity but also the material 
remained stable as a 2D crystal under ambient conditions.[6] 

In 2010 the Nobel Prize in physics was awarded to, now laureates, Andre Geim and 
Konstantin Novoselov “for groundbreaking experiments regarding the two-
dimensional material graphene”. In view of past observations of graphene-like 
materials stemming in 1859, Geim attributes the current interest in the material to its 
actual measured properties.[6] 

Since the awarded paper in 2004, the number of publications containing the word 
“graphene” on their title has increased in exceptional rate, as presented in Figure 2. 
From the range of few to dozens of publications yearly, the research on graphene was 
magnified to thousands of papers published yearly. In 2015 the number of publications 
containing “graphene” in the title surpassed that of “steel”. 

Interest in other materials are also plotted in Figure 2 for a better perspective. In the 
time frame from 1992 to 2018 steel and graphite remain materials with a high number 
of publications and small oscillations year-over-year (best observed in logarithmic 
scale). Papers about nanotube express a rapid growth, from single-digit publications 
yearly in 1992 to its maximum scientific output in 2014, followed by a steady decrease 
since that year. From being a niche topic with less than 100 publications yearly, 
nanotubes became a mainstream topic (over 1000 publications/year) in 5 years. For 
graphene, the same growth happened in two years. 

 

Figure 2 - Scientific output of diverse materials in the last years. Both charts (top and bottom) represent the same 
dataset but in logarithmic and linear scale. Y-axis indicates the total number of published papers, including the 
keyword (graphene, steel, nanotube, or graphite) in the publication title. The values provided here are indexed 
publications in GoogleScholar and do not include “patents” and “citations”.The nascent research on 
graphene is already departed from its initial stage and like many other technologies is 
likely to follow the “the hype cycle”[7], adapted and represented in Figure 3. This curve 
is a visual way of representing the stages that new technologies go through, from 
conception to maturity. The visibility of new technologies starts to emerge after a 
technology trigger and develops quickly towards a peak of inflated expectations. After 
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this, the challenges of translating the technology into real-world solutions subdues the 
expectations. This challenge brings the technology to a trough of disillusionment; such 
depression is then slowly recovered by the slope of enlightenment and bringing the 
technology to a plateau of productivity. 

 

Figure 3 - The hype cycle curve. It represents the visibility of a technology through its developmental stages. 

This hype-cycle curve tells the story of carbon nanotubes.[8] In 1991, the paper[9] on 
carbon nanotubes published by Sumio Iijima triggered a broad interest in the material, 
and very soon its visibility brought promises like space elevators and revolution in 
silicon transistors. The hype did not live to its potential, and bad news were in the 
horizon: There were increasingly more safety concerns involving carbon nanotubes[10], 
graphene entered the arena of nanomaterials and shifted the interest towards the 2D 
carbon counterpart, and in 2013 Bayer Materials Science shut down the production of 
nanotubes.[8] Slowly, carbon nanotubes start to be justifiable in individual cases like 
the aerospace industry[8]. Also, new production techniques bring the technology closer 
to real-world applications.[11,12] 

Another example of the employment of groundbreaking materials is the case of carbon 
fiber. With first production in 1860 and further process developments in 1960[13], by 
1978 it would still only be used in special cases like military aircraft. During the 1980’s 
it was slowly added in Formula One cars and small components of airliners[14]. It was 
only since 2007 that a jet airliner (Boeing 787) implemented vast proportions of its 
fuselage made from carbon fiber components.[15] In this century, carbon fiber is slowly 
being implemented in the production line of high-volume industries, for example in 
2013 with the production line of the carbon-fiber chassis of the BMW i3 electric car.[14] 

These examples of carbon fiber and carbon nanotubes reveal clues of what might be 
the trajectory for graphene. In the case of graphene, the technology trigger happened 
in 2004 with the research mentioned above[1] and was further fostered by the Nobel 
Prize in 2010. The rate of published papers in the field was substantially increased 
(evident in Figure 2), and many new pieces of research indicate the immense potential 
of graphene. Following the hype-cycle trend (Figure 3), possibly the next steps in the 
research timeline of graphene will be characterized by significant challenges before 
graphene’s properties can be translated into mainstream technologies. 
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1.2.2 Definition of graphene and graphene oxide 

The word “graphene”, as mentioned above, was introduced in 1986[16] and replaced 
previous terms like “carbon layer”, “single graphite layer” and “carbon sheet”. The 
name graphene refers to the building block of a graphite crystal and is characterized 
by a series of coplanar neighbor aromatic carbons, each bond to other three carbons 
(represented in Figure 4a). Nevertheless, throughout the discovery of new materials 
with similarities to graphene, researchers started to use the term “graphene” loosely. 
Slight changes in the chemical structure of “pure graphene” can still result in materials 
with “graphene”-like properties, which only contributes to the unprecise notation. 

 

Figure 4 – Types of Graphene (a) Structure of graphene, characterized by carbon atoms organized in a planar 
polyaromatic structure. All carbon atoms in the honeycomb structure sp2 hybridization state. (b) Microstructural 
fluidity of graphene with three distinctive categories. (c) Graphene oxide structure proposed by Gao et al.[17] 
(adapted). Functional groups are highlighted by colors: epoxy (in pink), ester of tertiary alcohol (in brown), ketone 
(in green), hydroxyl (in black) and lactol rings (in blue). 

Sometimes authors use terms like “graphene-based”, “graphene-like” or specific 
acronyms instead to acknowledge some deviation from the pure form of graphene. A 
useful way to characterize and denominate such materials is by informing three other 
characteristics[18] as represented in Figure 4b). 

The three important dimensions in which graphene can be changed are the following: 

(i) Number of layers: This refers to the geometrical stacking of continuous 
graphene layers. In the lowest extreme, the number is 1 and characterizes 
the condition of graphene. In the highest extreme (indefinite value) it 
characterizes a graphite crystal. 

(ii) Level of oxidation: This axis is generally useful for characterizing graphene 
oxide and reduced graphene oxide. It can be quantified by the atomic 
proportion of O/C or also by the sp3/sp2 bonds. Graphene is characterized 
by the extreme low case (no oxygen and no sp3 bonds). On the other 
extreme, the high proportion describes a form of highly oxidized graphene. 

(iii) Size: The size of the graphene-like particle is typically measured as the 
average lateral dimension. In the minimal case, the size approaches that of 
quantum dots or even benzene. On the extremely large side, it still describes 
the characteristic of graphene. 
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Graphene oxide (Figure 4c) is considered to be the solid particles resulting from a 
Hummer’s method process. Since many suppliers and researchers make their own 
graphene oxide, it is useful to characterize the GO particles following the same 
guidelines for graphene (lateral size, degree of oxidation, and number of layers). The 
GO structure can be chemically changed to a form similar to graphene (along the 
horizontal axis in Figure 4b), and can receive several denominations, for example 
“reduced graphene oxide” (rGO), “chemically modified graphene oxide” (cmGO) or 
“thermally reduced graphene oxide” (trGO). 

In the chapters of technical discussion the terms “graphene-based” and “graphene-
like” are used in order to refer to graphene with some level of modification (along the 
axes in Figure 4b). 

1.2.3 Graphene processing methods 

There are multiple routes to achieve graphene. The methods can be categorized by 
top-down or bottom-up approaches, and some examples are summarized in Figure 5. 
Comprehensive reviews on processing methods can be found elsewhere[19–21]. 

 

Figure 5 - Summary of production methods of graphene. * Chemical exfoliation of graphite can be used to produce 
graphene oxide, in which case it requires further chemical processes to convert back to graphene. 

Top-down methods require raw materials like graphite or highly oriented pyrolytic 
graphite (HOPG) and use exfoliation mechanisms to peel the layers of graphene from 
the bulk crystal. The “mechanical” approach requires an adhesive tape and can cleave 
layers of graphite until a single flake of graphene is isolated.[1] The “intercalated” 
method[22] is a non-oxidative way of exfoliating graphite; Brønsted acids can 
intercalate between graphite and split graphene layers without transfer of charges. 
Besides this inert intercalation, there is the chemical exfoliation of graphite, which in 
contrast oxidizes the graphene layers during the exfoliation process.[2] 

The bottom-up methods (listed on the right part in Figure 5) were devised after the 
isolation of graphene in 2004. The chemical vapor deposition (CVD) is a process that 
produces high purity graphene crystals on specific targets, commonly copper. “Self-
assembly” methods start with smaller carbon-containing molecules like glucose[23] or 
ethanol[24] in order to grow graphene-like structures in a controlled way. “Separation 
through sublimation” is a process that starts with SiC wafers and the Si atoms are 
removed through sublimation; the remaining C atoms form graphene crystals.[25] 
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Lastly, “ion implantation”[26], is a technique that bombards a substrate with carbon ions 
and forms multi-layer graphene films on large substrates.  

Currently, the methods vastly used and readily available for purchase are “CVD 
graphene” and “graphene oxide”. The CVD-derived graphene offers a high degree of 
purity and is sold in a limited number of substrates, making an ideal material for 
measurements and small-scale experiments. The disadvantage is the cost of 
~155,000 €/m2 (Annex 1) and the challenge of transferring to other substrates[27]. The 
other commercially available option is graphene oxide (Annex 1). Its disadvantage is 
a high degree of oxidation on the flakes and the presence of impurities. The advantage 
is the ease to manipulate the liquid media and the cost of the material. Assuming single 
side specific surface area of 368 m2/g[28] and the current cost of graphene oxide, the 
price is in the range of ~0.08 €/m2 (Annex 1). 

The staggering difference of 6.3 orders of magnitude in terms of the cost of covered 
area between both materials is enough reason to research methods that can convert 
graphene oxide into its original form once it is attached on a target substrate. 

The processes that chemically convert graphene oxide into graphene are plentiful. 
The most practical is merely heating to temperatures above ~175oC.[29,30] Simple 
chemical reductions with liquid or gas agents are also efficient in converting graphene 
oxide back to graphene[31–35]. Other more complex reduction processes may also be 
applied for a distinct degree of reduction, for example: heating up to 2400oC in 
vacuum[36], high hydrostatic pressure in super-critical liquids[37], microwave[38], UV 
irradiation[39] or combination of these processes[40,41] such processes heal GO towards 
graphene-like structure, and therefore graphene-like properties. 

In an industrial point of view the processing of graphene oxide as a precursor for 
graphene stands out for three reasons: (i) high degree of flexibility[31] for chemical 
reductions, (ii) low cost for area (as mentioned above), (iii) ease in manipulating liquids 
comparing to manipulating individual atom-thin films. 

 

1.2.4 Graphene and graphene oxide and adsorptive interactions 

Understanding the attractive interactions between graphene-based materials and 
other materials is critical to strategize techniques that employ the right force between 
the two materials. In some cases, it is desirable to explore strong interaction between 
two materials and on other occasions, weaker interactions. 

In a broad sense, these strategies are essential during two distinct stages: First during 
the production stages of graphene-based materials and second during the 
performance of such material. As an example, in the realm of coatings, strong 
interactions may be desirable between a graphene-based material and the substrate 
to be covered (production stage). On top of that, it might be desirable to develop such 
coating in a way that it manifests weak interactions with the external environment, 
resulting in an inert “self-cleaning” surface (performance stage). These and other 
examples of interactions are important to be viewed in a fundamental way to develop 
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better strategies and explain macroscopic effects that result from interactions in the 
nanometric scale. 

1.2.4.1 Ionic Interactions, Hydrogen Bonding and van der Waals interactions 

The driving forces stemming from opposite charges are vastly different between 
graphene and graphene oxide. Graphene has a neutral state of charges across the 
molecule and no permanent dipoles. Although dipole-induced dipoles can be created 
to some extent[42], graphene cannot be dispersed in water in its natural state. Typically, 
graphene tends to be well dispersed in solvents with surface tension close to 40 mJ/m2 
or with good agreement with Hilderbrand solubility parameters.[43] 

Graphene oxide, on the other hand, is functionalized with several chemical groups 
(Figure 4c) that hold permanent dipoles. These features allow easy dispersibility in 
water and several other solvents, particularly with higher surface tension in the range 
of 60 mJ/m2.[44] In contrast to graphene dispersions[43], graphene oxide dispersions 
have the key characteristic of allowing a higher proportion of single sheets dispersed 
in liquid media.[45] 

Regarding adhesion towards solid substrates, both graphene and graphene oxide are 
flexible ultra-thin materials, allowing an intimate conformation on substrates which 
leads to a high adhesion due to van der Waals interactions1.[46–48] Nevertheless, there 
is a high distinction of adhesion between graphene and graphene oxide; peeling tests 
on soda-lime glass substrate indicated that graphene oxide has one order of 
magnitude of stronger adhesion (to glass) than its reduced form (graphene-like) has 
to glass.[48] 

This distinction results in other interesting phenomena: (i) if a fracture is induced on a 
graphene coating, the material can “self-unpeel”2, even after the fracture event, and 
assemble on itself because it is energetically unfavorable to remain as a coating on 
the substrate.[49] Graphene oxide, in contrast, is more resistant to crack propagation[50] 
and confines fractures that are inflicted on the surface. 

Interactions with biological materials (relevant to this work) also reveal interesting 
distinctions between graphene and graphene oxide. Researchers[51,52] performed 
molecular dynamics simulations of the interaction between amino acids and graphene 
or graphene oxide and elucidated interesting distinctions. In general, amino acids are 
attracted to graphene in vacuum conditions. In the presence of water, the forces of 
attraction were significantly smaller, favoring some degree of solvation due to a 
negative Coulombic contribution. The researchers also observed that the van der 

 

1 Such effect results in interactions that are more similar to that of liquid-solid interactions than solid-
solid.[47] 

2 Even causing fracture of its covalent bonds. 
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Waals contributions play a decisive role in the adsorption, particularly for amino acids 
with higher molecular weight. 

The corresponding simulations on graphene oxide[52] (performed by the same 
research group) also showed both trends (i) larger amino acids correlated to higher 
adsorption forces (caused by the van der Waals component) and (ii) columbic forces 
facilitate solvation instead of adsorption. Despite similar fundamental behaviors 
between these amino acids and the graphene or graphene oxide, the latter provides 
25% of higher binding energies.[52] 

1.2.4.2 π-π interactions  

The aromatic rings in graphene and graphene oxide are necessary conditions to allow 
this interaction and require, therefore, other molecules with such aromatic rings to 
allow the π-π interaction. Moreover, the geometric shape of both interacting materials 
can be decisive to allow multiple π-π bonds; particularly when both materials face 
each other with large flat areas1.[53] 

This driving force results in a noncovalent bond and is a highly relevant factor for 
graphene, since it has the highest concentration of π systems (ratio of sp2/sp3 = 
100/0). As for graphene oxide, depending on its oxidation state, the proportion sp2/sp3 
can be from 33/66[54] to 90/10[55]. As a consequence, graphene adsorbs small aromatic 
molecules (including biological materials with aromatic moieties[56]) to a larger degree 
than graphene oxide.[57] Furthermore, from a processing point-of-view, these small 
molecules can even be used to exfoliate graphene and stabilize dispersions of it.[53] 

1.2.4.3 Hydrophobic interactions 

Due to its hydrophobic nature, graphene (and graphene oxide with high sp2/sp3 ratio) 
can interact with other hydrophobic substances. As a consequence, such materials 
can remain stable in organic solvents, macromolecules or even be stably embedded 
in hydrophobic polymers. Graphene can interact with the hydrophobic parts of ionic 
liquids, surfactants, and proteins. In such a way, this can be used as a strategy to 
stabilize it in hydrophilic liquids.[53,58,59] 

On the other hand, graphene oxide has limited potential for such interactions since a 
proportion of the hydrophobic regions is replaced by polar groups (Figure 4c). 
Nevertheless, this partial gain of polarity makes the material have both natures: polar 
and nonpolar. Such property is denominated amphiphilic and can be taken advantage 
of in order to produce emulsion-patterned ultra-light materials.[36,60] 

  

 
1 Such geometrical effect was demonstrated when comparing graphene with carbon nanotubes. Both 
materials have the same chemical structure, however, due to the limited flat sp2 areas of nanotubes it 
cannot be dissolved in the same aromatic compound.[267] 
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1.3 Research Scope 

1.3.1 Research questions 

This work can be viewed in several levels of analysis. Most fundamentally, it is under 
the general research questions posed by leading researchers in the field[61]: 

• Does graphene have a chance to become the next disruptive technology? 
• Can graphene be the material of the 21st century? 

These inquiries[61] open a domain of more specific questions, and I pursued further 
knowledge more specifically in (i) the production of graphene-based coatings and (ii) 
using graphene oxide as a precursor to graphene. Such intention generated the 
question: 

• Are there advantages of processing graphene oxide instead of pure graphene 
in order to produce graphene-based coatings? 

This question was addressed in one or other way prior to this research[32,39–41,62–70], 
inspiring a more specific open question: 

• How can graphene oxide coatings be engineered in order to innovate in the 
field of coatings? 

The research question above was the ground zero for this thesis and led to a recent 
publication[46]. Alongside this question, further inspection followed: 

• What are the properties of these coatings? 
• What are the phenomena behind the production of these coatings? 

The questions above are explored throughout chapter 2. With these results, I explored 
yet another question: 

• Could these coatings be used for a commercially relevant application? For 
which application? 

That last question can be briefly answered with “yes, as a hair cosmetic” and the 
intricacies of this observation are addressed in chapter 3 alongside with further 
research questions: 

• How does human hair change its properties by applying such coating on it? 
• What is the performance of this material as a hair cosmetic? 
• What are the phenomena guiding the interactions of hair and the coating? 
• What are the safety considerations of using this material as a hair cosmetic? 
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1.3.2 Research aim and approach 

This research aims to report the process of the development of a new graphene-based 
coating. Throughout this report, several measurements were conducted using multiple 
machines; such effort was made to gain a better understanding of these graphene-
based coatings. Alternatively, using the appropriate jargon for the field, the 
measurements intend to characterize the phenomenon pertaining to graphene-based 
coatings. 

In materials science and engineering, characterization is viewed as the pathway to a 
holistic view of the relationship between structure, properties, processing, and 
performance, as represented in Figure 6.[71,72] In a recursive system, characterization 
facilitates the evolution of ideas and achievement of materials designed for specific 
purposes. This research aims to apply this view while tackling the core research 
question “How can graphene oxide coatings be engineered in order to innovate in the 
field of coatings?”. 

 

Figure 6 – Materials Science tetrahedron. Characterization is viewed as a core activity in order to unify the other 
aspects that are of concern for materials science and engineering. 

More specifically, the research question was aimed at from two angles; (i) from the 
point of view of materials science and (ii) from the point of view of materials 
engineering. The distinction is that materials science aims to “develop or synthesize 
new materials”[72] and materials engineer aims to “create new products or systems 
using existing materials”[72]. Chapter 2 leans more towards materials science and 
chapter 3 leans more towards materials engineering. 

In chapter 2, the aim is to explore the chemistry of graphene oxide in order to apply it 
as strongly attached coatings. The functional groups of graphene oxide were viewed 
as a hallmark for synergetic interaction with selected biomolecules. Such interaction 
was explored in water-based media through intercalated dip-coating deposition of 
biomolecules and graphene oxide. The phenomena guiding the assembly of this bio-
composite was investigated using several techniques; traditional laboratory 
techniques and molecular dynamics were used to propose geometrical models for the 
graphene/bio-material interactions. Chapter 2 also investigates chemical 
transformations stemming from the thermal treatment of this material aiming to 
achieve graphene-like properties. Lastly in chapter 2, the robustness of the developed 
coating is put to test as a proxy for withstanding real-life applications. 
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In chapter 3, the aim is to apply the material developed in chapter 2 as a commercially 
relevant technology. It was identified that the technology from chapter 2 had potential 
when employed as a cosmetic for human hair. Besides assessing microstructural, 
thermal, and electrical measurements, other hair characterizations were conducted 
such as color effect and ease to comb. The wide range of characterizations were 
pointed towards having a comprehensive view of the application. 

This work is concluded by a thorough discussion (chapter 4), which elaborates on the 
research questions and the results presented in chapters 2 and 3. Besides explaining 
general observations from this thesis, the aim of chapter 4 is to summarize the results 
in blocks of interconnected ideas and expose the bigger picture. Following that, one 
subchapter is dedicated to remark the final considerations of the case study. And 
finally, open questions and suggestions for future work are presented. 
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2 Development of graphene oxide nanometric coatings 

2.1 Materials and methods 

2.1.1 General overview and sample notation 

The sketch overview of the process investigated in this research is shown in Figure 
7b. The process requires (i) a substrate, (ii) a buffer solution with a bio-interfactant, 
and (iii) a graphene oxide (GO) dispersion. The coating assembly is made possible by 
dipping the substrate in the bio-interfactants, then in the GO dispersion. The 
intercalating process can be repeated, which characterizes it as a “layer-by-layer” 
process. The resulting material followed by this process (Figure 7b) is denominated 
GO-Bionanocoating. The process depicted in Figure 7a is a control experiment, without 
the use of bio-interfactants, and denominated GOnanocoating. Both GO-Bionanocoating and 
GOnanocoating can be thermally reduced (represented by “step 3” in Figure 7), in order 
to produce “thermally reduced” coatings. 

 

Figure 7 – Overview of processes. Extracted and adapted from Perez et al (Nanoscale, 2019,11, 4236-4247 - 
Published by The Royal Society of Chemistry). Overview of the processes used in this study. (a) Sequence of 
processes for coating an arbitrary substrate with rGO, by directly dipping in GO dispersion (step 2) followed by a 
thermal treatment process (step 3). (b) Process routes explored in this research, using a two-step process. In this 
strategy, step 1 and step 2 are iterative processes that can be repeated (first dipping in a liquid bio-interfactant 
formulation and later dipping in a GO dispersion), afterwards the material can be thermally treated (step 3). Anchor 
symbols represent adhesion quality of these coatings (characterized later in chapter 2.2.3) 

The sample notations[46] and definitions are used as follows: 

• “Substrate” refers to a flat material where the coating is deposited. Quartz, 
borosilicate, and polyimide are used as substrates. 

• (GO)n is a coating made of GO where n is the number of combined dipping 
and rinsing processes in the GO dispersion, i.e. the number of step 2 
repetitions (Figure 7a). 

• (GO/LAC)n and (GO/BSA)n are referred to coatings based on bilayered 
repeating units where a bio-interfactant (LAC which refers to a mixture of 
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laccase and maltodextrin, or BSA which means Bovine Serum Albumin, 
respectively) is intercalated with GO in dipping processes for n times (always 
beginning with the bio-interfactant and ending with GO). 

• After thermal reduction (step 3), the denominations above receive the letter “r” 
before “GO”. For example, (GO/BSA)1 becomes (rGO/BSA)1 after step 3. 

 

2.1.2 Protocols and characterization of starting materials 

Extracted and adapted from Perez et al.[46]. Graphene oxide (GO) 4 mg/ml (purchased 
from Graphena, Spain) was diluted with deionized water (<0.1 μS cm−1 from arium® 
pro VF, Sartorius) to 1 mg/ml (reaching pH ∼2.6). The addition of DI water in the 
dispersion produced the pH profile depicted in Figure 8. 

 
Figure 8 - Measurement of pH with increase of dilution of commercial GO dispersion. During the experiment the 
dispersion was constantly mixed with a stirring bar. Extracted and adapted from Perez et al (Nanoscale, 2019,11, 
4236-4247 - Published by The Royal Society of Chemistry). 

Bio-interfactants: LAC (laccase from Trametes versicolor, Sigma-Aldrich product 
number 38429, PDB code 1GYC), which in this commercial form has a concentration 
of ∼6%w (Figure 9) or BSA (bovine serum albumin, Sigma-Aldrich product number 
A6003, PDB code 3V03) were diluted (0.2 g/L) in sodium acetate buffer solution. The 
acetate buffer solution (0.2 M at pH 4.75) was prepared with acetic acid and sodium 
acetate (reagent grade Sigma-Aldrich). 

 
Figure 9 – Light absorbance and molar absorption coefficient. Considering the theory and methods for estimating 
a polypeptide concentrations (details in[46], it was determined that the commercial mixture with LAC contains ~6.2% 
of enzymes and the remaining is assumed to be polysaccharides that have the function of stabilizing the enzyme. 
The equation that calculates the concentration is Aλ = ε*c*L, where Aλ is the light absorbance, ε is the molar 
absorption coefficient, c the concentration and L the path length. Extracted and adapted from Perez et al 
(Nanoscale, 2019,11, 4236-4247 - Published by The Royal Society of Chemistry).Substrates: Quartz glass 
(purchased from GVB, Germany) was cut in ~1×1, ~1.5×1.5 or ~1.5×8.0 cm with a 
diamond-coated saw blade. After being cut, the quartz was cleaned using a Piranha 
solution protocol. Caution: piranha solution should be handled with great care. Briefly, 
1:5 ratio (H2O2 (30%) : H2SO4 (98%)) was prepared by pouring 75 mL of H2SO4 in a 
clean and dry beaker with a PTFE magnetic stirring bar. The beaker was placed in ice-
bath glassware (bath temperature kept at 0 °C). Then 15 mL of H2O2 (30%) was added 
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slowly into the beaker (caution for highly exothermic reaction). The solution was mixed 
by the aid of the stirring bar. When a homogeneous phase is achieved, the solution is 
ready to be used. As the magnetic stirrer continues to mix, quartz was added in the 
solution where it remained for 10 minutes. After that, the quartz substrates were placed 
in a beaker with DI water for 5 minutes.  

Next, the substrates were rinsed sequentially in two beakers with DI water and finally 
dried with a nitrogen gun. XPS confirmed the clean state of the quartz substrates 
(Figure 10). Borosilicate glass hydrolytic class 1 was acquired from Brand GmbH 
(product number 470-45). Polyimide film was purchased form Airtech (Termalimide 
film). 

 

Figure 10 - XPS evaluation of 14 positions on the total of 5 quartz samples treated with piranha solution protocol, 
showing the homogeneity of atomic concentrations inter and intra samples. The measurements are normalized 
atomic concentrations (%at., normalized for the content of O, Si, C and N). The carbon and nitrogen were considered 
impurities and subtracted from calculations of the coating atomic contents proportionally. Extracted and adapted 
from Perez et al (Nanoscale, 2019,11, 4236-4247 - Published by The Royal Society of Chemistry). 

Gold coatings were applied at the edges of substrates (Figure 11) on samples where 
electrical conductivity was measured. The sputter procedure was conducted with EM 
ACE600 (Leica Microsystems, Germany) by adding 10 nm of Cr and then 100 nm of 
gold. The target substrates were tightly covered with aluminum foil on the areas that 
were not coated. 

 

Figure 11 - Sample preparation: Gold is sputtered on a substrate (1) before the coating process (2) for continuous 
electrical contact with the bottom part of the coating. Extracted and adapted from Perez et al (Nanoscale, 2019,11, 
4236-4247 - Published by The Royal Society of Chemistry). 

Fabrication of layer-by-layer (LBL) films: step 1 (Figure 7) was performed by dipping 
the target substrate in a buffered dispersion of LAC or BSA for 1 h, followed by rinsing 
in DI water vigorously for about 5 seconds. Step 2 (Figure 7) was conducted by placing 
substrates in GO dispersion (1 mg/ml) for 15 min, followed by rinsing with DI water (5 
seconds vigorously). The samples were then dried with a nitrogen gun until no 
apparent water drops were visible on the substrate. 
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The backside of the samples was cleaned immediately after the vigorous stirring with 
a delicate wipe towel in order to make sure that the layer was only formed on the top 
surface. For further layers depositions, steps 1 and step 2 were repeated (in the case 
of assembly with bio-interfactants). Films with multiple GO dipping (unassisted by bio-
interfactants) were prepared performing consecutive repetitions of step 2. 

Thermal reduction, step 3, was conducted in a chamber furnace with a feed of 
nitrogen. The cycle began with 90 min of nitrogen purge of the chamber at room 
temperature. Next, the heating started with the rate of 10 K/min until the target 
temperature (either 100°C, 180°C or 250°C). The temperature was kept at the target 
temperature for 10 minutes and finally let cool to room temperature (by turning off heat 
element). 

2.1.3 Characterizations 

Extracted and adapted from Perez et al.[46] (Nanoscale, 2019, 11, 4236-4247 - 
Published by The Royal Society of Chemistry). AFM images were obtained with 
NanoWizard 3 NanoScience (JPK Instruments AG, Germany) in tapping mode. X-ray 
photoelectron spectroscopy (XPS) was measured with a Kratos Ultra Facility using the 
following parameters: base pressure of 4 × 10−8 Pa, sample neutralization with <5 eV 
electrons. The element composition of the LBL systems is calculated by the total 
measured atomic concentration of the sample (which may also comprise the 
substrate) minus the proportion of species contained on the substrate, using Si as 
reference for proportion (it is assumed that GO does not contain Si). The background 
was corrected with Shirley method, and the curve fitting used GL(30). The layer 
thickness was calculated using signal attenuation form the quartz substrate. 

It is assumed an exponential attenuation of the photoelectron Si 2p signal (which is 
attributed to the quartz), following the Beer–Lambert equation:[73] 

𝐼 = 𝐼!	exp	(−𝑑/𝜆",$) 

In the equation, d	 is the thickness of a continuous and homogeneous thin film, I  is 
the intensity of electrons emitted from the coated substrate, I0  is the intensity from the 
uniform substrate without coating. Symbol λa,b is the inelastic mean free path (IMFP) 
from electron in species b  (substrate) through material a  (coating). The IMFP depends 
on the kinetic energy of the respective electrons in the coating, and it was assumed to 
be λorg,Si2p 3.95 nm[74] for Si 2p electrons which are characteristic for the substrate. 

Light transmittance was measured with Specord 210 plus (Analytic Jena AG, 
Germany). Light absorbance was calculated by: 

𝐴 = 2 − 𝐿𝑜𝑔%!(𝑇) 

Where T  is the transmittance measured by the device and A  the absorbance. 
Samples measured with this technique were measured individually before dip coating 
in GO or bio-interfactants formulations in order to use a precise control reference. It 
was found that 90% of the signal contribution comes from a circular area with diameter 
a below 2 mm. 



Chapter 2: Development of graphene oxide nanometric coatings 

 
18 

 

Figure 12 - Signal contribution of UV-Vis. This experiment was performed in order to measure the influence of 
coatings far from the center of the light spot. When d=0, that is, half the area of the measured spot is covered, only 
50% of the light signal is detected. When the cover was 2.5 mm far from the central spot, over 99.7% of the signal 
was detected. 

Electrical conductivity was measured with multimeter 15XL, Wavetek (sensitive up to 
2 GOhm). Sheet resistance was calculated from the measured resistance and 
adjusted to the rectangular ratio of the films (Figure 11).  

A universal mechanical testing machine (TA·XTplus 5 kg load cell) was used to peel 
the adhesive tape (tesafilm® transparent) with an angle of 180° at 5 mm/s. The 
pressure applied to the films beforehand had been 2.5 kg/cm2 for 20 seconds. 
Molecules were graphically represented using Jmol or PyMol software (the PDB code 
of the represented BSA molecule was 3V03 and 1GYC for laccase from Trametes 
Versicolor). Endurance in ultrasonic bath was measured by the decay of the electrical 
conductivity of the coated samples. The results were also compared to commercial 
quartz coated with CVD graphene (Graphenea, Spain). The electrical conductivity was 
measured outside of the bath to avoid influence from the water. After measurement 
the samples were returned to the bath until the next measurement point. SEM 
characterizations were done with a Helios 600 machine at 5 kV. 

Thermo-gravimetric analysis (TGA) was measured with TGA Q5000 (TA instruments, 
USA). Specific conditions are detailed with the experiments. Laser Scanning Confocal 
Microscopy was measured with VK9710 Keyence. 
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2.2 Results and Discussions 

The next subchapters explore the interactions of the materials during the process 
depicted in Figure 7. These interactions are individually illustrated below in Figure 13. 

Legend 

 

 

Immobilization of GO on 
substrate. Chapter 2.2.1.1 
(page 20) 

 

Immobilization of bio-
interfactants on substrate. 
Chapter 2.2.1.2 (page 23) 

 

Immobilization of GO on bio-
interfactants. Chapter 2.2.2.1 
(page 26) 

 

Thermal reduction process of 
GO-Bionanocoaitngs and 
GOnanocoatings. Chapter 2.2.2.2 
(page 34) 

Figure 13 - Steps of the process illustrated individually, with the corresponding subchapter where the results and 
discussions are found (right column). 
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2.2.1 Immobilization of GO and bio-interactants individually 

2.2.1.1 Immobilization of GO 

As illustrated in Figure 13a, the attachment of GO on substrates was investigated. 
Substrates dipped in GO dispersion (following the protocol described in chapter 2.1.2) 
were investigated with UV-Vis, XPS, and AFM. The UV-Vis device was used in order 
to measure the mm-range reliability of the process, as it measures information from a 
~3 mm2 spot (more details in Figure 12). Seven individual samples were measured 
after dip-coating in GO, and the light absorbances are represented in Figure 14. 

 
Figure 14 - Reproducibility of step 2 process on quartz glass measured by light absorbance at 550 nm. Different 
colors represent unique measurements conducted in different non-overlapping areas. 

The reliability study indicated a high degree of variation of light absorbance among 
samples. Some samples were large enough for more than one measurement 
(samples 4, 6 and 7), and within them, too, a high degree of heterogeneity was 
observed. The broad range of values inter and intra samples indicate a high distinction 
of coverage even in the mm-scale. 

This coverage variation was tested in two other substrates; polyimide and borosilicate. 
Alongside measuring inter and intra sample light absorbance, the substrates were 
tested for their surface tension with water. Figure 15 illustrates the relationship 
between light absorption values (and distributions) versus different substrates, distinct 
by their contact angle with water. 

The relationship observed is that quartz displays a low water contact angle (high 
surface energy) and results in a relatively high degree of inhomogeneity of coverage 
(error in Y-axis). The other two substrates are more hydrophilic and have a relatively 
lower variation of coverage. However, the water contact angle is not directly 
associated with the light absorbance, hence no direct causality between water contact 
angle and GO adsorption. 
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Figure 15 - Scatter plot of light absorbance of diverse substrates (as a result of GO dipping) versus water contact 
angle on the three bare substrates (indicated by arrows). (N≥ 7 for each sample). The distribution of values 
indicates that low water contact angle substrates (quartz samples) yield a low and vastly varied absorbance 
distributions as a result of dipping such substrate in GO. On the other hand, substrates with intrinsic high contact 
angle lead to more narrow distributions of light absorbance after they are dipped in GO. 

Besides the absorbance measurements at 550 nm, also the light spectrum from 190 
to 550 nm was acquired for the GO adsorbed on quartz. A typical result (Figure 16) 
shows features at 200, 235, and 300 nm. The shoulder observed at 300 nm is 
associated with the orbital transitions “n to π*” of the carbonyl groups, and the peak at 
235 nm is manifested by the π- π* transitions of the C=C bonds[75,76]. As for the peak 
at ~200 nm, it is a transition related to supernatants of the commercial GO 
dispersion[46] (detailed in Figure 25). The light absorbance profile indicates successful 
adsorption of GO after step 2 process. 

 

 
Figure 16 - Light absorbance for GO1 coated on quartz substrate. 
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High resolution of C1s XPS measurement of the GOnanocoating result displayed in Figure 
17. After taking into account the adventitious species on the surface of the substrate, 
it was found that the GO indicated a high degree of oxidation (also seen in[33,38,77–81]). 

 
Figure 17 – XPS spectrum and homogeneity study. Extracted and adapted from Nanoscale, 2019,11, 4236-4247 
- Published by The Royal Society of Chemistry. (a) C1s high resolution XPS spectrum of GO1 with relative 
proportions of bonds represented in (b). (c) homogeneity study within one sample. Six measurements were 
conducted, and the thickness was calculated based on the substrate attenuation (detailed in Figure 18). 

Besides the high-resolution spectra of 1-point measurement, another quartz substrate 
coated with (GO)1 was measured in six points in order to measure the homogeneity of 
the coating (fast scanning, acquiring atomic concentrations). The resulting coating 
thicknesses are shown in Figure 17c. There is a relatively large variation among the 
six values, especially by considering that the evaluated area is 300 × 700 µm. As an 
average, the information indicates 1.8 nm of thickness, which corresponds to the 
thickness of almost two GO flakes. However, this technique has limitations, as it 
assumes homogeneous coverage. 

AFM also confirmed the presence of graphene oxide flakes on a quartz substrate, as 
shown in Figure 18. The high degree of variation in terms of covered area 
(demonstrated in Figure 14) was also observed with AFM. Regions with typical 2D 
single GO flakes were observed (Figure 18c). The isolated flake in Figure 18c has a 
lateral size in the micrometer range, and the height to the substrate is 1.01 nm 
(evidenced in the histogram in Figure 18d). On the other hand, another sample (Figure 
18a and b) showed a higher degree of coverage in the evaluated area. In Figure 18a 
it is possible to see an aggregation (center of the picture) laying on a relatively flat 
region (edges of the picture). This aggregation reaches over 10 nm of height (relative 
to the area around). Also, it is possible to draw more conclusions regarding the “flat 
region” on the edges of the picture. By evaluating the top-left corner of Figure 18a, 
highlighted with a green mark, one can see what appears to be two distinct continuous 
phases of materials. By evaluating the AFM-phase filter of the same region (Figure 
18b), also green mark, the phase distinction is even more evident. Such distinction 
indicates the presence of two different phases, that is, a hard one (quartz substrate in 
darker tone) and a soft one (graphene oxide, lighter tones). 
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Figure 18 - AFM of (GO)1 deposited on quartz. (a) AFM tapping mode revealing height information of a typical area 
on a typical film with higher coverage. (b) AFM phase mode of image (a), indicating the distinct mechanical 
properties within the coating (darker areas are likely the quartz substrate and lighter areas are likely the graphene 
oxide). The green marks in (a) and (b) highlight the distinct hard/soft phases. (c) AFM tapping mode height 
information of a (GO)1 with lower coverage. (d) Height histogram information of area highlighted in (c), 
demonstrating the GO flake height of 1.01 nm. In (d), two Gaussians were fitted without any constraint. The 
resulting Gaussians widths indicate higher height homogeneity of GO than on quartz (sharper curve). 

The three methods are complementary, as the areas investigated are in the 
nanometer- (AFM), micrometer- (XPS), and millimeter-scale (UV-Vis). In all methods, 
there was a significant degree of inhomogeneity of layer coverage. This indicates that 
GO assembles on the quartz substrate in multi-scale patched areas; including 
agglomerations in the few-micrometer scale (Figure 18a), continuous uncovered areas 
in the micrometer scale (Figure 18c) and overall less-covered areas in the micro- and 
millimeter-scale (Figure 14 and Figure 17c). 

The spontaneous attachment of GO on substrates had been previously reported 
elsewhere.[48,66,82–84] Not only does GO adhere to diverse substrates, but it is possible 
to make films with overlapping flakes and controlled thickness, for example by 
changing the time[85] and number[48,66,82,86] of dipping coating, substrate 
functionalization[84,85] and temperature of the dipping process[66]. 

The experiments detailed in this subchapter confirmed the multi-substrate nature of 
graphene oxide attachment and also revealed the space inhomogeneity of applying 
“step 2” in the quartz substrate. These experiments are considered to be control 
experiments for the next subchapters, where a strategy for GO attachment is detailed. 

2.2.1.2 Immobilization of bio-interfactants 

The adsorption of two biological materials, denominated bio-interfactants[46], was 
investigated in this research (sketch represented in Figure 13b). The effect of dip 
coating substrates in a buffer solution containing such bio-interfactants (either BSA or 
LAC) was investigated with water contact angle, UV-Vis and XPS. 

The substrates manifested some changes in surface wettability after the dip-coating 
in bio-interfactants. In Figure 19, control experiments support the evaluation of surface 
energy change after contact with each bio-interfactant. LAC reduced the contact angle 
of all substrates, but not significantly for quartz (which is already low). On the other 
hand, BSA transformed the quartz substrate to a more hydrophobic surface. It caused 
insignificant alteration in contact angle for borosilicate and reduced the hydrophobicity 
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of polyimide slightly. To a higher or lower degree, both bio-interfactants caused 
significant alterations to the substrates. 

 
Figure 19 - Contact angle of water with diverse substrates (quartz, borosilicate and polyimide). Each substrate is 
measured in three conditions (control, after LAC adsorption and after BSA adsorption). P-values are indicated for 
each experiment (N=8). 

UV-Vis light absorption of quartz with the bio-interfactants was measured, also 
showing absorption features from poly amino acids, particularly at ~195 nm[87,88] 
(results displayed in Figure 20). These samples demonstrate the difference in the 
overall shape of absorption of BSA and LAC. BSA shows a higher degree of light 
absorbance in the UV lights. Absorbance at 550 nm was close to zero for these 
adsorbates (inset in Figure 20). 

 
Figure 20 - UV-Vis spectroscopy of bio-interfactants adsorbed on quartz substrate. Absorbance values are 
calculated from the measured transmittance of each substrate before step 1 (as a reference). 

XPS survey after “step 1” was conducted for the atomic species present on quartz 
substrates. The survey informed relative atomic concentration and also the signal from 
the substrate (Si2p). By evaluating the substrate attenuation after dip-coating, 
thickness could be calculated for both LAC and BSA (Figure 21a and b). The result is 
that LAC adsorbate is in the average 0.26 nm thick with a high standard deviation. In 
the case of BSA, the average is 2.01 nm with a standard deviation of 15% from the 
average. There are limitations to these thicknesses, as the calculation through signal 
attenuation assumes homogeneous thickness. However, it is possible to assert that 
the lateral distribution of the bio-interfactants deposited on the substrates differ 
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distinctly, even in the micrometer scale (XPS measures information in the spot size of 
~450 µm in diameter). BSA adsorbs in thicker and more homogeneous (in the 
micrometer scale) layers than LAC. 

The experiments of wettability are also connected to this result in Figure 19. LAC did 
not change the natural wettability of quartz substrate significantly, which is expected 
for a material that adsorbs poorly on a substrate. A relatively high degree of standard 
deviation is also in parallel with the observations in Figure 21a. On the other hand, 
BSA modifies the wettability of quartz and also maintains the standard deviation of 
that sample in a tight range. UV-Vis, which shows average information of a large ~2 
mm area, substantiates that BSA adsorbs on quartz to a higher degree. 

 
Figure 21 - (a) and (b) Thickness of LAC and BSA films, respectively, measured by Si2p XPS signal attenuation. 
Limitation to model should be considered since it assumes homogeneous layer coverage. In grey boxes in (a) and 
(b) further statistical information is provided. (c) Evolution of [N] at:[C]at before and after step 1 for adsorption of LAC 
and BSA on quartz. Natively the quartz contains a low fraction of N:C ratio (0.025), which is substantially increased 
after step 1, indicating adsorption of the bio-interfactants LAC and BSA. The diminished increase of [N] for LAC 
adsorption is related to high adsorption of maltodextrin (free of nitrogen) that is present in the commercial mixture 
with Laccase from Trametes Versicolor. The ratio of the bio-interfactants (LAC and BSA) in bulk powder is also 
plotted as a reference (third and sixth columns). In (c) (N=14 for bare quartz and N=6 for adsorbed LAC and N=6 
for adsorbed BSA). Image (c) adapted from Nanoscale, 2019,11, 4236-4247 - Published by The Royal Society of 
Chemistry. 

Another way to check the adsorption of LAC and BSA was by evaluating the carbon 
to nitrogen ratio of the surface before and after the dip-coating (in Figure 21c). The 
quartz substrates are characterized by a small nitrogen/carbon concentration 
(resulting from contaminating agents on the atmosphere); however, LAC and BSA 
have a relatively high nitrogen/carbon atomic ratio (as amino acids build them). If these 
bio-interfactants are adsorbed on quartz, it is expected that the nitrogen/carbon ratio 
approaches that of their natural forms (since XPS depth information is ~10 nm). This 
is the result observed in Figure 21c, where the nitrogen proportion increases 
significantly when dip-coating occurs with bio-interfactants (step 1). The achieved 
proportions are also observed elsewhere.[89,90] 

Homologous to all other results in this subchapter, BSA was the adsorbate that 
promoted the most significant change of quartz substrate. LAC also was observed to 
adsorb on quartz (but to a lower degree) and with inhomogeneous results. One must 
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consider that after the dip-coating, the substrates are embedded in DI water (pH 7), 
which probably desorbs these bio-interfactants to some extent. Otherwise, adsorption 
of these materials in multiple substrates have been observed elsewhere[87,89,91–100] and 
are typically studied for drug delivery, fundamental research, catalysis, sensors, 
calibration of devices, control experiments, biofuel cells and more. 

2.2.2 Assembly of GO/bio-interfactant hybrid coatings 

As discussed in previous subchapters, bio-interfactants and GO can spontaneously 
attach to diverse substrates. The next subchapters assess the intercalation between 
these materials (chapter 2.2.2.1). Then, thermal reductions of these systems are 
explored (chapter 2.2.2.2) and finally, in chapter 2.2.2.3, further experiments on the 
multiple intercalations of these systems are presented. 

2.2.2.1 Immobilization of GO on bio-interfactants 

Quartz substrates freshly functionalized with bio-interfactants (theme of chapter 
2.2.1.2) were dipped in GO and compared to unfunctionalized quartz (control 
experiment chapter 2.2.1.1). The resulting properties were evaluated with multiple 
techniques. 

First, optical properties were evaluated with UV-Vis (light absorbance at 550 nm). 
Figure 22 shows these results measured across several samples and in several areas. 
The non-functionalized quartz and the quartz treated with LAC dipped in GO 
dispersion (samples (GO)1 and (GO/LAC)1, respectively) resulted in absorbances near 
0.005, and there is no significant statistical difference between them (P-value = 0.63). 
Substrates treated with BSA yielded superior GO adsorption when compared to 
control and LAC experiments. The higher light absorbance of samples with bio-
interfactants is a result of GO adsorption, necessarily, and not from the bio-
interfactants themselves1. 

  

 
1 See the average of absorbance resulting from bio-interfactants (no GO) in dashed orange lines at the 
bottom of the second and third charts. 
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Figure 22 - Reproducibility of LBL systems evaluated using light absorption on several samples (coatings deposited 
on fused quartz). The (GO)1 system showed low reproducibility among seven samples tested (average of values 
represented in bold dashed line just below absorbance 0.005). (GO/LAC)1 display absorbance with scattered 
results, however no values close to zero (compared to GO1). There is no significant statistical difference between 
adding and not adding LAC on the absorbance of coatings dipped on GO. On the second chart, the orange/pink 
dashed line at the bottom indicates the average of absorbance for LAC alone. (GO/BSA)1 shows the lowest spread 
of values within and among samples. On the (GO/BSA)1 chart, the orange/pink dashed line at the bottom indicates 
the average of absorbance for BSA alone (after step 1). 

As for the broad absorbance spectra, typical1 samples show how the absorbance is 
changed for each step of the process, after “step 1” (red curves) and next after “step 
2”. The light absorbance of (GO/LAC)1 (in green, Figure 23b) is relatively similar to the 
control experiment (Figure 23a) (GO)1: both curves possess similar shapes and 
intensities. However, there is a distinct selection of the attached GO. The insets of the 
charts in Figure 23 indicate the contribution of the GO to the absorbance profile, and 
among (GO)1 and (GO/LAC)1 there is a clear shape distinction. At ~200 nm there is a 
prominent peak on the GO adsorbed without bio-interfactants aid (blue arrow in inset 
charts). As for the bio-interfactants, LAC selects GO that manifests such peak mildly 
(Figure 23c inset), and BSA selects GO with such peak at the lowest degree (Figure 
23c). More details on this peak is explored in experiments described later and 
illustrated in Figure 25). 

 
1 Meaning the samples in which the absorbance spectra were nearest to the average of absorbance 
among several samples. 
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Figure 23 - Absorbance spectra of coatings relative to their individual quartz references. From 190 to 550 nm. 

The overall absorbances of the coatings in Figure 23 (green curves, from 190 to 550 
nm) are well related to the absorbance values at 550 nm, in other words, the spectra 
have similar shapes, and the total intensity is proportional to the absorbance observed 
at 550 nm. The material (GO/BSA)1 showed an overall spectrum roughly 2.5 times 
higher than (GO)1 and (GO/LAC)1, which relates to having more GO deposited. 

Next, XPS survey was conducted on the three coatings systems. Two types of 
investigations were done with XPS; (i) substrate signal attenuation and (ii) high 
resolution of C1s signal. Unfortunately, for test (i) the samples were not selected on 
the base of being “typical” 1 and after later inspection it was found that the coating 
(GO/LAC)1 was abnormally high in light absorbance. The other samples, on the other 
hand, were found to be representatives of the processes (GO)1 and (GO/BSA)1. Also, 
representative samples were used in the set of experiments (ii). 

 
Figure 24 - Calculated thickness of coating using XPS signal attenuation from the substrate (Si2p). 

 
1 Meaning that the sample was not chosen with previous care that it had an absorbance spectrum near 
the average of absorbance spectra of several samples. For samples with LAC this can be critical, as 
high degree of inhomogeneity was observed when using such bio-interfactant. 
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The signal attenuation allows for layer thickness calculation, and such values are 
plotted in Figure 24. The thickness values form GO1, which is the control experiment 
without bio-interfactants, results in 1.8 nm thick coatings, with a high degree of 
thickness variation. The coatings produced using assistance from LAC and BSA 
yielded thicker samples, as represented by red and blue symbols. All coatings are 
ultra-thin1 (<10 nm) and the coating with BSA has a higher homogeneity among the 
points investigated. 

The starting thickness contribution from the interfactants2 (dotted black lines in Figure 
24b and c) has an interesting effect on the overall thickness: For (GO/BSA)1 it appears 
that the 2 nm layer of BSA attracts between 3 and 4 layers of GO. A reservation must 
be stated for the general interpretation of (GO/LAC)1, as it is not a typical sample. 
Nevertheless, the final material originated from the sequence of step 1 followed by 
step 2. A possible interpretation is that in this particular sample more LAC than usual 
was adsorbed3 prior to the GO dipping. Then, during the GO dipping the weakly 
adsorbed LAC could have desorbed[101] and interacted with the GO particles near the 
surface. The interaction could have formed a complex (since LAC and GO are charged 
oppositely in step 2) and then reabsorbed in higher amounts resulting in this particular 
sample4. 

Detailed chemical information on (GO/BSA)1 was further assessed by high-resolution 
analysis of the C1s signals (and compared to the control experiment, (GO)1, and 
slightly changed experiment (upGO/BSA)1). The resulting spectra (Figure 25a-c) were 
fitted with the species expected to be on the substrate. Adventitious carbon profile was 
measured previously and added to the plot (in green). BSA C1s profile respected the 
ratios published elsewhere[102], and the total intensity was not constrained. The peak 
components of GO were constrained to a range broadly accepted on the 
literature[33,34,65,103–108] and fitted to minimize the total fitting error. The resulting 
intensities of peaks are displayed in text inside each spectrum. The residual error is 
plotted on the top of the spectra. 

The resulting GO subcomponents are presented in pie-charts in Figure 25e-g. By 
comparing (GO/BSA)1 with the control experiment (GO)1 in terms of the adsorbed GO 
(Figure 25e and f), it is clear that there is a distinct selection of GO (evidenced by the 
two highest peaks and their proportions in images a and b). When BSA is previously 
adsorbed on the substrate, it results in the selection of less oxidized graphene, 
possibly with more aromatic rings. Since BSA does not possess such peak at 287 eV, 

 
1 Assuming homogeneous coverage, as discussed in materials and methods. 

2 Results presented in Figure 21 

3 Possibly because the rinsing process of step 1 was not strong enough. One example of higher LAC 
adsorption is observed among the LAC adsorption samples in Figure 20 (highest red curve). 

4 This interpretation is probably incomplete. However, the experiment opened ideas discussed in the 
last chapter for future experiments. This hypothesis of forming a “LAC-GO complex” could be 
substantiated also because GO-GO interactions tend to be repulsive[82]. 
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it can be concluded that the contribution does not arise from BSA, but from GO 
interaction with BSA. 

The spectrum in Figure 25c results from a slight modification in the process 
(GO/BSA)1. This alternative protocol used GO present in the supernatant liquid after 
centrifuging the standard GO dispersion (see Figure 25d inset). Such supernatant is 
here named “upGO”. The coating resulting from this procedure is named (upGO/BSA)1 
and its XPS spectrum is presented in Figure 25c. Comparing to the standard coating 
(GO/BSA)1, the collected GO in the upGO supernatant is more oxidized (Figure 25g), 
and also substantially more GO is adsorbed when exposed to upGO supernatant. 

 
Figure 25 – Images adapted from Nanoscale, 2019,11, 4236-4247 - Published by The Royal Society of Chemistry. 
(a to c) C1s high resolution spectra of coatings (GO)1, (GO/BSA)1 and (upGO/BSA)1. (e to g) corresponding GO 
chemical groups in the coatings (GO)1, (GO/BSA)1 and (upGO/BSA)1. (d) Distinction between GO and upGO. Both 
materials arise from the same commercial GO dispersion, however “upGO” is the supernatant from a centrifuge of 
the commercial product (see inset picture). In terms of light absorbance, upGO manifests a peak at 202 nm, detailed 
in inset picture (green spectrum). 

The experiments with the supernatant upGO shed light on conclusions from Figure 
23a and c. By measuring the light absorbance of coatings (GO/BSA)1 and 
(upGO/BSA)1, it is clear that (upGO/BSA)1 has a significant peak contribution at 
~200nm (inset with green spectrum in Figure 25d). Such peak was found to be 
associated with highly oxidized GO and/or debris, present in higher concentration in 
the supernatant[109,110] fraction upGO. And since the bare quartz adsorbed GO flakes 
with this peak (Figure 23a), it is possible to assert that the oxidized debris have high 
attraction towards quartz substrate. On the other hand, such oxidized GO debris are 
not preferentially attached on BSA (comparing Figure 25f with Figure 25g). 

To complete the characterizations, AFM was employed to observe the deposition of 
GO (step 2) on samples with and without bio-interfactant functionalization (depicted in 
Figure 26). Images a to c indicate the relatively flat topography of the GO coatings, 
with heights and valleys within 10 nm of vertical distance apart. Images d to e are 
AFM-phase mode filter, which indicates the mechanical properties of materials. In 
such images it is possible to observe two-phase distinction on coatings (GO)1 and 
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(GO/LAC)1: The darker regions in images d and e are likely uncovered areas revealing 
the hard quartz substrate and the lighter tones are likely the soft GO flakes. Figure 26f 
shows a typical (GO/BSA)1 coating evaluated with the AFM-phase mode where no 
double phase distinction was observed1. Such information goes in the direction of the 
other experiments in this subchapter, indicating high coverage and homogeneity of 
(GO/BSA)1. The observation of gaps on GO coatings unassisted by bio-interfactants 
was also reported elsewhere.[48,82] 

 
Figure 26 - Images adapted from Perez et al [46] (Nanoscale, 2019,11, 4236-4247 - Published by The Royal Society 
of Chemistry). (a-c) Microstructure of the three investigated coatings (GO)1, (GO/LAC)1 and (GO/BSA)1, 
respectively. (d-f) Selected AFM phase images of (GO)1 and (GO/LAC)1 and (GO/BSA)1 respectively reduced at 
180 °C; on (GO)1 and (GO/LAC)1 it was observed a high contrast of regions (illustrated in images (d) and (e)), 
which were linked to quartz substrate (hard phase), such contrasting phases were not observed in coatings with 
BSA, illustrated by (f). Regarding (GO/BSA)1, no AFM image was found to have the distinct 2-phase characteristic 
upon inspection of total 23 positions on five individual samples which included the four investigated temperatures, 
indicating high coverage of substrate independent of temperature of reduction when using BSA as bio-interfactant. 

A further AFM image from a (GO/LAC)1 coating was captured in high-resolution and 
high-area in order to further study the topographic features influenced by GO flakes. 
As shown in Figure 18d, a GO flake is in the average 1.01 nm above2 the substrate; 
the same histogram procedure was conducted with (GO/LAC)1. The AFM of the large 
area (Figure 27a) was scanned in its central part (Figure 27b), which was evaluated 
in terms of height frequency (Figure 27c). The histogram was fitted with three 
Gaussians (free of constraints), and the model had a good fit. The interpretation of this 
result is that the topography of this sample has three levels, the lowest to the middle 
are separated by 0.88 nm, and the middle to the highest one separated by 1.18 nm. 
Possibly the shorter distance gap is associated with stronger interaction (short range 
forces) between flakes and the substrate. The last layer, being 1.18 nm from the 
previous one indicates weaker GO-GO interaction[82]. The width of these gaussians is 
~ 0.5 nm and the width of the Gaussian for a GO flake is ~0.3 nm (Figure 18d). The 

 
1 In the total, 23 distinct positions were evaluated within five individual samples, totaling ~90 µm2. (GO)1 
and (GO/BSA)1 were evaluated for “hard” phases in over 63 µm2 and showed 6% and 11% of such 
areas (assumed to be the substrate quartz). 

2 Comparing the outermost surface, detected by the AFM. 
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broader width of heights on (GO/LAC)1 is probably the result of accumulated 
unevenness far from the flat quartz substrate. 

 
Figure 27 - (a) AFM of (GO/LAC)1 and (b) magnified part of (a, highlighted in green). (c) height histogram from 
image (b), including three gaussian curves fitting the data with accuracy. The X distance between the gaussians 
roughly characterize the height of a GO flake (~1 nm). The similar width of the gaussians characterize similar 
topographic features between the three surfaces heights. The three gaussians were fit disregarded of any 
constrains, just minimizing the total error. 

AFM height histogram evaluation was also conducted on (GO/BSA)1 (Figure 28), 
however, the model described above (with deconvoluted Gaussians) could not be 
implemented. 

 
Figure 28 - (a) AFM of (GO/BSA)1. (b) magnified part of (a, highlighted in green). (c) Height histogram from image 
(b). This image could not be deconvoluted using the procedure in Figure 27 and Figure 18. 

The results presented above are from experiments conducted in the laboratory and 
assessed by characterizations on multiple scales, from millimeter average information 
(UV-Vis) to nanometric features (AFM). Yet, the experiments were also evaluated with 
molecular dynamics (detailed in Perez et al.[46]).  

In the published work[46], it was found that the amino acid residues play a key role in 
the anchoring towards the substrate and later priming the surface to interact with GO. 
The dipole direction of LAC drives it to orient itself towards the negatively charged 
silica surface. The other bio-interfactant, BSA, attaches on quartz driven by 
hydrophobic residues, leaving the side with more hydrophilic groups facing outwards; 
but still being strongly attached on the substrate.[111] 

These behaviors result in LAC and BSA being attached in preferential orientation on 
silica, leaving a particular group of amino acids exposed to outside of the substrate’s 
surface. The affinity of amino acids towards GO and silica have been measured[52,111], 
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resulting in arginine, lysine and histidine having the highest adsorption forces, to both 
GO and quartz. These three amino acids compose ~10% of the solvent-accessible 
surface area of both in bio-interfactants[46]. However, such groups are spread 
differently in Laccase and BSA (Figure 29). 

 
Figure 29 - Extracted from Nanoscale, 2019,11, 4236-4247 - Published by The Royal Society of Chemistry. 
Representation of polypeptide models; (a) and (b) are opposite sides of Laccase (PDB code:1GYC). (c) and (d) 
are two sides of BSA molecule (PDB code: 3V03). Key amino acids are highlighted with different colors. BSA 
displays more homogeneous distribution of these sites comparing to Laccase. 

On BSA all the three anchoring sites (highlighted in yellow, purple and red) are well 
spread around the molecule.[95,112] On Laccase, however, one side is vastly more 
concentrated in such amino acids (highlighted colors in a compared to b in Figure 29). 
This uneven amino acid distribution in LAC leads to a binary condition; either the 
strong attachment sites are mostly facing GO or the substrate, but not both 
simultaneously. When BSA is used, it faces both quartz and GO with strong anchoring 
sites.[46] An illustrative analogy is that LAC works as scotch tape between a desk and 
a paper sheet, whereas BSA works like a double-sided tape between a desk and a 
paper sheet. In the case of LAC, the scotch tape is well attached to only one of the flat 
materials. 

Furthermore, in the experiment depicted in Figure 19, it was demonstrated that BSA 
transforms quartz towards a more hydrophobic surface. This allows yet another 
possibility of interaction between BSA and GO: hydrophobic interactions[113,114]. This 
idea is strongly substantiated with Figure 25, where it was demonstrated with XPS that 
BSA selects GO flakes that have less oxygenated groups (hence probably more 
aromatic rings, which are hydrophobic). 

As a summary, a simplified model is proposed for the formation of (GO/BSA)1 (Figure 
30). In the first stage (step 1), the system is embedded in a buffer solution with pH 
4.75. At such pH, the silica substrate is negatively charged, and the BSA molecules 
are positively charged. The opposite charges are the main1 driver for adsorption. Next, 
in step 2, the BSA-on-silica system is embedded in a lower pH media in the presence 
of GO. At such pH, the substrate materials are expected to be positively 
charged[111,115], and the GO is negatively charged[116]. Once again, the system favors 
attraction of the natant particle towards the substrate. 

 
1 However, a significant contribution stems from hydrophobic interactions at such pH.[111] 
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Figure 30 - Schematic model for the formation of (GO/BSA)1. The first step exposes BSA (in liquid buffer) to a pH 
lower than its isoelectric point. At such pH, BSA is positively charged and the substrate is negatively charged, 
causing a positive diving force between them. On step 2, a similar strategy is employed: the pH of the media allows 
the substrate and GO to have opposite net charges, hence a positive driving force. 

The process was designed in a way to optimize BSA adsorption at the right pH and 
allow such particle to be kept adsorbed even at low pH during step 2. If step 2 was 
merely an acidic (pH ~2.6) solution without GO, BSA would have probably desorbed 
slowly over time[117,118], but GO entered the system and stabilized the adsorbed BSA 
by assembling itself on top of it. 

2.2.2.2 Thermal reduction of GObio-nanocoatings 

As discussed in chapter 1.2.3, GO is used as a key precursor for graphene. Several 
techniques can be used to achieve graphene-like properties. In this subchapter, only 
reduction through low temperature is reported (referred as “step 3”, reaching 250oC). 
The chemical, electrical, optical, and structural properties that ensued from thermal 
treatment are characterized by XPS, multimeter, UV-Vis and AFM. 

The before/after UV-Vis absorbance spectroscopy of coatings is represented in Figure 
31. Coatings “before reduction” are represented in green and “after reduction” in blue. 
All coatings manifested a peak transition from ~230 nm to ~270 nm as a result of the 
thermal reduction. This transition corresponds to the restoring of the electronic 
conjugation of graphene[119]. The shoulders at ~300 nm apparent in the unreduced 
curves are related to C=O1 bonds[120–122], which vanishes after the thermal reduction 
(indicating deoxygenation). The sharp peak at ~200 nm (explored in Figure 25d) was 
only slightly altered with the reduction (to lower values). 

Among the three coatings, the ones with bio-interfactants resulted in higher overall 
absorbance, and the coating with BSA absorbed more than double of light (at 550 nm) 
when compared to the use of LAC. 

 
1 Referent to n to	π* electronic states. 
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Figure 31 – UV-Vis spectra of freshly produced (green curves) and thermally reduced (blue curves) coatings: 
control experiment (a), with LAC (b), and with BSA (c). Red curves on (b) and (c) show the spectra of bio 
interfactants (prior to GO adsorption). Inset pictures indicate spectra change resulting from the thermal reduction 
process. In the inset pictures, the white horizontal lines indicate Y = 0 and the numbers indicate the wavelength 
absorbance not affected by the thermal reduction. 

The change in light absorbance can be viewed in relative terms, too. The charts plotted 
in grey insets on Figure 31 show the relative contribution in light absorbance that is 
caused by the thermal reduction (blue minus green spectrum). By evaluating these 
curves, it is clear that thermal reduction causes a general increase in light absorbance 
in most of the spectrum (Y=0 in white). However, towards low UV-wavelengths there 
is a transition making light absorbance lower and even negative (meaning that in such 
wavelength, the sample becomes more transparent). This beginning and intensity of 
this transition were precisely characterized by differentiating the inset pictures of 
Figure 31. As supported by the literature[119,123,124], the shift from 230 to 270 nm reveals 
information about the chemical groups of graphene oxide. 

 
Figure 32 - Differentiation of the curves associated with the thermal reduction effect. The differentiated data (from 
inset pictures of Figure 31) indicate change in curve position at any given wavelength. At 220 nm the absorbance 
resulting from the thermal reduction of (GO/BSA)1 is already positive; meaning that the red-shift transition of this 
sample initiates in earlier stages than the two other coatings. 
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The result, in Figure 32, shows that the reduction of (GO/BSA)1 shifts the peak to the 
right (red-shift) earlier and more intensely than the other two coatings1. Since this 
shifting is observed in the exact ranges of reduction towards graphene[119,123,124], it is 
possible to substantiate that the thermal reduction with BSA leads to a higher reduction 
of the GO (compared to control and LAC experiments). 

As a control experiment, the bio-interfactants were thermally reduced when adsorbed 
on the quartz substrate (no GO was added). The result (Figure 33) shows minimal 
change in the absorbance spectrum (plotted in LOG to accentuate). Other studies 
support the high thermal stability of these adsorbates[125–128]. 

 
Figure 33 – Extracted from Nanoscale, 2019,11, 4236-4247 - Published by The Royal Society of Chemistry. UV-
Vis of thermal reduction of adsorbed BSA and LAC. Control experiment indicated minimal changes in absorbance 
spectra, at the same time demonstrated that the biological materials are still in some form on the quartz substrate 
(not removed by the thermal reduction). 

High resolution of C1s XPS spectra of the reduced coatings was conducted and is 
depicted in Figure 34. The thermal reduction of (GO)1 towards (rGO)1 results in a sharp 
and asymmetric component with a peak ~185 eV. Such transition characterizes the 
thermal reduction of GO where removal of oxygen (vanish of peaks > 285 eV) and 
restoration of sp2 sites occurs, even at 250°C.[30,105,129] The coating with bio-
interfactants were deconvoluted to account for the bio-interfactants, contamination, 
and GO. The final proportion associated with the GO is shown in Figure 34e-h. Judging 
by the proportions, there was a chemical reduction of the GO, however in a lower 
degree than compared to GO in (rGO)1. Among (rGO/BSA)1 and (rGO/LAC)1, it was 
the use of BSA that resulted in higher conversion of GO towards graphene (higher 
proportion of the aromatic component at 285 eV). 

 
1 Consider that positive “hills” in differentiated curves represent an “s curve” in real data. In Figure 32 
at 220 nm, the blue curve is already positive, meaning that the curve shift started earlier than the other 
two curves. 
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Figure 34 - Extracted and adapted from Nanoscale, 2019,11, 4236-4247 - Published by The Royal Society of 
Chemistry. C1s high resolution XPS spectra of (from left to right) (GO)1, (rGO) 1, (rGO/LAC)1 and (rGO/BSA)1. The 
first spectrum is the only one with the high peak ~2 eV higher than the reference peak at 285 eV, which is a feature 
of highly oxidized GO[38]. The reduced forms of the three coatings; (rGO)1, (rGO/LAC)1 and (rGO/BSA)1 show the 
peak at ~287eV with a substantially low contribution to the spectra. Green area is attributed to adventitious carbon 
from the quartz substrate, which was corrected by Si 2p attenuation. Spectra from (rGO)1 is a region unusually 
thick, which stems from the low reproducibility of the process when unassisted by bio-interfactants. 

Furthermore, in this series of experiments on thermally reduced coatings, XPS was 
also employed in order to measure the atomic composition of the coating and the 
coating thickness. This series of experiments was conducted with two other 
intermediate temperatures for more in-depth clarifications. 

The atomic composition of these coatings in several temperatures is displayed in 
Figure 35. In (GO)1, nitrogen is expected to be only residual and remains in low values 
for all the temperatures. The samples did not have a continuous trend for carbon and 
oxygen concentrations. This is probably related to the low coverage and unreliability 
of the process (as discusses previously along with results in Figure 22 and Figure 26). 
Samples with bio-interfactants, Figure 35b and c, showed a general increase of carbon 
and decrease of oxygen and nitrogen, but in an interesting fashion; as Figure 35d 
portrays, the proportion between carbon and nitrogen remains constant for (GO/BSA)1 
in all temperatures, but for (GO/LAC)1 there is a sudden increase in the proportion 
when the coating is exposed to 250oC. 

The carbon to oxygen proportions in coatings with bio-interfactants (Figure 36b) reveal 
that the starting proportion is the same (C:O ~ 3:1), but after thermal reduction, the 
proportion is increased for (GO/BSA)1, which means that more oxygen than carbon is 
removed when a coating uses BSA instead of LAC. 
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Figure 35 - Extracted and adapted from Nanoscale, 2019,11, 4236-4247 - Published by The Royal Society of 
Chemistry. (a–c) XPS elemental analysis of layer composition (substrate content is subtracted) for four conditions 
of thermal reduction for the layer systems: (a) (GO)1, (b) (GO/LAC)1 and (c) (GO/BSA)1. The relative composition 
shows only the additional C, N, and O elements added to the quartz substrate. (GO)1 was found to contain 0.75% 
atomic of N, which is attributed to be residual nitrogen expected to be found from Hummers process[79,130] (d) 
atomic concentration ratio [C]:[N] in the coatings (from (a–b)) with bio-interfactants (GO/LAC)1 and (GO/BSA)1 for 
all conditioning temperatures 

Since in (GO/BSA)1 most of the nitrogen of the system belongs to BSA[46] and most of 
the carbon belongs to GO, it is probably the case that the fixed [N]:[C] proportion is 
explained by the anchoring effect that BSA has on GO (also supported on previous 
experiments and molecular dynamics). In the case of LAC, an independent reduction 
between the species is observed, facilitating more the removal of LAC (because C:N 
is increased, and N is a marker for LAC). 

With the atomic concentrations (now including atoms from the substrate), the 
thicknesses of the coatings1 could also be calculated. As plotted in Figure 36a, the 
coating with BSA displays constant range between 5 and 6 nm at all 4 temperature 
conditions. For coatings starting with (GO/LAC)1, it appears that the temperature has 
an effect on material removal until 180oC. However, there are limitations to the 
experiment with LAC, since it was conducted on samples which were not necessarily 
representative in terms of thickness (estimated by the average light absorbance). 
Such a lack of reference measurement later proved to be critical since the process 
reliability is not high (demonstrated in Figure 22 and also manifested in Figure 24b). 

Another limitation for the (GO/LAC)1 thickness through XPS signal attenuation is the 
fact that the coating was demonstrated not to be homogeneous, with ~11% of its area 
being exposed to the substrate without GO flakes[46]. 

 
1 Same physical samples as in Figure 35b and c. 
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Figure 36 - Extracted and adapted from Nanoscale, 2019,11, 4236-4247 a) Coating thickness of films with bio-
interfactants and the relationship with higher temperatures of thermal reduction. (b) Atomic concentration ratio 
[C]:[O] of bio-interfactant assisted coatings throughout temperatures of reduction. 

Lastly, AFM images of the untreated and thermally treated samples were acquired. 
The samples are displayed in Figure 37 and show diverse degrees of topographies 
evolutions as a result of the thermal reduction. The control sample (GO)1, kept a high 
degree of nanometric flatness but displayed 1D corrugations along the sample after 
thermal treatment (comparing Figure 37a and d). In the literature, similar results are 
explained by the weak attachment to the substrate SiO2, leading to delamination.[131] 

On samples with LAC and BSA, the starting topographies were flat with long-range 
features (near 100 nanometers, as in Figure 37b and c). After the thermal reduction, 
however, there was a development of dome-like corrugations (sizes <100 
nanometers) and not the tunnel-like structure manifested in the control experiment. 

 
Figure 37 - Extracted and adapted from Nanoscale, 2019,11, 4236-4247 (a–c) Microstructure of the three 
investigated coatings (GO)1, (GO/LAC)1, and (GO/BSA)1 respectively, scanned with AFM after having been freshly 
prepared. (d–f ) AFM images of thermally reduced coatings at 250 °C coatings (GO)1, (GO/LAC)1, and (GO/BSA)1 
respectively. 

These distinct domes were further characterized in detail with topographic 
measurements (Figure 38). The control sample (rGO)1 and LAC-containing sample 
(rGO/LAC)1 revealed to have shallow peak-to-valley features, below 0.5 nm. The 
sample with BSA, in contrast, resulted in high peak-to-valley heights; above 0.5 nm. 
These profiles and roughness values can be seen in Figure 38a-c and g-i. 
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The images were also characterized for their relative mechanical properties with the 
AFM-phase filter. In Figure 38g-i some correlation can be observed between low 
heights and low phase degrees. The overall view with this filter (Figure 38d-f) revealed 
that the samples have two high contrasting phases; bright clusters surrounded by 
darker regions. This fact alludes to the interpretation that these darker regions are 
anchoring points with the substrate, due to the harder1 mechanical nature of such 
anchoring point with quartz. 

These clusters, which are the topographic domes, are smaller and more concentrated 
on materials (rGO)1 and (rGO/LAC)1, with 824 and 918 peaks per µm2, respectively. 
The sampled region in (rGO/BSA)1 showed 492 peaks/µm2. 

 
Figure 38 - Extracted and adapted from Nanoscale, 2019,11, 4236-4247. Height and phase images of the coating 
systems obtained by AFM. Sequence of columns (left to right) corresponds to (rGO)1, (rGO/LAC)1 and (rGO/BSA)1 
on fused quartz glass substrates, respectively. a–c, AFM height image of the three coating systems reduced at 
250 °C. Rq values are in nm and are measured on the flat regions of the scanned area. Images scaled to relative 
height values from 0 to 3 nm. d–f AFM phase image of the same locations from images a–c. Rq values are in 
degrees and referent to flat regions of the scanned area. (g–i) Height and phase values extracted from the marked 
region (white line) on pictures a–f. 

In the literature, several sources report the development of GO corrugations[40,131,132]. 
These topographic features were attributed to the formation of new bonds at the 
epoxide rings of GO[133], mismatch of the substrate thermal expansion[134], trapped 
solvent[134], and strong anchorage to the substrate[134]. These effects may cause stress 
on the coating and cause rippling.[135] Gas trapping was ruled out, as it was observed 
only when over seven layers of GO constituted the coating[105]. 

 
1  As discussed in results from Figure 18b, these darker regions are associated with mechanically 
harder materials. 
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The final experiment in this subchapter is the electrical conductivity measurement of 
the thermally reduced coatings (at 250oC). Eight unique samples for each condition 
were prepared on quartz, resulting in data presented in Figure 39. The values of the 
measurements varied drastically between and within coatings. The logarithmic plot 
was used in order to compare the general trend of the three materials. In (rGO)1 five 
out of eight samples had undetectable conductivity. The spread of values was higher 
for coatings with higher sheet resistances1. This high spread of values for (rGO)1 and 
(rGO/LAC)1 indicates that electrical conductivity is on the verge of being detected, 
which characterized the percolation point. Nevertheless, all samples with bio-
interfactants resulted in measurable electrical conductivity in this set of experiments. 

 
Figure 39 - Electrical conductivity of thermally reduced coatings. (N = 8 for each condition). Sample (rGO)1 had 
five measurements that were undetectable by the instrument. The other 19 measurements were inside the 
detectable range. 

The thermal reduction of GO provokes reactions that form paths for electrons. The 
initiation of the reduction is catalyzed by trapped water[136] (naturally arising from the 
GO dispersion and bio-interfactants[137]). Several reactions paths are possible: 
decarboxylation, attack on hydroxyls and/or ring-opening epoxides.[136] The reactions 
result in the release of O2 and/or other O-containing species on GO (in which case, 
consuming the carbon backbone of GO).[30] These reactions develop new sp2 sites 
and form percolation paths between them and original sp2 clusters[105], resulting in a 
permanent acquisition of electron conductivity over a large area. 

Mattevi et al.[105] also asserted that the electrical conductivity is not hindered by the 
overlapping flake junctions, but by the sp3 within GO flakes which disrupt the 
graphene-like structure. Such experiment was demonstrated by comparing 
measurements of conductivity within one flake and across several overlapping flakes. 

2.2.2.3 Further assembly and structure 

Previous subchapters (2.2.1.1, 2.2.1.2 and 2.2.2.1) investigated the building blocks 
behind the assembly of GO-Bionanocoatings; it consists of surface functionalization (“step 
1”) and GO attachment (“step 2”). Also, the thermal reduction of these systems was 
explored in chapter 2.2.2.2. This subchapter explores the materials that arise from 

 
1 For (rGO)1, 5 samples resulted in at least 2x1010 Ohm/square resistance, meaning that the average 
and standard deviation would be higher than that of (rGO/LAC)1. 
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repeating the building blocks (step 1 + step 2) up to 10 times. Also, their thermally 
reduced counterparts were investigated. 

The UV-Vis transmittance at 550 nm of these coatings, including the control 
experiment bereft of bio-interfactants, is plotted in Figure 40a. The control experiment 
(GO)n showed a tendency of gathering GO with each process repetition. (GO/LAC)n 
and (GO/BSA)n showed a stronger light attenuation along with n process repetitions. 
These changes of transmittance at 550 nm (𝑇&&!	()) were fitted with an exponential 
attenuation curve according to Lambert-Beer law.[138] The function applied was: 

𝑇&&!	() = 𝑒*+×( 

The assumption for this plotting is that the transmittance exponential attenuation 
coefficient (𝛼) is constant and that each process repetition 𝑛 has an equal addition 
contribution to light attenuation. 

This model fitted (GO)n poorly, judging by the low coefficient of determination. On the 
other hand, the model fitted light attenuation of (GO/LAC)n and (GO/BSA)n with high 
precision. The good fitting allows the interpretation that bio-interfactants facilitate 
assembly of “identical blocks”1 of material for each process repetition 𝑛. The use of 
BSA yielded light attenuation coefficient (𝛼 ) three times higher than that of LAC 
throughout the 10 layers of depositions: -3.9%/layer vs. -1.3%/layer. The three-fold 
difference indicates three times higher[39,139–142] capture of GO when BSA is used 
instead of LAC.2	

 
Figure 40 - Extracted and adapted from Nanoscale, 2019,11, 4236-4247 - Published by The Royal Society of 
Chemistry. (a and b) Light transmittance (wavelength = 550 nm) for ten levels of depositions (n = 1 to 10) and for 
the three different coating systems in two states, (a) freshly prepared on quartz ((GO)n, (GO/LAC)n and (GO/BSA)n) 
and the same samples thermally reduced on (b) ((rGO)n, (rGO/LAC)n and (rGO/BSA)n). For each condition and 
each coating an exponential curve was fitted (intersection in Y=100%), the fitting parameters are indicated by color 
to each coating. 

 

1 Identical in terms of optical properties. A fixed light attenuation coefficient (𝛼) is escalated along with 
the number of process repetitions n. 

2 It can be ruled out that the bio-interfactants play a role at the adsorptions at 550 nm (Figure 33). 
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The samples mentioned above were then thermally reduced and also evaluated for 
the transmittance (Figure 40b). The result is a decrease in light transmission for all 
samples along all levels of deposition. The exponential model was applied for these 
materials, too. The fitting was satisfactory for coatings with bio-interfactants and 
unsatisfactory for (rGO)n. This supports the idea that thicker films still reduce in a 
similar fashion as the thinner films. 

Electrical properties of the thermally reduced samples were also characterized 
(measured as sheet conductivity). The sheet conductivities of these coatings 
according to the number of deposition n are plotted in Figure 41. The range of values 
of these experiments is vastly different, therefore plotted in three separate charts. 
There was an increase of conductivity for higher process depositions in all samples. 

The conductivities of these materials had some linear correlation with the number of 
depositions employed. Control experiment (rGO)n showed weak correlation for low n 
values probably due to percolation effects (supported by experiments in Figure 39). 
Coatings prepared with bio-interfactants demonstrated reliable linear scalability of 
electrical conductivity along with process repetitions n. This fact supports the idea that 
each layer of deposition can be seen as a similar building block in terms of electrical 
conductivity. 

 
Figure 41 - Electrical conductivity (measured as the inverse of sheet resistance) of samples dependent on the 
levels of process repetition (n). The data in each chart was plotted with a linear fit intersecting at y=0. 

By combining equations in Figure 41 and Figure 40b and isolating n, it is possible to 
obtain fundamental relationships between transmittance (𝑇) and conductivity (𝐶) for 
the coatings[143]; resulting in the following equations for each coating: 

(rGO)n :  log(𝑇*%) = 	3.13 × 𝐶 

(rGO/LAC)n:  log(𝑇*%) = 	0.50 × 𝐶 

(rGO/BSA)n:  log(𝑇*%) = 	0.19 × 𝐶 

These equations tell us that for a given 1  transmittance T the coating with BSA 
manifests a superior electrical conductivity. It may be tempting to suggest that BSA 
(and LAC to a lower degree) promotes more overlapping of GO sheets facilitating 

 
1 That means distinct number of repetitions. For example, in order to achieve T = 50% the levels of 
depositions (n) would be (rGO)49, (rGO/LAC)10 and (rGO/BSA)3. Also, since 0<T<1, log(1/T) is 
necessarily positive. 
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electron mobility, however, such overlapping could not be higher than in pure stacks 
of GO (free from the bio-interfactants). Moreover, the limiting factor of conductivity is 
not the overlapping, but the base of the flakes[105]. 

And since the amount of stacked GO flakes determine the light transmittance[39,139–

142], it is the case that for the same light transmittance, there is at least1 the same 
amount of GO on (GO)n as GO on (GO/LAC)n or (GO/BSA)n. That brings to the 
unequivocal conclusion that GO is reduced differently according to the surface it 
adheres to (bare quartz, quartz treated with LAC, or quartz treated with BSA). 

The distribution of sheet resistances can also be used to estimate other film properties 
of these coatings. When taking percolation effect into account, the sheet resistance is 
expected to evolve as:[143] 

𝑅- =
1

𝜎./,0 	𝑡	(
𝑡

𝑡)1(
)(!

 

Where 𝑅- is sheet resistance, 𝑡 is the coating thickness, 𝑡)1( is the critical thickness, 
𝜎./,0  is the bulk direct current conductivity of the film, and 𝑛2  is the percolation 
exponent. Thickness is the independent variable, and the other three parameters are 
fixed for each coating system. The optimization2 of the model yielded the following 
results: 

Coating system 𝜎./,0 (µS/cm) 𝑡)1( (nm) 𝑛2 
(rGO)n 0.046 6.44 0.85 

(rGO/LAC)n 0.19 5.65 0.52 
(rGO/BSA)n 8.52 6.30 0.19 

These results show that the conductivity is highest for assemblies with BSA, medium 
for LAC, and lowest for GO (for the same thickness). The critical thickness 𝑡)1( is in 
the same range for the three materials, and it indicates latent effects on conductivity 
for higher thicknesses. Higher percolation exponent 𝑛2 indicates how abrupt is the 
percolation transition, highest for (rGO)n. 

The calculated thicknesses (only based on the spread of sheet resistances) were 
compared to the light absorbances of these same samples and plotted in Figure 42. 
The choosing of absorbance versus thickness was based on the fact that the thickness 
escalates linearly with the absorbance values, following the Lambert-Beer law[138]. 

 
1 It was demonstrated in Figure 33 that bio-interfactants contribute slightly, but positively, to light 
absorbance (reduction in transmittance). 

2 The boundary conditions were: thicknesses are increasingly higher for higher n, the first level of 
deposition is < 10 nm, the tenth layer of deposition is < 300 nm. 10 > tmin> 0.01, 10-5> 𝜎"#,% > 10-10. In 
the first optimization, the thicknesses known from other techniques were fixed in order to find the right 
order of magnitude of the other parameters. After this first optimization, all parameters and thicknesses 
were simultaneously fitted and did not reach any limit for the boundary conditions. 
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A satisfactory linear fitting of these thicknesses versus absorbance would indicate that 
the percolation effects were adequately taken into account and that estimated 
thicknesses would translate linearly into light absorbance. The coatings (rGO/LAC)n 
and (rGO/BSA)n fit in this model accounting for a broad range of thicknesses (from few 
nanometers to hundreds of nanometers). However, the model is limited when fitting a 
straight line for (rGO)n (Figure 42a). 

 
Figure 42 – Thickness of reduced coatings calculated by percolation model (X-axis) versus the absorbance 
measured for these materials (Y-axis). On these plots, a linear curve is fitted since absorbance linearly increases 
with the thickness of a given homogeneous material. 

XPS was additionally employed to investigate multiple coating depositions of 
(rGO/LAC)n. Since XPS is a highly surface-sensitive technique, only 1,2 and 4 layers 
or deposition were investigated and observed for the substrate attenuation. The plot 
of the high-resolution C1s spectra and the calculated thickness are displayed in Figure 
43. Linear scaling of thickness was observed for such material; roughly 4 nanometers 
of material is the size of one (rGO/LAC) block (Figure 43d). 

 
Figure 43 - Extracted and adapted from Nanoscale, 2019,11, 4236-4247 - Published by The Royal Society of 
Chemistry. C1s high resolution XPS spectra of 1, 2 and 4 LBL of process using LAC as bio-interfactant (images a 
to c). The deconvolution of the spectra was corrected by adventitious species from the substrate and plotted using 
components from the substances used in the process (LAC27, Maltodextrine27, and BSA28), the best fitting 
indicated that the ratios among these substances do not change substantially. From the substrate attenuation, it 
was also possible to plot the layer thickness in (d). (d) linear fit indicates that the coating increases approximately 
4 nm for every process repetition. 

The XPS also allowed deconvolution of the contributing signals from the coating. It 
was found that the three samples with different number of process repetition, n, had 
similar proportion of GO and bio-interfactant. Also, the level of oxidation of the GO 
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inside these three coatings is similar, with ~82% of the carbons being identified as sp2 
(binding energy ~285 eV). 

Another way to measure the thickness in a micrometric scale (area evaluated ~400 
times smaller than XPS) is with a laser scanning confocal microscope (LSCM). An 
indent can be made on the sample surface with a sharp scalpel knife. LSCM has 
enough resolution to evaluate the thicker films and measure the disruption caused by 
the scalpel on the topography. Two coating systems and two levels of depositions 
were assessed: n = 5 and 10 for both (rGO/LAC)n and (rGO/LAC)n. 

The resulting topography in Figure 44 shows the areas averaged for height 
comparison. The substrate relative height average (Cheight) was assumed to be the 
height averages inside the white markers, and the coating height average (Cheight) was 
assumed to be the average points inside the black shapes. The coating depth was 
calculated to be “Δh = Cheight - Cheight”. 

 

 
 

Figure 44 – LSCM (Laser Scanning Confocal Microscopy) of coatings with bio-interfactants at 5 and 10 levels of 
depositions. On all samples, a sharp scalpel was employed to cut the coating all the way to the substrate. The 
height of the coating was defined by the average height difference between the substrate (areas inside white 
shapes) and the coating surface (areas demarked in black). Color tone (blue to red) indicates the depth of the 
scanned area; from deeper (blue) to more superficial (red). (a), (b), (c), and (d) are, respectively: (rGO/LAC)5, 
(rGO/LAC)10, (rGO/BSA)5, and (rGO/BSA)10. 

As the last method to measure thickness, AFM was employed. The area assessed is 
nearly 200 times smaller than that for LCSM, and the height resolution is sub-
nanometer. Areas were scanned for showing the substrate at the same time as the 
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coating, which was easily found for (rGO/LAC)1, but for (rGO/BSA)1 it took scanning 
of numerous distinct areas in order to identify such condition (Figure 45).1 

The same procedure as for LSCM was taken in order to measure the height thickness. 
In Figure 45 substrate height (values inside the green perimeter) and coating height 
(values inside the blue perimeter) were individually averaged for their heights, and the 
difference characterized the coating height, depicted on the shapes in Figure 45. 

 
Figure 45 – Extracted and adapted from Nanoscale, 2019,11, 4236-4247 - Published by The Royal Society of 
Chemistry. AFM of coatings (rGO/LAC)1 (a-b) and (rGO/LAC)1 (c-d), images (b) and (d) being the 3D projection of 
the left images. The height of the coating (average of areas in blue perimeter) was compared to the height of the 
quartz glass substrate (highlighted with green perimeter). 

To summarize these measurements, the values are compiled and plotted in Figure 46 
and Figure 47, for (rGO/LAC)n and (rGO/BSA)n, respectively. The techniques XPS, 
AFM, LSCM, and the percolation model2 are techniques independent of each other 
and are represented in symbols in Figure 46 and Figure 47. The measurements from 
these four techniques were from samples also measured with the UV-Vis. With these 
measurements, calibrations could be conducted (and plotted as lines Figure 46 and 
Figure 47). For example, a “UV-VIS/AFM-calibrated thickness” of (rGO/BSA)1 was 
acquired by the following procedure: AFM measured 5.75 nm of thickness and UV-

 
1 The lengthy process of scanning for uncovered areas in (GO/BSA)1 films is in parallel with the previous 
observations that coatings with BSA have a higher coverage. 

2 Detailed after Figure 41 
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VIS measured 0.13 of absorbance; meaning that the ratio of 0.13/5.75 (or 1/44) is fixed 
(1 unity of absorbance corresponds to 44 nanometers of thickness). In that scenario, 
for example an absorbance of 0.26 would correspond to 11.5 nm. 

For (rGO/LAC)1 (lines Figure 46) there is a good agreement between XPS and the 
percolation model (5.8 vs. 4.2 nm, respectively). However, as discussed above, XPS 
measurements assumed homogeneous coating and were found not to be so with 
AFM 1  and LSCM 2  measurements. This means that the XPS technique is 
underestimating the thicknesses (and calibrating the UV-Vis for lower values). 

 
Figure 46 – Levels of process repetition n vs. thicknesses values for (rGO/LAC)n. Scales are in logarithm in order 
to show details along all ranges of depositions. Table on the right indicates the methods employed to estimate the 
thicknesses; either by a technique (marks on the charts) or by calibrated method (lines on the chart). 

In (rGO/LAC)1 the AFM measures a thickness still below all the other methods. This 
incongruence is probably because the measurement was highly localized, not taking 
into account rougher areas of the (rGO/LAC)1 coating (Figure 48). Such a bigger area 
revealed that the sample is mostly flat, but there are agglomerations and several-
nanometer range variations in thickness (for example in Figure 48b from X = 5 to 10 
µm), which could explain the localized thin thickness observed in AFM (Figure 45a). 
The single-observation value calibrates the UV-Vis (green curve) necessarily to 
underestimated values. 

On the other hand, the percolation model for (rGO/LAC)n and its UV-Vis derivation 
(brown line and brown symbols) are estimating the thickness of the coating to be the 
highest. The estimation exceeds the measured values in the LSCM, for example, it 
estimates ~150 nm of thickness for (rGO/LAC)10 and LSCM measured ~100 nm. The 
substantial difference invalidates the percolation model (and therefore the UV-Vis 
calibrated curve). 

The UV-Vis estimations from XPS (blue line) are substantiated by three points (blue 
symbols), indicating that the thickness for (rGO/LAC)10 would be ~40 nm (blue curve). 
However, the thickness was instead measured to be ~100 nm. This result can be 
explained by a “puffing” effect from the thermal reduction. Such expansion could be a 

 
1 One level of deposition showed to have ~11% of areas exposed to quartz.[46] 

2 The pictures in Figure 44 show that the topography homogeneity is higher for coatings with BSA than 
for LAC judging by the homogeneity of colors. 
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result of gas trapping, a phenomenon particularly observed when GO coatings are 
thicker than 7 layers of GO[105]. In that hypothesis, LCSM shows that coatings 
(rGO/LAC)5 and 10 are not densely packed. The discrepancy between measurements of 
XPS and LSCM on thicknesses of (rGO/LAC)4 to (rGO/LAC)5 could be explained by 
(i) the puffing effect happens for n > 4 and/or (ii) XPS attenuation signal is only defined 
by the amount of material, not its spacing (for example in case the material is puffed). 

 
Figure 47 - Levels of process repetition n vs. thicknesses values for (rGO/BSA)n. Scales are in logarithm in order 
to show details along all ranges of depositions. Table on the right indicates the methods employed to estimate the 
thicknesses; either by a technique (marks on the charts) or by calibrated method (lines on the chart). 

The measured thickness of (rGO/BSA)n for n = 1, that is, with XPS, AFM, and the 
percolation model, have good agreement with each other (5.4, 5.8 and 5.6 nm 
respectively). Such similarity among all three independent methods strongly supports 
that the methods themselves probably rely on correct premises. Also, therefore, the 
UV-Vis calibration from these models (XPS, AFM, and percolation model) relies on at 
least one precise value. 

In the highest extreme (Figure 47), these methods predicted (rGO/BSA)10 to have the 
thickness between ~40 and ~90 nm. However, when considering the actual 
observation of the material through LCSM, a vastly thicker layer was encountered. 
The device scanned a thickness of 233 nm (Figure 44d). A similar trend is observed 
for n = 5, with an expected thickness between ~20 and ~50 nm, but found to be 167 
nm with the LSCM. These results also show that probably there is a puffing effect on 
high levels of deposition on (rGO/BSA)n. This suggests that the UV-Vis/LSCM-
calibrated model (higher black curve) is probably an appropriate technique for 
estimating the coating thickness for high numbers of deposition n (the model takes the 
puffing into account). 

As mentioned above, in the case of (rGO/LAC)n the percolation model was ruled out 
because it overestimated the thickness of the coatings.1 However, in the case with 
BSA, the percolation is not immediately ruled out, because the puffed material may 
still contain the amount of material required for the electrical conductivity predicted by 
the percolation model. The divergence between the percolation model and the models 

 
1 The percolation model considers the physical matter of the material in bulk form, that means that if it 
predicts a thicker material than the actual observed thickness (due to high electrical conductivity), the 
model necessarily fails to consider other relevant factors. 
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based on AFM and XPS is unexpected and would require more experiments in order 
to assert which model is more precise. 

An intriguing observation of these puffed materials (in both cases, with BSA and LAC) 
was that among levels 5 and 10 the conductivity and absorbance properties were 
approximately duplicated (as expected). However, the thickness between n = 5 and n 
= 10 only escalated ~1.5 times. That means that the puffing phenomenon is relatively 
more expressed on level 5 than on level 10. 

 
Figure 48 – Extracted and adapted from Nanoscale, 2019,11, 4236-4247 - Published by The Royal Society of 
Chemistry (a) Large AFM scanning of (rGO/LAC)1, showing mostly flat areas and rough features. Profile of heights 
A to B (green line in (a)) is depicted in image (b). 

2.2.3 Robustness of coating 

Extracted and adapted from Nanoscale, 2019,11, 4236-4247 - Published by The 
Royal Society of Chemistry. 

The capability of a coating to strongly adhere to a substrate is vital for applications 
where there is direct interaction with the medium, for example in wearables, sensors 
that have to endure exposure to tribological loadings or contact with liquids. In real-
world applications, graphene needs to be supported (and kept) on a substrate to 
perform its function.1 

In order to test and compare the robustness of the thermally reduced coatings studied 
here, they were exposed to ultra-sound bath in deionized (DI) water in order to induce 
coating destabilization or destruction by cavitation. The corresponding decay of 
electrical conductivity was measured during the time of the experiment as a form to 
assess the durability of the coatings (Figure 49a). Additionally, a commercially 
available transferred CVD graphene on quartz (Graphenea) was also exposed to this 
test for comparison. The values are relative to the first measurement at 0 minutes 
(when each relative conductivity is 100%). After only 7 minutes inside the ultrasound 
bath, there was no more detectable electrical conductivity on the commercial 
transferred CVD graphene film. Our own three other coatings derived from GO showed 
a slower decay in electrical conductivity. The ones prepared on previously adsorbed 
bio-interfactants, in particular with BSA, kept a high relative conductivity for a longer 
time. 
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Figure 49 - Extracted and adapted from Nanoscale, 2019,11, 4236-4247 - Published by The Royal Society of 
Chemistry. (a) Evolution of relative electrical conductivity decay when samples were exposed to ultrasonic water 
bath. The samples (rGO/BSA)1, (rGO/ LAC)1 and (rGO)1 were reduced at 250 °C. (b) Change of electrical 
conductivity of coatings after 180° peeling test with conventional tape; further peelings on the same sample were 
conducted with new parts of the tape. Numerical values in the (b) indicate the peeling resistance energy measured 
in the first peeling. 

A peeling test (Figure 49b) with conventional pressure-sensitive tape was carried out 
on the three coatings to determine the changes of the film proprieties. The force from 
the tape peeling was also measured and resulted in values in the same range for the 
three coatings (Figure 49b). However, the reduction in electrical conductivity was more 
dramatic for the (rGO)1 film. Further peelings had the same effect, and BSA in this 
case acted as a component key for higher resistance as well. Light transmittance (at 
550 nm) was measured before and after the sequence of ten peelings; the three 
coatings suffered minor changes in light transmittance (< 3%). 

In a recent study,[48] it was observed that the peeling work (from nano-scratch 
techniques) of a GO film on glass decrease dramatically (from ∼350 J/m2 to 38 J/m2) 
after thermal reduction due to the removal of oxygen-containing groups, which were 
associated to be the main contributor to the van der Waals forces with the substrate. 
In parallel to these findings, our macroscale peeling tests indicated that the average 
energy of ∼300 J/m2 is enough to cause severe disruption in the conductivity of the 
rGO film. However, when assisted by the bio-interfactants, the electrical conductivity 
was sustained to near-original values through the ten peelings. As a comparison, CVD 
transferred graphene was found to adhere to SiOx with energies between 3 and 20 
J/m2.[144] 

Both enduring tests support the model of strong anchoring when using bio-
interfactants, especially BSA, as observed with other techniques. The destruction 
induced by both techniques indicates higher durability both at the nanoscale and at 
the macroscale when bio-interfactants are employed. 
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2.3 Summary 

In summary, chapter 2 detailed a new process route to produce nanometrically-thin 
coatings with graphene oxide, here denominated GO-Bionanocoatings. The subchapters 
explored specific mechanisms at work, allowing the formation of these coatings. 

It was found that GO can spontaneously attach to substrates when these are exposed 
to a GO dispersion. However, a high degree of inhomogeneity was found when quartz 
is used as a substrate 1 . This inhomogeneity was observed even among large 
evaluated areas, on millimeter and centimeter range. 

On a parallel study, two other materials were also assessed for their adsorption; these 
materials are “LAC” and “BSA”2, which are denominated “bio-interfactants”. These 
materials can readily be adsorbed on several substrates and change their surfaces 
energies. LAC was found to show varying degrees of adsorption on quartz samples. 
In contrast, BSA was found to be adsorbed with higher homogeneity on quartz. 

The two parallel studies (on GO and on bio-interfactants) were strategically united. 
Substrates were firstly dipped in bio-interfactants mixtures and then dipped in GO 
dispersion. Even with vigorous rinsing after both dipping, this route was found to result 
in deposition of a more homogeneous GO coating (when compared to not conducting 
the bio-interfactant dipping). It was also found that the type of bio-interfactant played 
a role in the final deposited material. Compared to LAC, BSA (i) gathered more 
stacked GO flakes in the average, (ii) showed a higher degree of quartz coverage, (iii) 
resulted in coating with higher dimensional homogeneity, from nano- to millimeter 
scale and (iv) attracted less-oxidized GO flakes when dipped in a GO dispersion. 
These differences were attributed to the distinct amino acid distribution of these bio-
interfactants. 

The GO-containing materials mentioned above can then be thermally reduced in very 
mild conditions (250°C) and echo desirable properties from graphene, like electrical 
conductivity. When BSA was used in combination with GO in the thermal reduction, it 
demonstrated to anchor strongly to GO and to the substrate, leading to a chemical 
selectivity that produced more graphene-like properties as compared to the use of 
LAC or with the control experiment. 

The bio-interfactants and GO can also be used in alternating sequential dipping, also 
known as layer-by-layer depositions. Both LAC and BSA allowed the coating 
properties to scale linearly with the number of process repetitions, even after thermal 
reduction. For example, ten layers of deposition produce a material ten times more 
conductive than the one layer or deposition. However, the typically conflicting 
properties “high transparency vs. high conductivity” favor coatings with BSA, which 

 
1 GO can be more easily adsorbed on polyimide films. 

2  Both are commercially available biomolecules. LAC is a mixture of the enzyme Laccase from 
Trametes Versicolor and BSA is the protein Bovine Serum Albumin. 
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shows that the chemical selectivity (of GO flakes and their reduction paths) is also 
scalable. 

The thicknesses of the layer-by-layer coatings with bio-interfactants were extensively 
evaluated using five methods. Evidence was presented showing that these materials 
“puff” as a result of thermal reduction as long as at least 5 levels of deposition are 
applied. Nevertheless, scalable thicknesses from few-nanometers to hundreds of 
nanometers can be achieved with these materials. 

As a final “real world” proof of concept, the ultra-thin coatings were exposed to harsh 
conditions (dipped in water with ultrasonic vibration and scotch tape peeling) and 
proved to endure the tests while holding their electric properties. Coatings with BSA 
and LAC held their properties to a higher degree than coatings without bio-
interfactants and even outperforming a pure form of graphene (CVD). 

 
Figure 50 – - Front Cover featured in Nanoscale. Extracted and adapted from Nanoscale, 2019,11, 4236-4247 - 
Published by The Royal Society of Chemistry. 

Finally, the characteristics discussed above were portrayed in a concept visualization 
(Figure 50, which was featured as a front cover at Nanoscale). The picture depicts a 
bio-interfactant (BSA) anchored to the substrate and to a graphene-like structure, 
functioning as a double-sided tape. Other properties are also represented there: 
electrical conductivity, transparency, and further layer assembly.



Chapter 3: Study case for industrial application 

 
54 

3 Study case for industrial application 
Considering that scientific innovations are building blocks of imminent technological 
achievements, the graphene-based material detailed on the previous section was 
explored as a potential new formulation for the hair care industry. Many aspects have 
to be considered when developing a new hair cosmetic for example human safety and 
its environmental impacts. Even aspects that are not objectively scientific are relevant 
for launching a new hair cosmetic, for example: demands across different cultures, 
costs associated with regulations from different geopolitical areas and marketing 
strategy of new technologies. However, this chapter focuses on measuring and 
discussing the effects of applying rGOBionanocoating on human hair, addressing the 
research question “What are the cosmetic benefits of adding graphene-like thin 
coating on human hair?”. 

In the cosmetic industry there is a constant demand for innovation and discovery of 
new materials that can bring benefit to consumers. Graphene is not outside of the 
radar of research, Luo et al. [145] for example have explored the benefits that graphene-
based materials can bring when applied as a hair cosmetic. They have investigated a 
graphene-in-polymer coating (2 µm thick) on human hair. Their coating echoes 
electrical, thermal and optical properties of graphene, which are explored to achieve 
compelling effects like anti-static, heat dissipation and black dyeing, respectively. 
However, the cosmetic benefits of a truly nanometric coating of a graphene-like 
material remained to be characterized and added to the state of the art. 

Typically, each cosmetic effect (anti-staticity, ease to comb, dyeing, UV-protection, 
etc.) is delivered by individual chemicals and/or processes that are tailored to 
specifically address these demands. For example, in the formulation of “Windle and 
Moodie – Invisible day and night cream” (Annex 2) the formulation combines, 
Distearoylethyl Dimonium Chloride (CAS: 67846-68-8) and Ethylhexyl 
methoxycinnamate (CAS: 5466-77-3) in order to provide conditioning effects[146] and UV 
protection[147], respectively. Also, fewer chemicals can offer multipurpose desirable 
effects, for instance in the product “Living Proof – Nourishing Styling Cream” (Annex 
3), where it is claimed that Octafluoropentyl methacrylate (CAS: 355-93-1) “does three 
things: blocks humidity, smooths hair and helps repel dirt and oil to keep hair cleaner” 
(Annex 3). Discovering single ingredients that combine multiple desirable properties 
is relevant for simplification of registration and avoids further tests to certify product 
shelf stability. The results presented in this chapter explore multi-purpose cosmetic 
benefits of rGOBionanocoating on human hair. 

Besides investigating those benefits, it was also of interest to measure the durability 
of the attained effects. There is a demand for products that can deliver over longer 
periods of time without reapplication or maintenance[148,149]. Furthermore, it is also 
preferable that less cosmetic waste end up in water systems (like sewage or natural 
bodies), which justifies the development of long-lasting-effect products. 

The fundamental knowledge of human hair is relevant for discussing the results 
achieved in this research, therefore a brief summary of the relevant literature is 
presented in the next section. Following that, the results of the interaction of the 
nanometric continuous graphene-like coating (rGO-Bionanocoating) on human hair are 
shown. 
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3.1 Fundamental aspects of human hair 

3.1.1 Human hair fiber structure 

Having hair on bodies is a common characteristic of mammals and similarly to these 
animals, the human hair is an evolutionary feature that provides protective, sensory, 
and sexual attractiveness functions[150]. Humans have been exposed to a variety of 
environments, resulting in diverse evolution strategies to cope with external demands. 

The early humans from Africa were exposed to high UV radiation, and mainly due to 
their upright position, highly coiled and long hair were evolutionary adaptations[151]. It 
is speculated that the evolution of straight hair in Europe was a strategy to cope with 
colder climates, resulting in selection of hair covering the ears and neck. Another 
thermal insulation strategy is having a high density of hair (number of hairs per area 
of skin), which prevents heat loss by evaporation. The natural curvature of a grown 
human hair (varying from coyly to straight) is a consequence of the cross-section of 
the hair, from being close to a circle (low elliptical ratio) to having a cross-section 
shape similar to an ellipse (Figure 51). 

 
Figure 51 - Schematics of human hair axial shapes in relationship to cross-sections. Typical values of elliptical ratio 
(e) and diameter (⌀) given in the right part of the table. Adapted from[152]. 

Under microscopic inspection, the human hair is assembled by a central structure (the 
cortex) surrounded by several enclosing layers of cuticles (Figure 52). The cuticle is 
of particular interest in this research since it is the surface that directly interacts with 
the external world (and hence, where the graphene-like coating is formed). The cuticle 
is structured by several organic layers and the outermost structure is the cell 
membrane (named epicuticle) which measures ~14 nm and also encompasses a layer 
of lipids. Such lipidic coverage is the 18-methyl-eicosanoic acid (18-MEA)[150,153], also 
detailed in Figure 52. 

The 18-MEA layer is covalently bond (via thioester linkage) to the cysteine-rich 
epicuticle[154] and provides surface properties that are typically advantageous 
(hydrophobicity, softness, shininess and more aligned fibers)[155–157]. It is of interest to 
preserve this natural layer of lipid, since it is covalently bound. It can be damaged by 
exposure to chemicals (ex; dyeing processes)[158,159] and to mechanical loads (for 
example, by combing)[159]. 
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Some investigations claim replenishment of the lipid layer (160,161), also with covalently 
attached groups [162–164]. However, no literature reference was found where a new 
covalently bond 18-MEA lipid layer could be applied to restore the natural surface of 
the hair. 

 
Figure 52 - Model representation of human hair, from micro- to nanometric scale 

3.1.2 Human hair natural color and hair dyeing 

The color of natural human hair is a consequence of how different types of melanin 
manifest themselves in the hair cortex. These pigments can be of two types, 
eumelanin (brown/black) or pheomelanin (yellow/red). Their agglomeration size, ratio, 
distribution, and total concentration are determinant factors to the color that is 
perceived[151]. 

Humans may also look for procedures that alter their hair color, and the earliest 
observation of dyed hair is over 2000 years old[165]. The techniques evolved 
substantially, from using natural pigments to complex chemical processes that bleach 
and add color in the hair. Typically, the coloring processes are divided into four groups; 

1- Permanent (or oxidation dyes): consist of chemicals that lift the hair scales and 
add color inside the hair shaft (with or without bleaching colors that were 
previously present). This process deposits pigments that are not removable 
with shampoo, hence “permanent dyes”. 

2- Semipermanent dyes: consist of chemicals that are also diffused into the hair 
but do not bind firmly and do not use hydrogen peroxide to develop the hair 
color. Such semipermanent solution lasts less than 6 washes typically. 

3- Temporary dyes (or color rinsers): are similar to semipermanent solutions, but 
with even weaker binding properties, lasting until the next wash. 

4- Other dyes: This group is less commercially relevant as the other categories, 
containing groups like metallic dyes and vegetable dyes. 
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In literature reviews[152,166–169] no mention was found of nanometrically thin continuous 
films that are used as a hair cosmetic. Typically, the approaches to color hair are 
guided by oxidation and/or diffusion processes, not external surface modification. 

3.2 Materials and methods 

For the investigations, several types of human hair were used, with varying color and 
texture. The samples were provided from volunteers and from Kerling International. 
Samples from Kerling International were provided in tied and glued bundles prepared 
prior to cutting. Free length of 13 cm and a mass of 1 g. The state of the hair samples 
was cleaned with neutral shampoo and had not been previously treated with chemicals 
(hence, virgin hair). Hair samples were treated with the layer-by-layer process 
described in the previous section of this work. As a rule, the process (rGO/BSA)1 was 
applied by the following steps: 

1. A water-based formulation with the following three ingredients was freshly 
prepared: 0.2 mg/ml of BSA (CAS: 9048-46), 6 mg/ml of Acetic Acid (CAS: 64-
19-7) and 13.7 mg/ml of Sodium Acetate (CAS: 127-09-3). Hair is embedded 
in this formulation for 45 minutes, followed by short rinsing in DI water (using a 
low flow stream for around 4 seconds). 

2. The hair sample from step 1, drenched with water, is embedded in a 1 mg/ml 
of water-based Graphene Oxide for 30 minutes, followed by short rinsing in DI 
water (using a low flow stream for around 4 seconds). 

3. Hair from step 2 is gently combed and let to dry under laboratory conditions 
(20oC and 50 %RH). It is then placed in an atmosphere-controlled oven, which 
is fed N2 gas during the thermal reduction process. The temperature cycle is as 
follows: heating from 20 oC to 225oC at 10 K/min, temperature is kept at 225 oC 
for 5 minutes and lastly the sample is removed from oven. The value of 225oC 
was chosen based on the operating temperature of typical hair straighteners. 

The shampoo washing procedure was conducted by wetting the entire hair sample in 
tap running water at approximately 30oC. Next, a drop of shampoo is spread evenly 
on the wet hair and rubbed 5 times from top to bottom with pinching fingers. Finally, 
the hair sample is placed on the running water and with 10 pinching movements the 
shampoo is removed from the hair. 

Electrical conductivity of hair was measured with the multimeter 15XL, Wavetek 
(sensitive up to 2 GOhm). In the experiment set-up, 16 stings of parallel hair were gold 
coated leaving a gap of 5 mm not coated with gold. Electrical resistance of the gap 
was measured by probing the gold-coated regions separated by the 5 mm gap. 
Samples in the following conditions were measured with this set-up: (GO/BSA)1, 
(rGO/BSA)1, virgin hair and virgin 225oC-reduced hair. This set-up has the limit of 
measuring 10-10.2 S/(hair.cm) (or 109.1 Ohm/sq assuming average diameter of 60 µm 
for the hair sample and assuming that transport happens on surface). 

Hair color characterization was done by acquiring images of the hair in a document 
scanner (Konica Minolta C364) in order to ensure the same light conditions. The image 
acquisition rendered .pdf files with resolution of 600 pixels/inch and 3 color channels; 
red, green and blue (RGB), each with 256 color tones. The image of the scanned hair 
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was characterized with Photoshop and evaluated with RGB channels. For the color 
characterization the median values of each RGB channel were used in order to 
convert[170] to HSL (hue, saturation and lightness) color codes. This single HSL color 
code is considered here to be the characteristic color. More details of this procedure 
is presented in 3.3.4. 

3.3 Results & Discussions 

3.3.1 Microstructure 

Different from other traditional methods where diffusion-guided chemicals deliver the 
cosmetic, the process used in this research is expected to play a role in the hair 
nanoarchitecture since it is based on the attachment of a continuous layer of 
graphene-like material. In order to characterize the microstructural surface of human 
hair treated by (rGO/BSA)1, a set of samples was prepared for SEM in the following 
three conditions; 

1- Virgin Caucasian hair cut at 20 cm from the roots 
2- Hair from condition 1 treated with (GO/BSA)1 
3- Hair from condition 2 thermally reduced (215oC) and washed with shampoo 16 

times 

 
Figure 53 - SEM images of human hair in three conditions; (a, b and c represent conditions 1 to 3, respectively). 
Condition 1 is virgin hair, condition 2 is virgin hair treated with (GO/BSA)1, and Condition 3 is virgin hair treated 
with (rGO/BSA)1 and washed with shampoo for 16 times. Figures d, e and f are augmented areas of a, b and c, 
respectively. 

In the augmented scanned areas (Figure 53d-f) it is observed that the hair scales have 
different microstructures between the three conditions. In condition 1, it can be 
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observed that occasionally a scale arranges itself with a gap to the lower scale 
(evidenced in the center of Figure 53d). These gaps are more common in worn 
hair[159], which is consistent with the evaluated region (approximately 1.4 years old, for 
hair 20 cm from the root[150]). Besides these gaps, there are also rough areas observed 
near the scale edges, probably being remnant parts from the upper scale after 
wearing[171]. 

After the coating process (Figure 53e), it is observed that some regions of the surface 
receive a coating with a roughed aspect (upper right part of Figure 53e). In other 
regions (lower part of Figure 53e) lower roughness is found. It is not clear if on that 
region (GO/BSA)1 coating is present, however typical 2D aspects of rGO are observed 
in the center of the smooth area. The third aspect of condition 2 is the fact that the 
coating appears1 to be bridging gaps from the scale edges (center of Figure 53e, bright 
area). 

The third condition (Figure 53c and f), depicts effects from the thermal reduction and 
the extensive series of washing procedures. Overall the hair appears to be smoother, 
similar to condition 1. The effect of the coating forming “bridges” (covering the gaps 
between two scales) is still apparent. Lastly, the third visible distinction in condition 3 
is that some brighter areas are observed immediately below the scale edges. 

SEM characterization is sensitive to electrical conductivity, and more conductive areas 
are revealed with higher brightness. The samples for this SEM characterization were 
not prepared with conductive metal coatings; therefore, the brightness contrasts stem 
from the own surface electrical properties. High contrasts regions are not typically 
found on conditions 1 and 2; such result is expected, since in these conditions only 
organic matter and GO should be present (such materials are natural insulators). 
However, in the case of condition 3, it is expected that the SEM detects high contrast 
areas, assuming that some areas still contain the electrically conductive (rGO/BSA)1 
layer. Those areas of high contrast are indeed found, but immediately below the scale 
edges (Figure 53f); hence, it appears that the (rGO/BSA)1 coating has a higher 
proclivity to attach and remaining on such areas next to the scales. 

The bright areas where (rGO/BSA)1 is detected coincide with the fractured regions of 
the scales, where the endocuticle is exposed. Differently from the lipidic surface of 
new hair, the composition of the endocuticle is largely proteinaceous[171]. This 
observation points to the fact that (rGO/BSA)1, when used as hair cosmetic, tends to 
remain on the damaged areas of the hair, changing the surface from proteinaceous 
towards a graphene-like surface. 

3.3.2 Combability (combing ease) 

An important characterization to consider when developing a new hair cosmetic is the 
difference in the force required to comb the hair after the cosmetic treatment. Such 

 
1 Opinion endorsed by specialists in the area. The evaluation of the “scale bridging effect” requires 
extensive experience on hair cosmetics, therefore the author also considered feedback from 
professional cosmeticians with expertise on hair characterization to claim such statement. 
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characterization is objectively measured by a technique named Combing Ease. The 
test measures the forces required to align hair strands. The most common treatment 
that reduces the friction of hair is the use of conditioners; commonly, such products 
may reduce combing forces of dry hair by half[152,172–174]. The main factors driving the 
total force required to comb an assembly of hair are curvature (C), friction (F) and 
stiffness (S) of the hair[175]. The empirical model[175,176] that reliably (r2=0.96) predicts 
peak combing load (PCL) among several types of hair is: 

log(𝑃𝐶𝐿) = 0.0057 × 𝐶3 + 1.48 × 𝐹 − 0.05 × 𝑆 + 1.66 

For this test, a 13 cm, 1 g weft of straight Caucasian hair was used to measure the 
changes in friction after its treatment with (rGO/BSA)1. The test was conducted after 
a standardized shampoo washing and subsequent natural drying (the control sample 
was also washed and dried in same conditions). The hair was held perpendicular to 
the ground with its ends downwards. The comb used had 25 teeth in a 2 cm wide 
space where the hair was evenly distributed. The universal mechanical testing 
machine (TA·XTplus 5 kg load cell) pulled the hair up with a rate of 5 mm/s. The first 
and second combing passes were recorded. The results and summary are displayed 
on Figure 54. 

 
Figure 54 - Combing force loads of hair samples in two conditions; untreated and treated with (rGO/BSA)1. The 
first combings are represented in red, and second combings in green. Dotted lines represent treated sample, and 
full lines represent untreated virgin hair. Both treated and untreated samples were washed and dried using the 
same procedure before the testing. 

The results indicate that more forces are required to comb the hair after the treatment, 
both on first and second combing passes. The energies necessary to overcome the 
combing resistance are higher, it is required an extra 8.6 % of energy to comb the 
same hair in the first pass, and the second pass requires extra 26 % as when 
compared to a second pass without the hair treatment. Given that the treatment with 
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(rGO/BSA)1 does not introduce changes to hair curvature1  nor to stiffness2 , this 
combing test reveals mainly the changes on the hair surface friction (F as depicted on 
the previous equation above in this subchapter). 

The combing ease after the application of (rGO/BSA)1 may be reduced as a result of 
the excess of coating on the hair, which presents itself in a rough topography as 
indicated in Figure 53e. However, following the conjecture from the previous section3, 
it is expected that the combing forces may ultimately lead to a reduction of combing 
forces over further washing procedures, as the graphene-like coatings end up 
replacing more specifically the areas of endocuticles debris. The friction of both 
materials (endocuticle and rGO) have been characterized in other studies using AFM 
nanoscratching4. The coefficient of friction of the endocuticle is roughly three times 
higher[177] than that of rGO[85], with µendocuticle = 0.072 and µrGO = 0.026. 

 

3.3.3 Electrical conductivity and the flyaway effect 

Human hair is an electrically insulating material[178]; its core consists of keratin-rich 
structures, and its surface consists of a thin monolayer of a lipid (18-MEA). Both parts 
ensure the high impedance property of hair. However, upon higher humidity, human 
hair swells and incorporates water in its structure, allowing higher carrier mobility[179]. 
The electrical behavior of human hair is described as a universal AC conductor[179,180], 
characterized by (i) low dependence of conductance in low frequencies regime and, 
(ii) unclear carrier contribution ratio of ionic/electronic conduction[180]. A recent 
study[181] further clarified that the organic structures of hair (namely proteins and 
carbohydrates) allow adsorbed water to mediate polaron-like complexes that can 
transport electrons. 

Besides having a high electrical impedance, the surface of human hair has a high bias 
towards being positively charged upon rubbing against other materials, in fact, it is 
often ranked among the materials with the highest positive triboelectricity bias[182–184]. 
Recently, researchers[183] took advantage of this characteristic and demonstrated that 
human hair can be dissolved into a mixture and applied as films in order to produce 
cheap, efficient, positive tribo-materials for electric nanogenerators. 

However, a mundane consequence of this surface property is that hair becomes 
electrically charged when rubbed against other materials, like neighboring hairs, 

 
1 Hair after treatment remained straight, no curvature before nor after. 

2 By supporting a 5 cm piece of hair in a single point, no change in deflection was observed in hair 
before and after treatment. Hence the same stiffness values for the samples were assumed. 

3 It was conjectured, evaluating results from Figure 53 SEM images, that after numerous washing 
procedures the coating treatment remains particularly well on areas where debris of cuticles are found. 

4 For hair endocuticle[177], the indentation was done with 40 nm Si3N4 ball with loads up to 40 nN. For 
rGO[85] the indentations was done with a 60 nm Si3N4 ball with loads up to 40 nN. 
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combs, and fabrics. Moreover, combined with high electric insulation, such charges 
tend to remain on the hair fibers and repeal each other, resulting in “flyaway” hair. In 
the field of hair cosmetics often new products and inventions claim to offer “antistatic” 
effects to address this phenomenon, this effect is achieved by changing the 
characteristics on the hair surface. Such solutions either (i) add lubricating materials 
on hair, thereby reducing friction and generation of charges when rubbed against other 
materials[175,185] and/or (ii) add electrically conductive materials on hair, like long-chain 
quaternary ammonium salts, PDMS silicone or amino silicone.[175,185–187] 

Typically, researchers may employ several methods to measure the change in the 
triboelectricity of hair. Local measurements of surface charge can be detected with 
Kelvin Probe[185,188,189] and Scanning Ion Conductance Microscopy[188]. In the 
macroscopic scale, hair triboelectricity can be measured with specials combs[175] and 
alternatively, one can infer the change in triboelectricity by visual inspection of images 
where hair manifests flyaway effect after controlled rubbing. Upon extensive literature 
and patent review, no simple quantification of hair electrical conductivity was reported 
(S/cm/hair). Due to limited access to the devices mentioned above, and aiming for a 
straight-forward measurement, here it is reported the direct electrical properties of hair 
that can be measured with a universal multimeter (details of the experiment in 
materials and methods section). 

Caucasian human hair’s electrical conductivity was measured before and after 
treatment with (rGO/BSA)1. The electrical resistance of virgin hair exceeded the 
sensitive range in the experiment set up and was assumed to be in the range between 
10-14.8 to 10-15.5 S/(hair.cm) as measured by Abie et al.[179]. Hair treated by (rGO/BSA)1 
renders an electrical conductivity of 10-8.0 S/(hair.cm), seven orders of magnitude 
higher than virgin hair. This extreme change in electrical conductivity is ascribed solely 
to the rGO now present on the hair, as the effect of temperature alone did not render 
electrical conductivity on temperature-treated virgin hair. The treatment with 
(rGO/BSA)1 is, therefore, acting as a thin film with conductive characteristics on human 
hair. 

In the field of antistatic coatings, it is adopted[190] a specific nomenclature in order to 
qualify a coating as “antistatic”, “static dissipative” or “conductive”, as detailed in the 
right axis of Figure 55. The relevant unity to consider is sheet resistance, given in 
Ohm/square. Considering an average diameter of 60 µm for each hair fiber, the figure 
of 10-8.0 S/(hair.cm) converts into the sheet resistance value of 106.8 Ohm/square. For 
the interest of better discussing the results, other key materials were plotted as a 
reference. 

The result qualifies (rGO/BSA)1 as a “static dissipative” coating when used on hair. 
Such a range of value suffices not only to avoid concentration of charges but also it 
does allow for quick charge dissipation. In contrast, a commercial anti-static 
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component (3,4-polyethylene-dioxythiophene) used in antistatic conditioners is 
expected1 to deliver conductivities that qualifies it as an antistatic coating. 

There is, however, a deterioration in electrical conductivity when (rGO/BSA)1 is 
deposited on human hair instead of quartz. The conductivity of the coating (rGO/BSA)1 
is lower on hair by a factor of 3.6; such result is probably due to the lower temperature 
of reduction and shorter time of reduction (225oC for 5 minutes on human hair and 
250oC on quartz, for 20 minutes). The sheet resistance of pure graphene indicates the 
range of theoretical limit that could be achieved for (GO/BSA)1 in a perfect chemical 
healing and conversion towards graphene, however, compromises for safety reasons 
and practicality probably play a role. 

 
Figure 55 - Electrical property (sheet resistance) of different coatings, including the coatings investigated in this 
research and reference values. From left to right: the first component is an antistatic compound used in cosmetics, 
the second is the actual measurement of electrical resistivity of hair after the application of (rGO/BSA)1. The third 
range of values is from the samples where the coating is deposited on quartz (more details in chapter 2). Lastly, it 
is plotted the values of sheet resistance in the case pure graphene was applied on human hair. 

As mentioned before, the interest in electrical properties of hair is due to its 
implications in hair manageability. In practical terms, the low sheet resistance 
translates into less hair that flies away after being rubbed in a controlled way, i.e. after 
a triboelectric test. Samples of human hair (virgin and treated with (rGO/BSA)1), were 
tested for the tendency of building electric charges upon rubbing against a rubber 
balloon. 

 
1 From the literature[268], it is provided that the conductivity of such component is 10-5 S/cm and it was 
assumed[269] that the typical thickness of conditioner deposition on hair is between 1.4 and 7.2 nm. 
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Figure 56 – Manifestation of flyaway hair. (a) virgin hair (washed and naturally dried under 50%RH) slowly combed 
does not manifest flyaway effect and (b) same sample as (a) but rubbed against a balloon. In (b) the red dots 
highlight the location of hair tips (distal ends). 

The triboelectric test of virgin human hair (Figure 56) results in the vast spread of the 
hair tips from the main body (“hair ballooning” effect), as depicted with red dots in 
Figure 56b. 

That very sample from Figure 56 was further treated with (rGO/BSA)1 and tested with 
the triboelectric procedure. In Figure 57 a sequence of pictures from the sample in five 
advancing states is shown: from virgin (a), to treated (b) and tested for fly away effect 
(c to e). The triboelectric test in the “just treated” sample (Figure 57c) yielded 
substantially less flyaway effect in comparison to virgin hair (Figure 56b). Interestingly, 
washing the sample further resulted in less hair flyaway (Figure 57d and e). The simple 
justification for Figure 57c showing more flyaway effect than Figure 57e is that the 
(rGO/BSA)1 treatment is executed in extremely dry conditions (closed atmosphere with 
N2 feed) and at high temperature (215oC), priming the hair to have less adsorbed water 
on the condition “just treated”. Under such dry conditions, hair tends to build electric 
charges more easily upon rubbing[175]. 

 

Figure 57 - (a) Virgin hair, (b) sample shown on (a) after treatment with (rGO/BSA)1. (c-e) Hair ballooning as a 
result of controlled triboelectric exposure of hair (rubbing) in three conditions, following descriptions above arrows. 
(c) Hair treated with (rGO/BSA)1 exposed to rubbing test. (d) shows sample in (c) after 4 washing procedures 
(shampoos) and rubbing procedure. (e) shows sample in (d) washed further 12 times and after rubbing procedure. 
The red dots in images (c-e) represent the location of hair tips that are not parallel to the hair group. 

The absolute change in terms of the number of unruly flyaway single hair strands 
changed from 90 (virgin state Figure 56b) to 8 (just treated state Figure 57c). The 
count is further lowered to 1 and 3, after 4 and 16 washes, respectively. This result 
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alludes to the fact that after the washing processes, there is still enough conductive 
material on the hair allowing discharge of electrons after the rubbing test. This result 
is in line with the observation of rGO structures on the microscope images (Figure 
53f). 

3.3.4 Color effect 

One of the most important aspects of hair is its color. The market size worldwide for 
hair coloring is over 18 BU$D[191] and tends to grow due to the aging population[165]. 
The field of hair coloring is categorized by the duration of coloring effect; permanent 
(not removed in normal conditions), semi-permanent (lasts over 6 shampoos) and 
temporary (not shampoo resistant)[165]. 

As it was characterized in the first part of this work (subchapter 2.2.2), rGOBionanocoating 
does play a role in the light transmission in the visible spectrum; therefore, it is 
necessary to quantify in detail the color change it brings about among different hair 
colors. Also, it is fundamental to characterize the persistence of coloring effect 
throughout shampooing processes and therefore classify the treatment as permanent, 
semi-permanent, or temporary. 

The color acquisition was made by using a scanner (further details are described in 
materials and methods), which outputs an RGB color map. However, for color 
characterization in the cosmetic field an RGB is replaced by a color scheme named 
CIEL*a*b*[192]. The CIEL*a*b* model is used as a proxy for the human color 
perception, allowing a more linear color characterization. The CIEL*a*b* has three 
color dimensions (L*, a*, and b*) which are commensurate with the logarithmic 
response of light to the rods and cones from the human eye[192,193]; L* is the color 
lightness and scales from 0 to 100, a* and b* parameters are independent and range 
from -100 to +100. Another useful information from this system is that any unity change 
on any of these three dimensions approaches the limit of color distinction for the 
human eye[192]. 

In order to represent the three dimensions color aspect of the hair and its distribution, 
two 2D-projections are plotted as it is an adequate approach for the print form. The 
overall methodology is depicted in Figure 58 and described in more detail at the 
materials and methods section. Briefly, a hair sample is scanned, and after color 
calibration, the pixels are measured in the CIEL*a*b* system, where 2D-plots of L*	vs	
a*	and	L*	vs	b*	are employed to show the color distribution. 
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Figure 58 - Methodology for acquiring color information of human hair. First, hair is scanned in the presence of a 
calibration color pallet. The picture is color corrected using the standard pallet. Then, the RGB pixel values of the 
sample area are acquired and considered to be the hair colors. The data from the RGB map is converted to 
CIEL*a*b* dimensions and plotted in two 2D plots of L* vs. a* and L* vs. b*. Average and standard deviations (here 
represented in green and red on the last block) are plotted to represent the distribution of colors for each sample. 

Four different hair colors were characterized (using the above-mentioned procedure) 
in their virgin state and after treatment with (rGO/BSA)1. The images of such samples 
are depicted in Figure 59. Upon simple visual inspection, the color transformation is 
pronounced on white and blonde hair in contrast to a modest to invisible difference in 
the brown and the black hair. Yet another observation is that the process (rGO/BSA)1 
transforms the hair colors into natural-looking shades (except for the white hair). 

 
Figure 59 - Images of four different hair colors in their virgin and treated state. (a-d) On the left the virgin sample 
and followed by an arrow, the coloring effect. The length of free hair is 13 cm and each sample weights 0.4g (+/- 
0.05g of tolerance). The color codes were provided by the supplier of these samples (Kerling International). 

Besides the visual inspection, Figure 60 shows the measurement of color distribution 
of such samples using the CIEL*a*b* system. The three-color dimensions L*, a* and 
b*, undergo a different transformation for the four samples, such transition is 
represented by arrows. The L* (lightness) changes dramatically in the white hair, 
where it lowers 48 unities in the 0 to 100 scale. For the blonde hair, there is a significant 
intersection of L* values; however, the average L* is lowered by approximately 9 units. 
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The L* dimension in brown and black hairs is not significantly changed, undergoing 
less than 1 unity in the L* scale. 

The parameter a* (transition from green to red) shows only minute changes in all four 
samples, below 2 unities (in the scale from -100 to +100). Lastly, the parameter b* 
(transition from blue to yellow) changes 13 unities in white hair; for the other colors the 
change in b* is below 4 units (in the scale from -100 to +100). As these numbers are 
linear to the human perception and +-1 is the limit of distinction, it can be stated that 
the treatment with (rGO/BSA)1 plays an essential role in the L* dimension, but not in 
a* and b* dimensions. 

 
Figure 60 - Hair color change after the application of (rGO/BSA)1, following the methodology described in materials 
and methods. (a-d) The distribution of colors is represented by average (triangles and squares) and their standard 
deviations. The black dashed arrow represents the transition in the L* vs. b* space from the virgin hair towards the 
treated hair. The grey dashed arrows represent the transition in the L* vs. a* space from virgin hair towards the 
treated hair. Note that only in white hair there is no overlapping of colors after the treatment; for the 3 darker 
samples there is a large intersection of colors comparing the before and after treatment state. 

These transitions from different hair colors can also be represented as vectors in a L* 
vs. a* and L* vs b* color spaces, as depicted in Figure 61. This representation is useful 
to describe the overall trend and predict outcomes from intermediate hair colors. As 
evident in Figure 61a, the vectors tend to transition towards lower L* and lower a*. It 
can also be interpreted that the green-red color aspect of the hair undergoes little 
change in the green-red color characteristic (a*), but rather these colors undergo a 
greater change in their lightness aspect, particularly if starting from a higher lightness. 
As for the vectors in the L* vs b* space (Figure 61b), it can be described that the blue 
to the yellow color aspect (b*) is increased for white hair exclusively but undergoes a 
modest reduction for all other samples investigated (blonde and darker). 
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Since most human hair colors are darker than the blonde investigated here (color 
9/0)[194], it may be predicted that intermediate hair colors (form blonde to black) 
undergo color change towards lower lightness (L*), but not higher than 10 units. As for 
a* and b* color aspects, no significant changes are to be expected. 

 
Figure 61 – Hair color change represented with vectors in the L* vs. a* and L* vs. b* spaces. (a-b) Charts are also 
furnished with the continuum color change in the ranges represented in the charts. Human limit perception for each 
axis (L*, a* or b*) is 1 unit. The total color change is proportional to the vector sizes. For (a) and (b) the significant 
changes after treatment is in the L* axis, particularly when stemming from higher values. 

Besides the immediate color transformation caused by the treatment with (rGO/BSA)1, 
the assessment of treatment duration was also measured. A sample of dark blonde 
was treated with the process and washed twelve times. Color measurements were 
carried out from the virgin state and intermediate states until the twelfth wash (Figure 
62). 

 
Figure 62 - Color change in human hair, from virgin state (v) to treated and washed. The numbers inside the 
symbols represent the number of times that hair was washed after the treatment with (rGO/BSA)1. The dashed 
arrows represent the transformation from virgin to treated state on both L* vs. a* and L* vs. b* color spaces. The 
arrows with full lines represent the advancement of states (from 0th to 12th wash). Note that considering the standard 
deviations hair color does not change significantly from state o 8 to 12 washes, possibly indicating stagnation. 

In Figure 62, the color evolution from virgin state (v) to the twelfth wash (12) has an 
evolution such that L* values are lowered by the treatment with (rGO/BSA)1 and also 
further lowered by shampoo washing processes. The a* and b* color parameter, as 
mentioned above, shows small change for this dark tone of blonde. This small change 
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in a* and b* dimensions is partially restored to near original values after the washing 
sequence. 

In order to account for the independent effects of temperature exposure (during the 
thermal cycle of (rGO/BSA)1 process) and washing, a control experiment was 
conducted. Such sample was measured in its original state (virgin), after exposure to 
temperature treatment (without application of (GO/BSA)1) coating and after sequential 
washings in order to narrow the causation of the color change (Figure 63). The tests 
assert whether the color change is necessarily caused by the coating and not 
exposure to temperature and further washings. The result of the control experiment 
shows a large overlapping of colors during the twelve washing procedures and the 
original virgin state. Also, no bias towards moving the color distribution towards a 
different range was observed. Such overlapping indicates that the color change is not 
caused by washing and/or temperature exposure, and indeed by the treatment with 
(rGO/BSA)1. 

 
Figure 63 - Color change in virgin hair before and through 12 washing procedures. In all three-color dimensions 
(L*, a* and b*); no substantial change in the distribution of pixels values is observed nor a trend to shift the color to 
one or another direction throughout the washing procedures. 

Furnished with such results, the category name that properly fits the (rGO/BSA)1 
treatment is “permanent”, as the color is not restored to the original color after the 
sequence of washing. 

3.3.5 Mechanical test 

A further method to assess changes caused by the treatment with (rGO/BSA)1 is by 
conducting a rupture test on a universal mechanical machine in the conditions of 
before and after treatment. Several pieces of information can be captured in this test; 
force at rupture, tenacity, elastic modulus, elastic limit, and turnover point. The force 
at rupture and maximum elongation are more abundantly published in the field of hair 
fiber studies. 

The exposure of hair to different conditions plays a role in the total strength of chemical 
bonds of the hair fibers to a greater or lower degree. For example, upon exposure to 
hair bleaching, one study found a significant reduction of 32% in the breaking strength 
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compared to the control sample1 (virgin condition)[195]. However, in two other studies 
with milder conditions of bleaching, no statistical difference in the rupture stress was 
observed[196,197]. A similar breadth of results is found in terms of the effects of 
photoirradiation (from UV to IR) on breaking strength of human hair[198], but in general 
long exposure to irradiation does tend to damage the mechanical properties of human 
hair due to the breakage of disulfide bonds and protein degradation.[198] 

Besides chemical and photoirradiation exposure, hair can further be exposed to high 
temperatures, particularly during cosmetic procedures like hair straightening/curling 
(range of 110 to 250oC)[199–201] or blow-drying (up to 140oC)[202]. The use of high 
temperature during these grooming procedures may cause alteration of mechanical 
properties, and in general, the higher temperatures have more impact, especially 
when approaching the denaturation and pyrolysis ranges at ~230oC.[203] However, 
other factors in combination with the temperature will play a role in changing the 
mechanical properties of hair, like: type of hair[204], frequency of heating 
cycles[152,204,205], stress and moisture applied during heat exposure[199,206] and use of 
heat protection[207]. 

The application of (GO/BSA)1 on human hair and the following thermal reduction 
requires subjecting the hair to low pH media and then exposing it to a relatively high 
temperature of 215oC. In order to assess whether these chemical and thermal attacks 
cause mechanical damage to hair, mechanical testing was conducted on both virgin 
hair and hair treated with (rGO/BSA)1. The results of the stress at rupture and strain 
at rupture are presented in Figure 64. 

 

Figure 64 - Mechanical properties of hair before and after treatment with (rGO/BSA)1. (a) Plot of data recorded at 
hair rupture; in x-axis the strain relative to the original size of hair and in the y-axis engineer stress resisted by the 
fiber at such moment (which is also the highest during the test). (b) Plot of stress average and standard deviation 
for virgin and treated hair (p-value at ⍺ = 0.05 show not significant (ns) difference). (c) Plot of strain average and 
standard deviation at rupture in virgin and treated hair (p-value at ⍺ = 0.05 show not significant (ns) difference). 

 
1 With significant statistical confidence P-Value << 0.05. The P-Value was calculated based on sample 
size and estimation for standard deviation. Standard deviation was considered to be ¾ of the space 
between the first and third quartile of the boxplot. 
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The sample was provided by a female Caucasian volunteer with straight blonde hair. Distance from the scalp 
approx. 50 cm and sample size between 5 and 6 cm. 

The mechanical properties (stress and strain at rupture) are not significantly altered 
between the untreated (virgin) samples and the treated samples, showing values in 
similar ranges (as observed in scattered results from Figure 64a, showing overlapping 
clusters of data). The summary of both properties with average, standard deviations, 
and significance are displayed in Figure 64b and c. Despite the relatively small sample 
size (N=10), a t-test for these distributions indicated no significant (ns) change of 
values after the (rGO/BSA)1 treatment. The averages and standard deviations of the 
stress of rupture and strain at rupture are in a typical range for Caucasian hair and 
observed elsewhere[208,209]. 

The fact that no significant changes are observed despite the exposure to acidic media 
and the high temperature opens the discussion to the factors that could be at work for 
this result. The following paragraphs explore the potentially relevant factors that either 
toughen or impair the hair strength. 

3.3.5.1 Chemical exposure during dipping processes 

As described on the materials and methods, the process to apply (GO/BSA)1 on 
human hair requires dipping it into a buffer solution with BSA at pH 4.75 and later GO 
dispersion at pH ∼2.6. The first media is mildly acidic, but in the range of typical 
shampoos[210] and not damaging[209]. The second pH despite being acidic it is not far 
from the isoelectric point of hair (pH 3.7) and not inherently destructive for the 
mechanical properties of hair[209], particularly over short periods of time and low 
temperature[152] (which are the conditions for applying (GO/BSA)1). The chemical 
exposure probably does not play a role in the resulting mechanical properties of hair. 

3.3.5.2 Strengthening effect of BSA 

Ribeiro et al.[211] discovered the use of a hydrolyzed protein (PDB: 1HK0) that can 
recover the mechanical properties of bleached hair. Briefly: virgin hair Young’s 
modulus (Evirgin) is strongly reduced after a succession of eight bleaching processes 
(modulus reduced to 85% × Evirgin) and after the treatment devised by them the Young 
modulus recovers above the original value of virgin hair, to 136% × Evirgin. The 
researchers[211] also conducted a control experiment with BSA (instead of the 
hydrolyzed protein 1HK0), to find that BSA recovered the young modulus to 99% × 
Evirgin. In terms of tensile strength (𝜎virgin), bleached hair has 77% of 𝜎virgin, hair 
recovered with BSA has 96% of 𝜎virgin. 

There are some limitations to extrapolate the effects on the use of BSA in our case 
since those researchers apply it on bleach-damaged hair. Bleaching creates cracks, 
holes, and scale lifting, which allow higher penetration of proteins. On the other hand, 
the experiments with (GO/BSA)1 are done in virgin hair (not bleached), providing fewer 
opportunities for protein penetration due to the closed hair scales. However, two 
supporting arguments provide evidence that BSA provides some strengthening of 
human hair. First, the researchers concluded that a critical aspect of healing the hair 
properties is the size of the protein and observed that BSA does not penetrate the hair 
shaft even after the bleaching; meaning that BSA provides some healing by being on 
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the hair surface. Second, the researchers used an alkaline pH for the BSA adsorption 
(pH 8.0), which is far from the ideal pH for maximum adsorption of the protein on an 
acidic surface like hair[94]. 

3.3.5.3 Number of thermal cycles and source of heat 

Based on a recent research[205], it was found that the number of thermal cycles has a 
cumulative detrimental effect on hair; 15-second cycles at 180oC (amassing to the total 
exposure of 0 to 20 minutes), result in increasing deterioration of strain at break and 
breaking stress of hair. The authors established that multiple thermal cycles induce 
cumulative damages in and on the hair scales as well as between the scales interface. 

Also, it can be the case that the source of heat played a role since in this study[205] the 
hair absorbs the heat through direct contact with hot iron plate and not through the air 
(as in the case of (rGO/BSA)1 treatment). The direct contact with the metallic interface 
can increase the temperature gradient and augment the proclivity of explosive release 
of steam trapped in the hair[199]. 

3.3.6 TGA 

Thermogravimetric analysis (TGA) of human hair is a useful tool to observe how 
cosmetic products influence the moisture dynamics and decomposition of hair upon 
heating. The method is useful to substantiate claims regarding protection and repair 
of hair against thermal exposure (for example while straightening the hair)[207,212,213] 
and also provide temperature ranges that are appropriate for different kinds of hair[214]. 

Fundamentally, TGA measures the change of weight of a hair sample across a 
temperature cycle (typically a few mg of hair cut in mm pieces on a metallic tray). Such 
change in weight is related to water desorption (below 180oC) and later to thermal 
decomposition (above 180oC)[215]. Barba et al.[215] distinguished that the water in 
human hair (∼15% of hair total mass) is embedded in “external” and “internal” 
structures; the external structures hold roughly 75% of the total water and can be 
removed by exposing hair to 65oC for 40 minutes, on the other hand, the remaining 
25% of water content is attached internally and can be released in 30 minutes at 
180oC. 

The thermal decomposition of hair starts slowly at 170oC and evolves to maximum 
peaks of weight loss at 276oC and later at 305oC; the first maximum is a marker for 
the formation of inorganic gases (NH3, CO2, SCS, SCO, H2S, and SO2) and thiols, the 
second maxima is related to the substantial degradation and release of nitriles and 
aromatics[216]. Exothermic processes, which probably include oxidative ones, do not 
commence until 235oC and have peaks at 253oC, 303oC, and 565oC.[214] 

In this research, TGA was done on Caucasian hair in two conditions, virgin and treated 
with (GO/BSA)1. Both samples followed the same thermal cycle that is applied to 
transform (GO/BSA)1 on (rGO/BSA)1. Briefly, conditioned hair (kept for 24h at 50%RH 
and 20oC) is heated at 10K/min from room temperature to 215oC, at which stage it is 
kept isothermally for 5 minutes and brought quickly to room temperature conditions. 
The TGA of both samples is presented in Figure 65 with a further reference value from 
the literature[215] (same thermal cycle until 215oC). 
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Figure 65 - TGA of Caucasian human hair in two conditions; virgin and treated with (GO/BSA)1. (a) Weight evolution 
over thermal cycle (10K/min from 20oC to 215oC, 5 minutes hold at 215oC and return to room temperature). (b) 
weight from data in chart (a) differentiated over time (in the heating phase, the differentiation over temperature unit 
is 10 times lower due to 10K/min rate). 

The control experiment in Figure 65 shows similar results to Barba et al.[215]. 
Comparing the weight losses in Figure 65a both samples lose roughly 12% of total 
mass lost until 215oC. When comparing both (control and ref.[215]) in terms of the 
derivate weight loss (Figure 65b) both show maximum loss rate of approximately -
0.16%/K (or -1.6%/min at 10K/min heating) and a stable plateau with minute weight 
loss at 160oC before initiation of further mass loss. The position of the first peak of 
weight loss, however, is higher for ref.[215] at 66oC than in the control experiment at 
48oC. The range of these rates, peak position, and plateau, are expected in control 
experiments of Caucasian hair and observed elsewhere[213,214,216–218]. 

Besides these control experiments, the third result plotted in Figure 65 in blue dots 
refers to the TGA of hair (from the same batch of the control experiment) pre-treated 
with (GO/BSA)1. The exposure to the thermal cycle in the treated hair results in a 
remarkably distinct mass loss behavior. From Figure 65a it can be observed that the 
heating up to 215oC results in 8% of weight loss for the hair coated with (GO/BSA)1 
instead of 12% for the control experiment. Additional five minutes exposure to the 
isothermal phase (215oC) reduce further ∼3.5% of mass in both samples, resulting in 
total mass loss of 11.4% (for coated sample) instead of 15.2% for the control 
experiment. 

An extended analysis with the weight differentiation (Figure 65b) reveals further 
information of the thermal process in the treated hair; that is, the peak of water loss 
happens at 76oC, which is 28K higher than the control experiment and also higher 
than the typical peak position for virgin Caucasian hair (from 61oC to 66oC)[213–215,218]. 
Furthermore, in the heating cycle with the coated hair, the maximum water loss rate is 
approximately half of that for the control experiment (-0.083%/K vs. -0.162%/K). This 
mass loss event ceases at ∼160°C and the sample proceeds to lose weight in the 
same fashion as the control experiment; similar weight derivates until reaching 215oC 
and throughout the five minutes isotherm at 215oC (blue and black curves in Figure 
65b). 
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The contrasting difference of the first weight loss peak (in size and position) arising 
from the hair treatment with (GO/BSA)1 can be interpreted with three hypotheses; 

(i) the exposure to acidic media during application of (GO/BSA)1 provides 
thermal stability of the hair and/or 

(ii) the exposure to acidic media during application of (GO/BSA)1 process 
dehydrates the loosely bound water content in the hair, and/or 

(iii) the coating (GO/BSA)1 works as a water seal membrane and retards the 
water loss of hair upon heating. 

The hypothesis (i) can be supported by the fact that in the process of applying 
(GO/BSA)1 the hair is exposed to a buffer at pH 4.75 and later to an even lower pH of 
∼2.6 (when dipping into the GO dispersion). The exposure to such low acidic media 
stabilizes the hair fibers thermally, increasing the temperature of degradation by 5K. 
This effect is due to the strengthening of structural scaffolds of intermediate filaments 
in the hair core.[209]. Also, connected to this idea is the fact that at this low pH the hair 
scales remain tightly attached to the hair shaft, as opposed to opening the scales when 
exposed to alkaline pHs[210,219]. 

The hypothesis (ii) is not self-evident, as exposure to these low pH media, actually, 
results in water uptake in the hair, and not dehydration[152,220]. Such statement may be 
challenged, however, in the case that dissolved small particles 1  may modify the 
sorption of water. These components may play a role in penetrating the hair shaft and 
replacing the loosely bound water, which would then not be observed to be released 
on hair treated with (GO/BSA)1 (check Figure 65b, blue curve). 

And finally, hypothesis (iii) is related to the membrane-characteristics of (GO/BSA)1, 
which could play a role in the water diffusion of human hair. The diffusion of water 
through (GO/BSA)1 was not assessed in this research; however, an educated guess 
for diffusion based on similar coatings to the ones investigated here, indicates a range 
between 10-6 to 10-8 cm2/s[221,222]. In contrast, when it comes to the diffusion of water 
at room temperature in virgin Caucasian hair (untrammeled by any coatings or 
pretreatment), the order of magnitude of water diffusion lies in the range from 10-10 to 
10-8.5 cm2/s[207,223]. This means that the difference of water diffusion on the graphene-
based coating is at least 3 times quicker than the diffusion on hair (but possibly also 
thousands of times quicker). Despite of not having the precise values of water diffusion 
in our nanometric coatings, it is reasonable to state that most of the water diffusion is 
limited by the hair natural tight structures, not by the nanometrically thin (GO/BSA)1. 
However, the nanocoating may hinder enough water diffusion to the extent that it 
causes the temperature peak shift and its attenuation, in other words, acting as a 
moisture loss retardant. 

The combination of hypothesis (i), (ii) and (iii) could offer some clues to explain the 
low water loss in human hair and the temperature shift of water loss. However, no 

 
1 Particles below the 1 nm rage can easily penetrate the hair shaft[270]. The dissolved particles stemming 
from the buffer and the GO dispersion which fit this criterion (<1 nm) are: Na+, CH3COO-, CH3COOH, 
MnO4-, Mn2+, K+, SO42-, HSO4-, NO3-, H3O+. Possibly aromatic debris from the GO could fit these criteria 
also[244]. 
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conclusive evidence could be established to explain such low and delayed water 
desorption behavior. Further tests are required in order to draw further conclusions 
regarding the water dynamics of the coating. 

3.3.7 Safety considerations 

The characterization and interpretations discussed above are performed in ex vivo 
samples for safety reasons. However, it is imperative that cosmetic products be 
scrutinized for hazardous effects on humans. Ultimately, the cosmetic has to pass 
tests that are highly dependent on the country where it would be sold. 

In the European Union (EU), for example, safety assessment in animal models phased 
out from 1993 to full ban in 2013[224] and in order to mitigate the challenges of 
abdicating from in vivo research, the EU invests in projects to develop in vitro 
alternatives[225] and keeps an updated list of alternatives for public consultation[226]. 
Each cosmetic product placed in the EU must be linked to a “responsible person” who 
ensures the safety of the product by submitting a safety report. Among other 
regulations, it is required that cosmetics containing nanomaterials include the word 
“nano” on the packaging[227]. 

In the United States, a more liberal approach towards in vivo tests is applied: The FDA 
agency (U.S. Food & Drug Administration) recommends the manufacturer “to employ 
whatever testing is appropriate and effective for substantiating the safety of their 
products”. At the same time, the agency enforces regulations such as the Animal 
Welfare Act and advocates for a minimal number of animals and for the most humane 
methods available.[228] The manufacturer may even use data from scientific journals 
to substantiate the safety of ingredients that are used in the cosmetic. 

On the other side of the spectrum, in China, regulations require animal testing to 
ensure safe use for humans[229]. However, increasingly more in vitro methods are 
being accepted as an alternative for cosmetic safety assessment[230]. 

Regardless of the regulatory scope, a review of the ingredients used to treat hair with 
(rGO/BSA)1 is an opportunity to identify potential pitfalls or substantiate the safety of 
each ingredient used during the cosmetic intervention. Here, it is considered that any 
of the ingredients might be shortly exposed to human skin (without injuries) or eyes. 
In order to limit exposure to this minimum (i) the treatment should be applied in a 
washing sink, (ii) the client should wear a standard cape towel and not have skin 
injuries on the neck and head and (iii) the hairstylist should wear gloves during the 
process. A short review of skin and eye exposure to such ingredients is described 
following. 

3.3.7.1 BSA 

BSA (bovine serum albumin CAS: 9048-46) is a protein present in cow’s milk, more 
specifically, in the “whey protein” fraction[231]. In our process, it is used at the 
concentrations of 200 mg/l (0.02%), which is below typical values of native BSA in milk 
at 240 to 400 mg/l[231,232]. Skin allergy to cow’s milk is more common to children (< 3%) 
than adults[233]. Natale et al.[233] investigated the allergenicity of individual proteins 
present in milk; the results are that in over 90% of the cases ⍺s2-casein and IgG caused 
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allergic reaction in people with milk allergy, while isolated BSA caused allergic 
manifestation in only 45% of the people with predisposal to milk allergy. Due to the 
low allergenicity and cosmetic properties, whey protein (which is composed of 5.4 to 
8.6% of BSA[234]) is used as leave-on formulations in 62 registered products with 
concentration up to 0.5%[235]. Even at such concentration, it exceeds the amount of 
BSA in the buffer solution. 

No data was found regarding BSA exposure to eye in the concentration used in our 
procedure. However, in control experiments[236,237] BSA1 was applied to eye models 
as drug vehicles at ~0.1% and showed no tissue edema or eye irritation after 24h of 
exposure. Furthermore, whey protein is deemed as a safe cosmetic ingredient and 
registered in 16 products to be used in the eye area[235]. 

3.3.7.2 Acetate buffer 

Sodium Acetate (CAS: 127-09-3) is used in our procedure with a concentration of 
8.2%w in water. An SDS of this material used in the same concentration as in this 
research[238] (but not neutralized by acid) indicates to be tissue irritant upon eye 
contact causing redness, tearing, itching, burning and conjunctivitis. The solution 
applied on skin can cause redness and itching. 

Acetic Acid (CAS: 64-19-7) is used in our procedure with a concentration of 6%vol in 
water. Such concentration is in the usual range of edible vinegars from 4% to 8%vol[239]. 
Acetic acid in a concentration like this can be directly applied on skin in order to treat 
lice and other skin conditions[239]. Skin irritation had been reported in a case of long 
direct exposure (8h) to vinegar[239] or in 4h exposure at 10% concentration[240]. Ocular 
exposure to acetic acid at 10% concentration causes permanent eye injury; at 5% 
concentration, it causes severe irritation (recoverable in two weeks)[241]. 

No safety data sheet (SDS) was found for the acetate buffer at the conditions used in 
this research (0.2 M). However, the buffer solution (mixture of both acid and base) is 
probably less aggressive than individual solutions of acetic acid or the sodium acetate. 
The buffer pH is 4.75, which finds itself in the range of pH of healthy human skin; from 
4.5 to 5.2[242]. 

3.3.7.3 Graphene Oxide 

Graphene Oxide mixture (from Graphenea) stems from the Hummers method and is 
further dissolved in deionized water. The concentration in our procedure is 1000 µg/ml 
or 0.1%w.2 In a recent cytotoxicity study[243] on a skin model, no significant tissue harm 
was observed for 0.01%w concentration up to 10 days of exposure. Another study[244] 

 
1 20µI/eye n PBS buffer. 

2 However, probably a very low concentration could be used in the process, as demonstrated in Figure 
25d, where only the supernatant part of centrifuged GO is present and is still attached to BSA.  
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on GO 24h-exposure to structural cell concluded that the NOAEL/LOAEL1 for such 
nanoparticle is 10/20 µg/ml. This possibly alludes to the fact that a quick removal of 
spill followed by intense water washing (therefore dilution) could neutralize harmful 
effects on human skin. 

Single exposure of GO in eye model at 0.1 mg/ml manifested no short or long term 
corneal opacity, conjunctival redness, abnormality of the iris, or impairment of corneal 
epithelium[245,246]. On the other hand, 5-day repeated GO exposure to the eye causes 
reversible mild corneal opacity, conjunctival redness and corneal epithelium damage 
to a rat model (but also healable).[245] 

Hair treated with (rGO/BSA)1 will inevitably be in contact with the human skin in a 
similar way that a coated cloth would. Zhao et al.[247] devised a textile cloth coated with 
GO with demonstrated antibacterial properties and did not observe skin irritation. 
Since rGO displays lower toxicity than GO[248], it is expected to be just as innocuous 
on human skin contact. Another research[11] explored coated wearables with graphene 
where no irritation was observed on human skin even though the wearable was in 
direct contact with it. Based on biocompatibility studies, Ameri et al.[249] went even 
further and developed a graphene tattoo to be applied directly on human skin via wet 
transfer. The tattoo has an ultra-thin profile, allowing the coating to intimately be 
attached to the microscopically rough morphology of skin through van der Waals 
interactions. 

  

 
1 No observed adverse effect level/lowest observed adverse effect level at 80% of cell viability 
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3.4 Summary 

The technique developed in chapter 2 was adapted to be more human-friendly and 
explored as a cosmetic procedure for human hair. The results of applying the 
graphene-like coating on human hair were evaluated through the lenses of multiple 
techniques, through which it was possible to measure the physical and cosmetic 
changes on human hair. 

The graphene-based cosmetic was observed to finely coat human hair, conforming to 
its microstructures. Even after a sequence of 1-month equivalent washings 
(shampoos) the coating was detected to remain on hair. Most importantly in the point 
of view of cosmetics, it was discovered that the graphene-based coating bridges the 
hair scale gaps even after several washing procedures. Such scale closing effect may 
allow protection of the hair structure against chemical attacks. 

The forces required to comb the treated hair were negatively affected by the coating, 
requiring between 9% and 26% more energy to comb it. This result is at odds with the 
expected effect following literature review; hair surface has coefficients of friction 
between 0.072 and 0.046, while the graphene-like material is expected to have µ = 
0.026.1 

In terms of electrical properties, it was found that rGO-Bionanocoatings transformed hair 
into a dissipative surface. Such property allowed hair to be drastically less prone to 
static effects than a control experiment. Moreover, this effect lasted for at least the 
equivalent of a month at high performance (at least 90% of flyaway hair reduction). 

Hair color change was characterized by a newly developed method here. The method 
requires very simple hardware; a document scanner and a printable color pallet. The 
method ensures reproducibility of light conditions at extremely low cost. With this 
technique it was observed that treatment with rGO-Bionanocoatings lead to a general trend 
to darken hair. This trend is more pronounced for lighter colors and not significant for 
black hair. The color parameters are less affected than the general lightness, which 
keeps the looks of treated hair in naturally authentic color ranges. 

Mechanical testing of the hair was also conducted in order to assess possibility of 
permanent damage resulting from application of rGO-Bionanocoatings. There was no 
statistical difference in terms of strain at rupture and stress at rupture for the treated 
hair in comparison to an untreated control experiment. 

The last measurement conducted was thermogravimetry. It was discovered that the 
graphene-like coating worked as a heat protective technology. Treated hair reduced 
water loss upon heating by the factor between 25% and 33%, depending on the 
heating cycle. Moreover, the treatment delayed the peak of moisture loss by +28°C 
and reduced the maximum weight loss intensity by half. 

 
1 It was assumed that the reduced graphene oxide from a Li et al.[85] resembled ours. These coefficients 
were measured against Si3N4, force of 40nN and using a 40 to 60 nm ball indent.  
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The mechanisms and hypothesis explaining the above-described results are explored 
in the chapter. Finally, a critical view on the safety of the process was conducted. 
There is preponderance of evidence indicating that the ingredients are relatively safe 
as hair cosmetics, which is the first step before considering the conduction of certified 
toxicology assays.
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4 Discussions and Outlook 
As introduced in the research questions, this thesis is a contribution within 
multidisciplinary fields that are investigating the employment of graphene for new 
technologies. Before asserting if graphene is the material of the 21st century it is 
important to develop feasible processing routes and reconcile them with the 
fundamental aspects of graphene. 

Here, a new layer-by-layer dipping process is presented, allowing the production of 
films with alternated materials; graphene oxide and bio-interfactants. The central 
theme presented in this thesis was the adsorption of these materials on each other 
and diverse substrates, allowing the scalable formation of nanometric coatings. 

This thesis explores this scope by presenting two narratives, a materials science 
narrative (chapter 2) and a materials engineer narrative (chapter 3). In chapter 2, the 
chemistry of GO was explored as an opportunity to interact strategically with selected 
biomolecules and form nanometric coatings. In that chapter, the fundamental driving 
forces behind this new coating are investigated, and relationships are delineated 
between structures and their properties. 

On the other hand, in chapter 3, a study case for the application of this material is 
presented. To the extent of my knowledge it is the first time that time that a truly 
nanometrically thin graphene-based film has been applied on human hair and 
characterized for its cosmetic properties. It was demonstrated in practical terms that 
the technology presented in chapter 2 delivered desired result as a hair cosmetic. 
Chapter 3 focused on measuring attained properties, developing new measurement 
techniques, and discussing reals-world aspects of deploying such innovation as a hair 
cosmetic. 

Both approaches, in chapter 2 and 3, are interwoven with common themes, which will 
be presented in the next subchapters. 

4.1 Theme 1: Water 

One of the core themes that defines the process developed here is the fact that it is 
employed using aqueous media. This decision had multiple strategic features. Firstly, 
it has the characteristic of allowing a process that can be contained in a controlled 
space while gravity and capillarity ensure contact with target materials. 

Secondly, there is the practical advantage of using the universal solvent, ubiquitous 
and readily available at high purity in most laboratories. This avoids bottlenecks in the 
R&D phase and later can facilitate employment in commercial settings. 

The third advantage of using water is that most of the materials that have ever been 
studied have probably been characterized in the presence of water (if not in a 
laboratory, with computer simulations). This furnishes the researcher with a broad 
library of initial knowledge to start investigations and scout materials. Also, these 
properties are mapped through different water pH. 
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The fourth appealing aspect of using water is that it is the standard environment where 
biomolecules operate. That means making available a large library of molecules that 
readily perform predictable interactions with other solids and particles.[101] 

These four aspects stemming from the use of water can be viewed individually in 
combination with graphene oxide: 

(i) Liquid state 

By being in an aqueous media, graphene oxide is bound to relative slow motion 
(especially in conditions used in this research; at high concentrations with big 
flakes[250]). Such detail suggests that time is an important variable in case the goal 
is to transport large amounts of graphene oxide. On the other hand, this is not a 
hurdle, but a benefit, if the final goal is to achieve a nanometrically thin material. 

From a practical point of view, once graphene oxide is embedded in a liquid, it can 
be easily manipulated, as numerous tools are already in place in many industries 
to deal with liquid manipulation. For example, in the case of being applied as a hair 
cosmetic, there are already tools to allow embedding hair in liquid media (hair 
washing sinks) or techniques to keep a liquid mixture on hair (increasing the 
viscosity of the fluid or developing a foam). 

(ii) Availability of water 

Multiple other solvents allow higher dispersion and stability of graphene oxide (and 
graphene)[43,44,251]. However, the use of these other solvents would probably have 
rendered the processes more limited during the experimental phases and useless 
for several applications, mainly when the application is safety- and/or cost-critic. 

In the study case explored in chapter 3, water was arguably the only practical 
solvent option. Either if the treatment was to be conducted in a hair salon or a 
domestic setting, the person applying the product could easily make further 
dilutions with water if required. 

(iii) Knowledge on the interactions with water 

The behavior of graphene oxide has been thoroughly characterized in the 
presence of water (through a broad range of pH), allowing prediction of charges. 
Moreover, multiple simulations have also been conducted between graphene oxide 
and other substrates in the presence of water. This previous knowledge was 
fundamental during the development stages of GO-Bionanocoatings. 

In the case of being applied as a cosmetic product, there is already vast 
established know-how on packaging technology. Most products are water-based, 
and the decision of using water deems to be practical and cost-effective when 
finding the right packaging for the appropriate shelf-life. 

(iv) Water being the medium for biomolecules 

A priori, graphene oxide is a foreign material in any metabolism. However, the 
interactions between these materials have been vastly characterized.[252] The 
previous knowledge on this area supported the understanding of non-covalent 
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adsorption that easily develops between graphene oxide and biomolecules (further 
discussed in this chapter). 

In terms of a commercial application, the use of graphene oxide in the presence of 
a near-physiologic media (biomolecule in water) can be used as a marketing 
strategy in the sense of mixing synthetic materials with natural ingredients. 

4.2 Theme 2: Bio-interfactants and anchoring effects 

Aside from the theme “water”, there is also an interesting discussion on the theme of 
using biomolecules. In a way, the choice of using biomolecules in this research quest 
enabled the possibility to employ specialized molecules that guided evolution of life[253] 
through billions of years. However, from a materials science point of view, the task 
may not necessarily be to explore the role of biomolecules in evolution but to translate 
knowledge from biochemistry into the nanotechnology domain. 

One case of translation between fields is the coining the term “bio-interfactant” to 
biomolecules that modify properties of a given surface.[46,254] In this research, two 
biomolecules (a cow derived protein and a fungi enzyme) were used precisely to that 
end. Possibly this tendency to modify surfaces serves a purpose in a metabolic 
system, but such biological roles are outside of the scope of this research. The scope 
of this research is rather to interpret the adsorption dynamics of these biomolecules 
as tools that operate predictively in the nanometric scale. 

Understanding the interactions of these molecules is facilitated by prior research 
conducted on them and also by having compiled information at disposal, like the 
“Protein Data Bank”.[255] The bio-interfactants used here, BSA and LAC, had 
previously been observed to strongly adhere to multiple substrates and change their 
properties. Even though these surfaces modifications are expressed differently among 
BSA and LAC, under closer inspection, they both were found to be beneficial to adsorb 
and anchor graphene oxide. 

In the conditions explored in this research, LAC tends to adsorb driven by its dipole 
moment, orienting itself towards the negatively charged surface (quartz). BSA tends 
to have its adsorption event driven by hydrophobic residues. These tendencies, 
combined with the distribution of amino-acid residues, were found to play a distinctive 
role in adsorbing simultaneously to the substrate and to graphene oxide. 

In both bio-interfactants about 10% of their solvent-accessible surfaces are composed 
of three residues: arginine, lysine, and histidine. These residues were found to be 
responsible for strong adhesion to both silica and graphene oxide. On LAC, these 
three residues are highly concentrated on one side of the molecule. On the other hand, 
BSA presents these residues well spread on its globular-shaped form. 

The combination of the adsorption event and the distribution of such residues were 
decisive to result in a distinct degree of graphene oxide attraction. Both general and 
localized variations in a bio-interfactant play a role on the “double-sided tape” quality. 
In this aspect, BSA showed to attract more quantities of graphene oxide than LAC did. 
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Moreover, the bio-interfactants were tested for their capability to anchor and fix the 
adsorbed graphene oxide as a result from a mild thermal reduction. On the 
microscopic scale, delamination of coating without the bio-interfactants was observed 
(Figure 37d). On the other hand, instead of a delamination event, coatings with LAC 
and BSA manifested topographic ripples, which may be result from the stress caused 
by anchoring points (Figure 37e and f). These topographic features (i.e., deformation 
in graphene structure) may be an interesting artifact to manipulate the electronic 
characteristics of coatings: inducing, for example, band-gap, pseudomagnetic field, 
and carrier puddles.[134] 

Besides such microstructural features, it was found that BSA remained strongly linked 
to the backbone of graphene oxide. This linking lead to the development of higher 
proportions of sp2 sites and allowed more oxygen release comparing to the use of 
LAC. This distinction indicates that there may be other bio-interfactants that are 
possibly better sp2 promoters (at even lower temperatures) and that could provide an 
even stronger anchoring. Achieving these characteristics are in line with the 
requirements of the hair cosmetic study case, where milder heating conditions, long 
product durability, and high performance would add value as a product. 

It was not demonstrated whether covalent bonding was formed between the bio-
interfactants and GO before or after the thermal reduction. It is the case, however, that 
the carboxylic groups from GO (typically on the edge of the flake) can covalently bind 
to free amine groups1 [256,257] (which are present on the bio-interfactants). Regardless 
of this possibility, by exposing these coatings to harsh environments (for example the 
ultrasound waves in water), a higher deterioration for coatings without bio-interfactants 
was observed. Between the usage of LAC and BSA, it was observed that coatings 
with BSA require more energy to suffer disruption of its continuous structure. It could 
be the case that the reduced graphene oxide on (rGO)1, (rGO/LAC)1, and (rGO/BSA)1 
have, in this order, less likelihood of detaching from its anchoring points and folding 
on themselves[83] during the mechanical perturbation. 

Another interesting result from the series of “robustness tests” was the performance 
of a high purity graphene monolayer on quartz. The high purity graphene crystal did 
not stand on the substrate, not even for 7 minutes when being inside an ultrasonic 
water bath (100% loss of electrical conductivity). The coatings stemming from 
graphene oxide suffered between 30% and 55% of the conductivity loss in such test 
and sustained conductivity for over 15h of exposure. 

Peeling tests showed that it would require energies above 300 J/m2 to completely 
remove our coatings from quartz substrate. This energy is at least 100 times of that 
energy required to remove a transferred CVD-graphene from quartz.[144] This result 
attests that defects on the graphene lattice can be taken advantage of and result in 
superior adhesive properties. 

 
1 Under specific media and mild temperatures (from 70 to 130oC) 
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4.3 Theme 3: Multi-layered structures 

Lastly, another theme in this thesis is the intricacies of the repeatable layer-by-layer 
(LbL) process for the three families of materials (with LAC, BSA, or none). It was 
observed that bio-interfactants are responsible for scaling the properties of the 
coatings following a proportion to the number of depositions. For example, (GO/LAC)4 
absorbs twice the light than (GO/LAC)2 does. On the other hand, the family of coatings 
without bio-interfactants, (GO)n and (rGO)n did not strongly manifest this linear 
tendency. 

In this way, the number of depositions n in the LbL process could be employed as a 
parameter to model the characteristics of these coatings. By modeling the properties 
with functions dependent on n, it was possible to extrapolate the intrinsic properties of 
ideal single layers and compare them for different systems. This allowed to assert that 
the coatings with BSA provide higher electrical conductivity for the same light 
absorbance (as compared to LAC and the coatings without bio-interfactants). This 
idea further substantiates that BSA does lead to more graphene-like characteristics 
after thermal reduction. In other words, even considering that BSA is not electrically 
conductive and that it contributes to higher light absorbance, its use still results in a 
coating with higher electrical conductivity for the same absorbance than a coating only 
made from graphene oxide. 

Another area investigated in the theme of multi-layered structures was the 
measurement of thickness throughout the 10 levels of deposition on the family of 
(rGO/LAC)n and (rGO/BSA)n coatings. For that, four independent techniques were 
employed to measure coating thickness: AFM, XPS, LSCM, and a model based on 
percolation theories. The cross-checking of the techniques allowed a better 
understanding of the structure of these coatings. 

Most interesting was the fact that coatings can expand as a result of the thermal 
reduction, an effect named “puffing”. Such phenomenon does not disrupt the scaling 
of electric and optic properties, meaning that (i) the electric properties are not limited 
by continuous overlapping contact between flakes and (ii) multiple air/coating 
interfaces do not affect the transmittance of photons (with 550 nm wavelength) 
substantially. 

Possibly other bio-interfactants (beyond LAC and BSA) may lead to varying degrees 
of puffing. The resulting coatings may be useful as sensors[258], gas barrier[259] and 
coatings for anodes[260–262]. 

4.4 Open questions and suggestion for future research 

4.4.1 Chemical reductions 

This thesis explored only mild thermal reduction up to 250°C. The effects of anchoring 
were observed only under this condition. It could be interesting to investigate if BSA 
would still provide strong anchoring and selectivity of graphene oxide in higher 
temperature ranges. 
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If bio-interfactants could be used in more extreme conditions, the GO-Bionanocoatings 
might aim to emulate graphene properties. I would suggest to reduce the coatings 
under further conditions like: high temperatures and presence of H2, vacuum and high 
temperature, in phenylhydrazine, microwave, plasma or UV-light.[31] 

As discussed in chapter 1, the cost of covering one square meter of graphene is 6 
orders of magnitude higher than covering the same area with graphene oxide. Within 
this space, optimization on the chemical reduction of graphene oxide is of primordial 
interest and not a cost limitation. 

4.4.2 One-step application 

The application of graphene oxide is enabled through a functionalized surface with 
bio-interfactants. Perhaps graphene oxide can be functionalized in advance with these 
biomaterials in a stable mixture and allow assembly of films also via dip coating. This 
would have practical benefits, allowing 1-step application on surfaces. Bio-
interfactants could be mixed with graphene oxide in diverse concentrations and tested 
for their adsorption in a quartz crystal microbalance. 

4.4.3 Support from AI 

An exciting direction to veer this research is by combining it with artificial intelligence 
(AI). As discussed previously, the localized and general variations of properties of the 
bio-interfactants play a role in its “double-sided tape” quality. AI could help accelerate 
research by a series of automated processes: 

(i) Scouting 

An automated system could be developed for screening hundreds of thousands 
of biomolecules in the Protein Data Bank[255] for specific molecular features. For 
example, selecting biomolecules that have a higher concentration of desirable 
residues on their surface (arginine, lysine, and histidine). 

(ii) Scoring/Simulating 

Some of the molecules may already have been studied for its adsorption 
behavior and may be available in the Biomolecular Adsorption Database[263], 
which would cut time of performing molecular dynamics simulation. The other 
candidates could be simulated for their adsorption tendencies towards 
desirable substrates. By having these potential candidates, and their adsorptive 
information, simple calculations can be conducted in order to score the potential 
of positive attractive forces towards graphene oxide. See references[52,264]. 

The experimental phase in the laboratory could start with the candidates found 
by the AI support. 

4.4.4 Puffing effect after thermal reduction 

As presented in chapter 2.2.2.3, it was suggested that there is a puffing effect after 
making the thermal reduction of thick GO-Bionanocoatings. It was expected that the 
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coating (rGO/BSA)10 would be ~40 nm thick, but LSCM measured a thickness almost 
6 times higher. It would be interesting to measure the thickness of the unreduced form 
(GO/BSA)10. Such measurement could demonstrate if puffing happens due to thermal 
reduction or if the coating is already not densely packed after dip-coatings. 

Moreover, I also suggest conducting destructive tests on coatings from n = 1 to 10 
(like in chapter 2.2.3). This test would indicate if the puffing plays a negative role in 
the attachment quality of the coating. 

4.4.5 Orientation of target 

The relative orientation could play an interesting role in the adsorption of graphene 
oxide. In early-stage experiments (not shown in this thesis), I attempted to measure 
the effects of relative orientation during the dip-coatings. For example, instead of 
resting the sample with the target surface facing upwards, the orientations were 
changed (facing sideways and upside down). It could be that this changes the 
adsorption of bigger flakes and agglomerations (which are more driven by gravity). 
Moreover, for experiments “sideways” it could be that the large graphene oxide flakes 
and agglomerations slowly attach to substrates and relax driven by gravity. That would 
form coatings that have anisotropic electrical conductivity. 

4.5 Final considerations and conclusion of study case 

Human hair was found to be an interesting candidate to apply the here-developed 
nanometric coatings. Not only can it be applied with human-friendly conditions, but it 
also yielded effects that are sought for in the cosmetic industry. The four main effects 
observed were: (i) the coating demonstrated to bring an anti-flyaway effect. (ii) the 
coating caused color changes on human hair (with some degree of recoverability upon 
washing). (iii) the coating increased the hair combing forces. (iv) the coating decreased 
the moisture loss upon heating. 

Upon literature review, it is possible to assert that the technology presented in this 
thesis is fundamentally innovative because of the way it works as a hair cosmetic. 
Figure 66 depicts sketches of cosmetic action. Figure 66a shows the two main hair 
structures: scales and cortex. Figure 66b shows two possibilities of cosmetic action 
(purple marks and red marks). Purple marks indicate the mechanism of traditional hair 
dyes (which enter the hair cortex and modifies its color chemically). 

Red marks in Figure 66b shows how some cosmetics (like conditioners or semi-
permanent hair dye) act. These cosmetics transfer properties to hair by being on and 
between hair scales. Figure 66c is a recent innovation that applies a 2 µm graphene 
oxide in polymer coating on hair[145]. The material allows high electrical conductivity as 
well as high heat conductivity to dissipate charges and heat added on hair. 
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Figure 66 - Distinct hair cosmetic approaches. (a) simplified model representing an untreated hair. (b) Red circles 
represent superficial nanometric pigments which modify the hair color without chemical alterations (ex. henna). In 
purple circles, it is represented the action of chemical hair-dyeing (pigments penetrate hair structures). (c) A thick 
polymeric coating containing graphene[145] (in grey color) covers hair structure). (d) approach devised in this 
research; here, nanometrically-thin coating covers the microstructures of human hair bridging the space between 
scales. 

The last case, Figure 66d, demonstrates how rGO-Bionanocoating is attached to hair: a 
continuous, ultra-thin, electrically dissipative and strongly attached coating. Because 
of those properties, it manifests only minimal changes in bulk characteristics but allows 
2D characteristics to be manifested in a higher degree and scalable along the hair 
fiber surface. 

This 2D vs. bulk characteristics were in line with the demonstrated cosmetic benefits 
in this work (anti-static and water membrane). Arguably, there is a higher potential for 
rGO-Bionanocoatings being explored to delivering 2D properties like better combability, 
higher softness, anti-bacterial function, anti-fungi function, and dust repellent. On the 
other hand, because of its ultra-thin nature, rGO-Bionanocoatings may have a lower 
potential to deliver results that depend on bulk properties like UV-protection, 
mechanical strengthening, fiber straightening or curving, and intense color change. 

Modifying the hair surface properties (optical, tribological, electrical, etc.) is exactly 
what many cosmetic products do. Opportunely, these properties are vastly researched 
and highly tunable for graphene-based materials, meaning that graphene-oxide is an 
excellent platform to develop multi-functional advanced cosmetics. It remains a 
challenge of the cosmetologists, scientists, and engineers to translate these 
modifications into safe solutions that achieve desirable macroscopic effects. 

4.5.1 Future work for rGO-Bionanocoatings as a hair cosmetic 

4.5.1.1 Scale lifting 

It was shown that rGO-Bionanocoatings cover the hair finely, even bridging the gap 
between the scales. It could be interesting to measure up to which extent this affects 
the properties of hair: 

(i) Fatigue: Hair combing is equivalent to material fatigue, and it causes scale 
lifting. It could be interesting to investigate if the coatings could hinder this 
scale lifting after a cycle of controlled fatigue (30 grams)[152]. A technology 
like this would protect the scales of the hair and avoid an increase in hair 
wear and friction caused by the use of comb. 

(ii) Alkaline media: Hair scales are also lifted by the exposure to alkaline media. 
If the lifting is diminished by rGO-Bionanocoatings, it would allow to substantiate 
that the material protects against chemical exposures. 
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4.5.1.2 UV protection 

Measurements of UVA, UVB and UVC radiation absorbances were measured for hair 
treated and untreated by rGO-Bionanocoatings on blond hair (not published here). No 
statistical changes were observed. However, the process may be tuned with bio-
interfactants that could absorb UV wavelengths or the process could be tuned by 
functionalizing graphene oxide with organic molecules that are already used as 
sunscreens, for example avobenzone, oxybenzone, and octyl methoxycinnamate[265]. 
Such solution could provide long-lasting sunscreens for hair (for example, for a full 
duration of a typical summer vacation). 

4.5.1.3 Structure protection 

It is unknown why rGO-Bionanocoatings increased the friction properties of hair. Further 
investigations could aim at measuring the hair properties after a sequence of washings 
and/or applying hair conditioners. It is crucial to know exactly how rGO-Bionanocoatings 
interacts with the most external part of hair. Based on microscopic images, it appeared 
that the coating had a stronger tendency to remain on already-broken scales on hair. 
That would be a desirable effect to claim, smoothing the rough structure of broken 
scales. 

Yet, other questions remain. Is the coating attached to the natural hair oil 18-MEA? 
Does rGO-Bionanocoatings protect the natural and desirable 18-MEA from the hair? Could 
it be that the strong adhesion of rGO-Bionanocoatings could heal the surface properties of 
severely damaged hair1?. Those questions, if answered positively, could justify the 
safety assessment of a high demanding technology. 

4.5.1.4 Diffusion through GO-Bionanocoatings 

In chapter 3, the possibility that rGO-Bionanocoatings could be performing as a water 
diffusion barrier was discussed. It appeared that the presence of the coating retarded 
moisture desorption on human hair. The simplest way of measuring such an effect 
with more precision would be by performing gravimetric sorption isotherms. Briefly; 
measure the weight of hair across controlled humidity in treated and untreated 
conditions (see in reference[266] figure 1). Such test on human hair could also be useful 
in order to determine the permeability of water through rGO-Bionanocoatings. 

4.5.1.5 Gases from the thermal reduction 

In chapter 3.3.7 a review on the safety aspects of (GO/BSA)1 was conducted. 
However, the next step would be to assess the safety of the fumes released during 
the thermal reduction (using iron plate or hot air blowing). It is unclear if the gases 
released could be of a toxic nature. Mass spectroscopy combined with TGA could be 

 
1 From heating cycles, combing, and/or bleaching. 
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employed in order to reveal the gases (and concentrations) that are being released 
from the thermal reduction. 
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6 Annexes 
 

 
https://www.graphenea.com/collections/buy-graphene-films/products/easy-transfer-monolayer-

graphene-on-polymer-film-1-cm-x-1-cm?variant=51789965715 (accessed 16.07.2019) 

 
https://www.graphenea.com/collections/graphene-oxide/products/graphene-oxide-0-5-mg-ml-water-

dispersion-250-ml?variant=21628362096700 
(accessed 16.07.2019) 

Annex 1 - Cost of graphene-based products. 

  



Annexes 

 
109 

 

 
https://www.windleandmoodie.com/hairproducts/shop/invisible-day-and-night-cream/ 

(accessed 17.02.2019) 
Annex 2 - Windle & Moodie product and description. 
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https://www.livingproof.com/no-frizz/nourishing-styling-cream/R118.html?cgid=shop-by-

benefit-antifrizz#start=1 
(accessed 18.02.2019) 

Annex 3 - Living proof product description 

 

 
https://www.redken.com/products/hair-care/frizz-dismiss/frizz-dismiss-anti-static-oil-mist 

(accessed 18.03.2019) 
Annex 4 - Redken product description. 
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