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We present a versatile and highly substrate-independent approach for preparing multisandwich layers
based on thermally reduced Graphene Oxide (rGO) which gets strongly attached by bio-interfactants
using a layer-by-layer (LBL) aqueous dipping and rinsing process. The process allows for the deposition of
homogeneous ultra-thin films (~5.5 nm) in distinct surface topographies, thicknesses and compositions
by varying the bio-interfactant layer(s). The layers formed on quartz or other semi conductive material are
electrically conductive, flexible, and transparent. The here-developed approach could be applied for the
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Introduction

While much research on graphene is focused on achieving its
natural outstanding properties (mechanical, electrical and
optical), it remains a challenge to strongly attach graphene on
diverse substrates in a simple way in order to explore appli-
cations of a two-dimensional ultra-thin continuous electrically
conductive net."

Most of the processes that synthesize graphene or gra-
phene-based layers are not scalable and versatile enough for
cost-effective applications. The CVD process yields graphene
with high electrical mobility and pure crystallinity but is
limited regarding the number of possible substrates, and the
transferring of the graphene layers requires several further
process steps.” This results in a strong limitation of the size of
the final coated area. Moreover, CVD-deposited graphene
inherently lacks functional groups based on sp® sites to easily
anchor or react chemically onto substrates,’> limiting its
application where physical interactions with the environment
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fabrication of wearables, sensors, and antistatic transparent films.

are needed, for example in nanosensors, or in biological and
nanomechanical devices.®

An alternative which resolves some of these challenges is to
use graphene oxide (GO) in order to produce graphene-like films
with properties akin to those of pristine graphene” and topogra-
phies similar to the ones of thin graphene films. It is possible to
reduce GO by several processes; from the most practical, which
is heating to at least ~175 °C,*° to less mild and less practical
procedures, like chemical or electrochemical reductions,'® ™
ultrahigh temperature annealing in vacuum up to 2400 °C,"*
high hydrostatic pressure in super-critical liquids,"> microwave,®
UV irradiation'” or a combination of these.'®'® All of these pro-
cesses result in a reduced, graphene-like form of GO (rGO). In
this way, the natural sp> aromatic rings that make graphene
flakes electrically conductive®® can partially be restored and the
essential remaining process challenge will be safeguarding the
overlap of neighbouring sheets within the film.

Facing these needs is facilitated by a significant degree of
freedom in process design and allows compromises between
the attained properties and the complexity of the process. In
general, the assembly of GO in form of nanometric coatings
provides a more versatile way of achieving the desired coating
architecture and the required substrate attachment prior to the
transformation towards graphene.

Because of the growing interest in the topic, many new
approaches have been employed to fabricate GO films on sub-
strates, namely: dip coating,> spray-coating,*®> Langmuir-
Blodgett film formation,'® spin-coating,'>** vacuum-fil-
tration,>* electrophoretic deposition®® and layer-by-layer (LBL)
formation.10'13'17'26_28

The LBL route to produce thin films with graphene-based
components allowed innovative materials to emerge, due to

This journal is © The Royal Society of Chemistry 2019
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the possibility of tailoring the films’ electrical pro-
perties,””*>?% achieving sub-nm thickness control,>" gas
selectivity,®® water membranes purification capability®® and
fast humidity sensing.®

Here we present a new and original LBL method that pro-
duces films of molecular bio-interfactants and GO structured
by alternated dipping processes. We took advantage of
common adsorption behaviour of biomolecules towards
solids®* and GO.?* Such adsorption allows for example the
attachment of eukaryotic or microbial cells to solid sur-
faces.*® In this work we use the denomination ‘bio-interfac-
tant’ for the bio-molecules that serve as a platform for further
material attachment, as introduced by Corrales et al.*” and
explored further by Stamboroski et al,*® as adhesive
biolayers.

The adaptable nature of the selected bio-interfactants
allows an essentially physical coupling of GO during the
immobilisation on several distinct substrates, such as fused
quartz, borosilicate glass, and polyimide (PI). The bio-inter-
factants used in this study were strategically selected in view
of their versatile adsorption under diverse conditions®*
and their potential key interactions with GO.?* They play an
important role in the dynamics of thermal reduction of
GO by allowing chemical selectivity during decomposition
and anchoring of the rGO, and resulting in a peculiar
rippled topography, following the classification used by
Deng et al.*®

The goal of this work is to explore the advantages of using
bio-interfactants to attach graphene oxide in a coplanar
arrangement on surfaces and investigate the processes that
allow this nanoassembly configuration before and after the
thermal reduction towards graphene.

Step 2 (GO),

GO dip-coating

Step 1
Bio-interfactant Step 2

dip-coating

GO dip-coating

g Arbitrary substrate
@ Bio-interfactant
<>~ Graphene Oxide (GO)

<mg,® Reduced GO (rGO)
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Results and discussion
Immobilisation of GO and assembly GO/bio-interfactant

In order to test the versatility of the process, three substrates
were selected for coating with GO: quartz, borosilicate and
polyimide. With quartz glass we conducted analytical tests and
endurance tests. Two types of ultrathin coatings were applied
on the substrates, as summarized in Fig. 1. Either we used a
process in which GO is deposited without the assistance of
bio-interfactants and with lateral overlapping (similar to other
works,>*"*° Fig. 1a) or a process in which GO and bio-interfac-
tant were used in successive dipping processes (Fig. 1b).

The second approach is a new strategy that guarantees a
robust sheet arrangement both in vertical and lateral direction,
and reliably achieves electrically conductive films (as opposed
to the first process, as discussed further and in Fig. S1, ESIT).
The assembly is based on the LBL formation intercalating
dipping processes in a bio-interfactant mixture and later on in
a commercially available GO dispersion.

The following sample notation is applied in this paper:

1. “Substrate” is referred to a flat material where the coating
is deposited on. We used quartz, borosilicate, and polyimide
as substrates.

2. (GO),, is a coating made of GO where 7 is the number of
combined dipping and rinsing processes in the GO dispersion,
i.e. the number of step 2 repetitions (Fig. 1).

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

(rco),

- Step 3 I @
{ e 250°C (N,)

(rGO/BSA), @

(GO/BSA),
——

Fig. 1 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 this report).

This journal is © The Royal Society of Chemistry 2019
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The adsorption of bio-interfactants (step 1) on quartz was
confirmed with two methods; ultraviolet-visible light transmit-
tance spectroscopy (UV-Vis) (Fig. 2b and c¢) and with X-ray
photoelectron spectroscopy (XPS) (Fig. S2, ESIf). The XPS
atomic analysis indicated the addition of more nitrogen
species after step 1, corresponding to the introduction of the
nitrogen-rich bio-interfactants. The changes in N: C ratios for
adsorbed LAC and BSA reported here were also observed else-

View Article Online
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where.*>"” The UV-Vis characterisation of a quartz substrate
after step 1 also detected changes in the substrate property by
the reduction of light transmittance for both bio-interfactants,
mainly in the UV waves (Fig. 2b and c), what is associated with
the absorbance of light from these biomolecules.

Step 2 (GO dip coating), was performed on bare quartz and
also on quartz functionalized after step 1. It was observed that
deposition of GO directly on the non-functionalised quartz
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Fig. 2 Light absorbance spectra of the three coating systems. Intermediate steps of the process were compared to each individual substrate; (a) GOy,
(b) (GO/LAC); and (c) (GO/BSA);. Full lines depict coating freshly produced. Dotted lines represent the absorbance of the samples after the thermal
treatment. In (b) and (c) the continuous green lines represent the stage after bio-interfactants adsorption. Inset charts in pictures a to c indicate the
contribution attributed only to GO, two guidelines are plotted as references, as the main charts a—c at 200 and 235 nm. (d) Light transmittance
(wavelength = 550 nm) for ten levels of depositions (n = 1 to 10) and for the three different coating systems in two states, freshly prepared on top
((GO),, (GO/LAC), and (GO/BSA),) and the same samples thermally reduced on the bottom ((rGO),, (rGO/LAC),, and (rGO/BSA),,). For each condition
and each coating an exponential curve was fitted, the line slope is indicated in the legend. (e) Sheet resistance of the thermally reduced coating
systems varying from 1 to 10 layers of deposition and the corresponding light transmittance (same samples as (d) bottom). The model fitting the
curves is a relationship derived from sheet resistance and transmittance equations for thin films>°® without taking percolation effects into account.

4238 | Nanoscale, 2019, 11, 4236-4247

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8nr08607a

Open Access Article. Published on 06 December 2018. Downloaded on 12/10/2025 3:41:46 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

(process in Fig. 1a) often produced samples with high distinc-
tion of coverage, as detailed in Fig. S1, ESL.{ For this reason,
samples presenting average light absorbance (such as in the
example in Fig. 2a) were used in this study. The shape of the
light absorbance spectrum of GO is depicted in insets of
Fig. 2a-c. The contribution attributed to GO has a different
profile for each of the three initial conditions, ie., for GO
adsorbed on quartz, LAC or BSA. Three absorbance peaks can
be identified in the range of 190 to 350 nm, at 200, 235 and
300 nm. The two latter peaks, 235 and 300 nm, are GO features
due to n-n* transitions of the C=C bonds and to n to n* of the
carbonyl groups respectively.’">> The absorbance peak at
200 nm is manifested in different degrees for each surface;
high and sharp on quartz substrate, low on LAC and the lowest
for BSA.

This peak was further investigated (Fig. S3, ESIT) by separ-
ating the GO mixture with a centrifuge and comparing the
upper fraction (upGO) with the normal mixture. Both fractions
were applied on a quartz substrate prepared with BSA, result-
ing in the coatings (upGO/BSA); and (GO/BSA);. These coat-
ings were evaluated with XPS and UV-Vis and revealed that the
peak at ~200 nm is associated with components present in the
upper fraction of the mixture (Fig. S3, ESI{).

The effect of repeating the coating steps 1 and 2 several
times was assessed following the light transmittance at 550 nm
and compared to a control experiment without the use of step 1
(i.e., not assisted by bio-interfactants). The results (Fig. 2d)
depict differences when the dipping process (and control
experiment) was performed up to ten times. The control
experiment demonstrates that sequential dipping on GO
reduces slightly the light transmittance. On the other hand,
when using bio-interfactants the light transmittance is
reduced significantly with further process repetitions. The
change of transmittance by process repetitions can be charac-
terized by an exponential attenuation coefficient (a) following
the Lambert-Beer law.>® This exponential decay is fitted in
Fig. 2d for each coating and the resulting coefficient of deter-
mination R* adjusted (Rgdj'). (GO),, shows a low a coefficient
and low R;; , meaning that the model may not be suitable to
describe the process in the absence of bio-interfactants. When
LAC and BSA are used as bio-interfactants, a is —1.3% and
—3.9%, respectively, suggesting that BSA is responsible for a
greater reduction of transmittance. In both cases the data are
well fitted by the exponential model, meaning that in each
process repetition similar block assemblies are formed, with
BSA allowing three times more light attenuation than LAC.
Higher opacity is also observed when the bio-interfactants are
used on other substrates (borosilicate and PI) (Fig. S4, ESIT).

Finally, step 3 is a low temperature (250 °C) thermal treat-
ment in inert atmosphere (N,) to achieve electrical conduc-
tivity of the GO sheets and their interconnected 2D network.
Under this circumstance, heat allows chemical reactions to
take place, reducing the GO towards rGO. The initiation can be
catalysed by trapped water (for example from the GO film>*
and/or bio-interfactants®) and propagates via several possible
paths, such as decarboxylation, attack on hydroxyls and/or

This journal is © The Royal Society of Chemistry 2019
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ring-opening epoxides. The reaction propagation and its event-
ual termination depend on the type of chemical groups
initially present on GO.>* The reaction starts by release of O,
and other O-containing species, which consumes the carbon
backbone of GO.? These reactions develop a percolation path
between restored sp> clusters,® resulting in a permanent
acquisition of electric conductivity. The temperature of 250 °C
was chosen in view of the fact that such temperature character-
izes the first event of thermal reduction of GO,’® where sub-
stantial removal of oxygen and preponderance of sp> carbon
bonds takes place.” The effects of step 3 on the bio-interfac-
tants were evaluated with UV-Vis on quartz (Fig. S5, ESIT). The
results indicate that the bio-interfactants remain in some
(modified) form on the substrate. Other studies also indicate a
relatively large stability of immobilized laccase®”*® and
BSA>*® under higher temperatures.

The absorbance spectra of the coatings change after
thermal treatment in three ways; (i) there is an increase in
absorbance at 550 nm for all coatings and all levels of depo-
sition (1-10) (evident as decrease of transmittance in Fig. 2d)
(if) the characteristic peak around 230 nm shifts towards
270 nm, consistent with increased n-n* transitions of C=C
bonds, and lastly, (iii) the removal of carbonyl bonds causes
the disappearance of the broad peak at 300 nm due to loss of
n-n* transitions.®'®

High resolution of C 1s XPS spectra of (GO), and the ther-
mally reduced coatings (Fig. S6, ESIt) indicate prevalence of
graphene-carbon hybridisation (sp®) induced by thermal
reduction. The C 1s signal contributions associated with oxygen
species are significantly lower in the reduced forms and in
comparison to the aromatic component C=C/C-C (~285 eV),
both indicating removal of O species and restoration of the sp?
network. Reduced samples with bio-interfactants also cause the
presence of pronounced peak related to C=C/C-C bonds in the
XPS spectra. After thermal reduction, another obvious result is
the gain of electrical conductivity (Fig. 2e). It was observed
that for any given number of layered systems (n = 1 to 10), the
sheet resistance is lowest for (rGO/BSA),, then (rGO/LAC),, fol-
lowed by (rGO),. Within each coating, higher process rep-
etitions n also result in lower sheet resistance. Since higher
conductivity (lower sheet resistance) is related to having more
rGO,'® and the relative amount of GO can be compared with
the light transmittance,'”°*"* it can be stated that the bio-
interfactants do prime the substrate to adsorb more GO, ruling
out that the lower transmissivity is caused by the bio-interfac-
tants themselves. The experimental data in Fig. 2e were fitted
with a model organically derived for bulk thin films,*® in
which light transmittance and sheet resistance are related by
the relationship T = %R 1n this equation, 7 is transmittance,
R is the sheet resistance, and k is a characteristic constant of
the material.

The results show that for (rGO/BSA), and (rGO/LAC), the
resistance decreases exponentially with the amount of light
absorbance, as it would be expected for bulk films (higher
R*adj). In the case of (rGO),, instead, the model does not
satisfactorily fit well the data. Indeed, in the absence of bio-

Nanoscale, 2019, 11, 4236-4247 | 4239
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interfactants the resistance of deposited rGO flakes is expected
to be limited by the percolation pathways in the film, which
thus behaves differently from an infinitely percolating bulk.

Effects of bio-interfactants on the layer structure

It is well documented that upon chemical reduction GO devel-
ops corrugations.'®’®”" This is attributed to the formation of
new bonds at the epoxide rings in GO.”” The effect is more pro-
nounced for thicker films'® and also for weak coupling with
the SiO, substrate, leading to delamination.”" Our result after
thermal treatment of coating with one level of deposition (n =
1) (Fig. 3d-f) shows tunnel-like corrugations in the absence of
biointerfactants, observed also elsewhere.'® In contrast,
samples with bio-interfactants developed ripple-like*® shaped
corrugations, which are not present in the initial microstruc-
ture of the fresh coatings (Fig. 3b and c). It has been proposed
that ripples can be formed by many effects, for example (i)
mismatch of substrate thermal expansion, (ii) trapped solvent
and (iii) strong anchorage on substrate."® These effects can
cause stress on the film and thus rippling.”* Gas trapping due
to GO reduction was observed elsewhere*® but only when over
seven layers of GO constitute the coating.

AFM imaging in tapping mode delivered phase contrast
images (Fig. 3g-i) in the three coatings with n = 1. The AFM
phase changes are sensitive to the mechanical stiffness of the
outermost material, the contrast in the images being indicative
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of phases that are harder and softer. These phases can be
clearly related to either the quartz surface or the reduced GO
flakes. Upon AFM scanning of at least 63 pm? on each coating,
(GO); and (GO/LAC), presented 6% and 11%, respectively, of
high contrasting dark areas (quartz), exemplarily illustrated in
Fig. 3g and h. No such contrasting regions were observed by
evaluating 90 pm” of (GO/BSA), coatings. The presence of gaps
on coatings derived only from GO was also observed else-
where.>*® The AFM phase contrast supports the hypothesis
that BSA leads to a higher coverage, translating into higher
electrical conductivity as discussed above (Fig. 2d and e).

Taking into consideration the “double-sided tape” role of
the bio-interfactants on the LBL formation, it can be assumed
that specific amino acid residues of the bio-interfactants play a
key role in anchoring GO flakes on the substrate. Amino acids
affinity scales for interaction with quartz and GO have already
been established.”*”> Arginine, lysine and histidine are the
amino acid residues that display the strongest adsorption
forces, both for GO and quartz. It was found that both bio-
interfactants have around 10% of their solvent-accessible
surface area covered with these residues. However, these
amino acids show distinct distributions on the bio-interfac-
tants (Fig. S7, ESIT); on BSA all the three of these anchoring
amino acids are well scattered around the molecule, whereas
on laccase they are more concentrated on one side of the
molecule.

Reduced at 250°C

»
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(a—c) Microstructure of the three investigated coatings (GO);, (GO/LAC), and (GO/BSA); respectively, scanned with AFM after having been

freshly prepared. (d—f) AFM image of thermally reduced coatings at 250 °C line order as in previous column. (g—i) Selected AFM phase images of
(GO); and (GO/LAC); and (GO/BSA); respectively reduced at 180 °C; on (GO), and (GO/LAC), it was observed a high contrast of regions (illustrated in
images (g) and (h)), which were linked to quartz substrate (hard phase), such contrasting phases were not observed in coatings with BSA, illustrated by
(i). Regarding (GO/BSA);, 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.
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Molecular dynamics was used to examine in detail the
differences that ensue from the structures of the two bio-inter-
factants. Our modelling results of laccase adsorption (Fig. S8,
ESIT) indicate that its arrangement on the SiO, (akin to step 1)
is driven by the dipole direction and initial position. In six dis-
tinct simulations with different initial orientations, laccase
either rotated or remained in the initial configuration, in order
to orient its dipole moment perpendicular to the negatively
charged silica surface. In contrast, BSA adsorption tends to be
driven also by hydrophobic residues, leaving the majority of
hydrophilic groups facing outwards and yet having a strong
adsorption towards silica.”®

Considering these facts and that GO is negatively charged
at our experiment pH, it is expected that laccase would be less
prone to bind to GO than BSA, in which the arginine, lysine
and histidine anchoring sites are more uniformly distributed
over all the protein’s surface.””””® Moreover, hydrophobic BSA/
GO interactions may provide an additional driving force
towards surface binding.”®

The topography of the thermally reduced coatings, in par-
ticular the distinct rippling details, can be further examined in
profiles of height and phase changes in selected areas of the
AFM images (Fig. 4). Shallow peak-to-valley heights of <0.5 nm
were found on (rGO), and (rGO/LAC),, in contrast to higher

(rGO),

(rGO/LAC),

b'R,=0.34
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peak-to-valley heights on (rGO/BSA); (>0.5 nm), as sampled in
Fig. 4g-i and manifested in the corresponding roughness
values R, (Fig. 4a-c). The AFM phase image was used to
measure the lateral spacing of these peaks on the flat regions
of the coatings (exemplified in Fig. 4g-i). The amount of peaks
per unit of area were 824, 918 and 492 peaks per pm® on
(rGO)4, (rGO/LAC); and (rGO/BSA);, respectively. The choice of
bio-interfactants prior to the thermal reduction thus clearly
leads to larger or smaller ripples as compared to the unas-
sisted process.

XPS was used in order to analyse the coating thickness
throughout different temperatures. At the same time, with XPS
the elemental compositions (C, O and N) could be extracted and
compared. The atomic composition of these materials, listed
in (Fig. 5a), was calculated excluding impurities from the sub-
strate (detailed in Fig. S9, ESIT). The quantity of the bio-inter-
factants in the coatings could be estimated by using the
atomic nitrogen surface concentration [N] of the samples and
interpolating between the residual fraction on GO and the
expected [N] values for these molecules (following the models
1GYC for laccase and 3V03 for BSA, both available at Protein
Data Bank). By interpolating the measured [N] with the nitro-
gen concentration from the bio-interfactants and from the GO,
it is expected that the coatings (GO/LAC); and (GO/BSA), carry

(rGO/BSA)1

= =) ] > =)

£o. WWW\ = ' '\A/\/“\/Vv»\_,\ B & S
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Fig. 4 Height and phase images obtained by AFM. Sequence of columns (left to right) correspond to (rGO);, (rGO/LAC), and (rGO/BSA); on fused
quartz glass substrates, respectively. a—c, AFM height image of the three coating systems reduced at 250 °C. R, 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. R, 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.
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(a—c) XPS elemental analysis of layer composition (substrate content is subtracted) for four conditions of thermal reduction for (a) (GO),, (b)

(GO/LAC); and (c) (GO/BSA);. The relative composition shows only the additional C, N and O elements added to the quartz substrate. (GO); was
found to contain 0.75% atomic of N, which is attributed to be residual nitrogen expected to be found from Hummers process®*®° (d) atomic con-
centration ratio [C] : [N] in the coatings (from (a—b)) with bio-interfactants (GO/LAC), and (GO/BSA), for all conditioning temperatures.

about 2.6% and 13.5%, respectively, of atoms from the bio-
interfactants.

The evolution of the chemical stoichiometry with the
applied temperature of reduction was used as an indication of
the anchoring effect of the bio-interfactants. The [C]: [N] ratio
indicates approximately the GO : bio-interfactant ratio (assum-
ing that most carbon originates from GO and most nitrogen
originates from the bio-interfactants). No significant change in
the ratio was found up to 180 °C for both bio-interfactant-
assisted coatings. However, at 250 °C (GO/LAC); loses signifi-
cantly more nitrogen than carbon, whereas (GO/BSA); keeps
the proportion close to a steady ~30:1 ([C]: [N]) (Fig. 5d).

Moreover, the evolution of the [C]:[O] ratio also indicates a
distinctive behaviour between the two coatings. Fig. 6b depicts
that oxygen is preferentially released to a greater degree on
(rGO/BSA); than on (rGO/LAC); for the highest temperature of
reduction.

As for the layer thickness of these coatings (Fig. 6a), calcu-
lated using XPS signal attenuation of the substrate, distinct
behaviours were observed for each material. The thickness of
BSA-assisted coatings remains in the range between 5 and
6 nm at all four temperatures. (GO/LAC); shows gradually
lower thickness up to 180 °C and no further reduction up to
250 °C. There are limitations, however, on this calculation for
(GO/LAC); since it was shown with AFM (Fig. 3h) that the coat-
ings assisted by laccase cannot be assumed to be uniformly
covered. For that reason AFM was also employed to verify the
thickness of coatings with both bio-interfactants. Fig. S10,
ESIt shows AFM areas where the coating thickness could be
measured. Such measurements resulted in thicknesses of
1.80 nm and 5.75 nm for (rGO/LAC); and (rGO/BSA),, respect-
ively, versus the thicknesses calculated with XPS of 3.75 nm
and 5.50 nm. The AFM measurement of (rGO/BSA); has good
agreement with the thickness calculated with XPS. However, in
the case of (rGO/LAC); the AFM measured a thickness 2 nm
thinner than the one calculated with XPS.

This incongruence might be associated with the size of the
sampled area with AFM, being 100 000 times smaller than that

4242 | Nanoscale, 2019, 11, 4236-4247
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Fig. 6 (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.
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area sensitive to XPS. The latter takes into account areas with
thicker parts of the film (large area homogeneity especially of
LAC-based coatings are depicted in Fig. S11, ESIT).

In summary, the thermal treatment of (GO/LAC), allows a
great proportion of the nitrogen-containing species to be
reduced and the coating thickness becomes thinner. On the
other hand, BSA favours higher release of oxygen (comparing
to LAC) and the carbon is kept in a similar proportion of nitro-
gen, while showing constant coating thickness. As discussed
previously, two routes of oxygen release are possible during
the thermal reduction at 250 °C; one that releases O, and
another that consumes the carbon backbone of GO (releasing
CO and CO,).” These aspects corroborate to the hypothesis
that BSA provides stronger structural stability and facilitates a
route of thermal reduction that consumes less carbon from
the GO backbone. The selection of the bio-interfactants con-
trols fixation of carbon from the GO backbone and change the
dynamics of O release. Such selectivity leads to higher or lower
[C]:[O] ratio, which is also directly associated with higher elec-
trical conductivity within a rGO flake.*’

Lastly, the thickness information from XPS can be compared
to the light transmittance in order to propose a geometric
model for the coatings. The opacity of each coating at 550 nm
(complementary to its transmittance) is related to the number
of graphene sheets, each layer increasing the opacity by 2.3%.°®
Since the contribution from the adsorbed BSA is roughly 0.4%
(Fig. S12, ESI{) it is expected that the coating contains around
seven layers of GO among the adsorbed BSA. In the case of
(rGO/LAC),,, we evaluated coatings resulting from depositing
several layers with XPS (due to the limitations on the coating
coverage, as discussed from Fig. 3h). As detailed in Fig. S13,
ESI,1 we observed a linear increase of 4 nm for each n number
of depositions, and the proportion of bio-interfactant to GO also
remains stable for different layers of deposition. This incremen-
tal increase by 4 nm per layer can be compared to the increase

(a)
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—— (rGO),
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Relative electrical conductivity (% of initial)
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in opacity of 7% from Fig. 2d. These numbers, when compared,
indicate that each process deposition gathers approximately
three layers of GO for every preceding deposition of LAC.
A plausible model for these coatings is that the adsorbed bio-
interfactants have two ways of interacting with GO; in the case
of (GO/LAC),, adsorbed laccase anchors the available GO mole-
cules as stacks of three flakes, on average. In the case of
(GO/BSA),, twice as much of GO is stacked on the coating
because some BSA molecules might re-adsorb on GO during
step 2, allowing even more pronounced assembly of the coating.

Adhesion

The capability of a coating to be strongly adhered to a substrate
is key 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 in order to perform its function.

In order to test and compare the robustness of the ther-
mally 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 corres-
ponding decay of electrical conductivity was measured during
the time of the experiment as a form to assess the durability of
the coatings (Fig. 7a). 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 con-
ductivity 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 elec-
trical conductivity. The ones prepared on previously adsorbed
bio-interfactants, in particular with BSA, kept a high relative
conductivity for longer time.

(b)
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(a) Evolution of relative electrical conductivity decay when samples were exposed to ultrasonic water bath. The samples (rGO/BSA),, (rGO/

LAC); and (rGO); 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.
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A peeling test (Fig. 7b) 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 also was measured and resulted in values in the same
range for the three coatings (Fig. 7b). However, the reduction
in electrical conductivity was more dramatic for the (rGO);
film. Further peelings had the same effect, and BSA in this
case also acted as a component key for higher resistance. 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,” it was observed that the peeling work
(from nano-scratch techniques) of a GO film on glass decrease
dramatically (from ~350 J m™> to 38 ] m™?) 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 find-
ings, our macroscale peeling tests indicated that the average
energy of ~300 ] m~> 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 though the ten peelings.

Both enduring tests supports the model of strong anchor-
ing when using bio-interfactants, especially BSA, as observed
with other techniques. The destruction induced by both tech-
niques indicates higher durability both at the nanoscale and
at the macroscale when bio-interfactants are employed.

Conclusions

In summary, we have developed a method for attaching GO on
multiple substrates with the use of bio-interfactants. The bio-
interfactants showed distinct levels of GO adsorption and
allowed further LBL intercalation assembly with GO. Proteic
bio-interfactants can be selected according to their specific
amino acid distributions in order to control the anchoring of
GO and define the coating composition after a mild thermal
reduction. In addition, the method allowed for the production
of ultra-thin (5.5 nm) continuous coatings that are strongly
bound on the substrate, sustaining both resistance to peeling
and several hours inside an ultrasonic water bath.

In view of wide interest and availability of the here-
employed materials on the market, this new process may be
suitable for scalable production of nanomaterials that require
simultaneously a combination of the following properties:
strong adhesion, transparency, antistaticity and extreme
dimensions constrain.

Experimental section
Materials

Graphene oxide (GO) 4 mg ml™" from Graphena was diluted
with deionised water (<0.1 uS ecm™' form arium® pro VF,
Sartorius) to 1 mg ml™" (reaching pH ~2.6). Bio-interfactants:
LAC (laccase from Trametes versicolor, Sigma-Aldrich product
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number 38429, PDB code 1GYC), which in this commercial
form has a concentration of ~6%,, (Fig. S5, ESI{) 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).

Substrates: Quartz glass was acquired from GVB, Germany,
afterwards cut, the quartz was cleaned using Piranha solution
protocol. Briefly (Caution: piranha solution should be handled
with great care.) 1: 5 ratio (H,O, (30%) : H,SO, (98%)) was pre-
pared by pouring 75 mL of H,SO, in a clean and dry beaker
with a PTFE magnetic stirring bar. The beaker was placed in
an ice-bath glassware (bath temperature kept at 0 °C). Then
15 mL of H,0, (30%) was added slowly into the beaker
(caution for highly exothermic reaction). The solution was
mixed by 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 sub-
strates 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 nitrogen gun. XPS con-
firmed the clean state of the substrates (Fig. S5, ESIT).
Borosilicate glass hydrolytic class 1 was acquired from Brand
GmbH (product number 470-45). Polyimide film was pur-
chased form Airtech (Termalimide film).

Fabrication of layer-by-layer (LBL) films

Step 1 (Fig. 1a) was performed by dipping the target substrate
in a buffered dispersion of LAC or BSA for 1 h, followed by the
rinsing of in DI water vigorously for about 5 seconds. Step 2
(Fig. 1a) 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 nitro-
gen gun until no apparent water drops were on the substrate.
The back side of the samples were cleaned by wiping with deli-
cate 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 feed of nitrogen. The cycle began with 90 min of
nitrogen purge at room temperature, and then heating to
target temperature at 10 K min~' rate (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).

Characterisations

AFM images were obtained with NanoWizard 3 NanoScience
(JPK Instruments AG, Germany) in tapping mode. Samples
characterized on Fig. 3a-f are 6 individual samples; the last
three are the same samples from Fig. 4. Samples in Fig. 3g-i

This journal is © The Royal Society of Chemistry 2019
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are selected from a group exposed to several temperatures of
reduction and were selected to illustrate when two phases were
clearly observed.

X-ray photoelectron spectroscopy was measured with a
Kratos Ultra Facility using the following parameters: base
pressure of 4 x 10~° Pa, sample neutralization with <5 eV elec-
trons. The element composition of the LBL systems is calcu-
lated by the total measured atomic concentration of the
sample (which may also comprise the substrate) minus the pro-
portion of species contained on the substrate, using Si as a
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 sub-
strate. It is assumed an exponential attenuation of the photo-
electron Si 2p signal (which is attributed to the quartz), follow-
ing the Beer-Lambert equation:*°

I =1, exp(—d/ap)

where d is the thickness of a continuous and homogeneous
thin film, I is the intensity of electrons emitted from the
coated substrate, I, is the intensity from the uniform substrate
without coating and A, is the inelastic mean free path (IMFP)
in a material a. The IMFP depends on the kinetic energy of the
respective electrons in the coating, and it was assumed to be
Jorg,si 2p 3.95 nm ®! for Si 2p electrons which are characteristic
for the substrate. Samples on Fig. 5 and 6 are physically indi-
vidual (i.e., one sample for each condition of temperature).

Light transmittance and absorbance were measured with
Specord 210 plus, Analytic Jena AG, Germany. Samples
measured with this technique were measured individually
before dip coating in GO or bio-interfactants formulations in
order to use a precise reference. Electrical conductivity was
measured with multimeter 15XL, Wavetek (sensitive up to 2
GOhm). Sheet resistance was calculated form the measured re-
sistance and adjusted to the rectangular ratio of the films
(Fig. S14, ESIf). Universal mechanical testing machine
(TA-XTplus 5 kg load cell) was used to peel the adhesive tape
(tesafilm® transparent) with the angle of 180° at 5 mm s
The pressure applied on the films beforehand had been 2.5 kg
cm ™2 for 20 seconds. Molecules were graphically represented
using Jmol or PyMol software (the PDB code used for BSA
molecule was 3V03 and 1GYC for laccase from Trametes versi-
color). Endurance in ultrasonic bath was measured on three
samples (one for each condition studied in this report) and
also compared to a commercial quartz coated with CVD gra-
phene (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. SEM characterisations indicating the lateral homogeneity
of several (rGO/BSA)n; samples done with Helios 600 machine
at 5 kv (Fig. S11, ESIT).
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