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Introduction

Graphene nanoplatelets and other 2D-materials as
protective means against the fading of coloured
inks, dyes and paints+

@ G. Paterakis, (=@
b C. Pavlou,?

M. Kotsidi,>® G. Gorgolis, ¢ 2P M. G. Pastore Carbone,
G. Anagnostopoulos, (22 G. Trakakis, (22 A. C. Manikas,
N. Koutroumanis® and C. Galiotis (2 P

The present work demonstrates the ability of graphene nanoplatelets (GNPs) and other two-dimensional
materials (2DMs) like tungsten disulfide (WS;), molybdenum disulfide (MoS,) and hexagonal boron nitride
(hBN) to act as protective barriers against the fading of architectural paints and also inks/paints used in
art. The results present a new approach for improving the lightfastness of colours of artworks and painted
indoor/outdoor wall surfaces taking advantage of the remarkable properties of 2DMs. As shown herein,
commercial inks and architectural paints of different colours doped with graphene nanoplatelets (GNPs),
graphene oxide (GO), reduced graphene oxide (rGO) and other 2DMs, exhibit a superior resistance to
fading under ultraviolet radiation or even under exposure to visible light. A spectroscopic study on these
inks and dyes reveals that the peaks which are characteristic of the colour pigments are less affected from
aging/fading when the GNPs and the other 2DMs are present. The protection mechanism for the GNPs
and the other 2DMs differs. For GNPs, mainly their high surface area which leads to free radicals scaven-
ging (especially hydroxyl radicals), and secondarily their UV absorption, are responsible for their protection
effects, while for GO, a transition to rGO structures and consequently to ‘'smart’ paints can be observed
after the performed aging routes. In this way, the paint gets improved by time preventing or slowing its
own fading and decolorization. For the other 2DMs, the transition-metal dichalcogenides performed
better than hBN, even though they all absorb in the UV region. This can be ascribed to the facts that the
formers also absorb in the visible, while hBN does not, while most importantly, they can trap reactive
oxygen species (ROS) and corrosive gases in their structure as opposed to hBN. By conducting colori-
metric measurements, we have discovered that the lifetime of the as-developed 2DM-doped inks and
paints can be extended by up to ~40%.

irreversible alteration of artworks which are precious crafts
that must also pass on to future generations. A notable

The selective reflection of visible light by dyes results in their
corresponding colours. But, at the same time, absorbed
photons from a dye, especially those having higher energy, can
excite molecules from the ground state, triggering a series of
chemical reactions resulting in colour degradation or fading.
In light of that, the exposure of colours used in artworks to
ultraviolet (UV) and visible light in the presence of oxidizing
agents, initiates colour changes, fading and yellowing.'
Unfortunately, this degradation consequently results in the
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example that has been recently reported” is the colour change
of Van Gogh’s ‘Sunflowers’, in which lead crystals of red colour
have turned into white plumbonacrite due to the reaction of
paint impurities with light and CO,. Also, it was found that a
certain pigment - i.e. cadmium yellow - was reacting with sun-
light and degrading to another beige compound.® Another
painting by van Gogh, ‘Flowers in a Blue Vase’, has also been
badly affected.’ Many artistic paintings are at risk due to this
process. Similarly, architectural paints and coatings are
known to be degraded mainly due to photo-corrosion and
photo-oxidation.” Photodegradation processes induce irre-
versible colour alterations that cannot be easily predicted or
prevented. An ideal architectural paint or coating should
demonstrate high resistance to UV radiation, good adhesion
and durability, high resistance to moisture, low tendency for
soiling, low permeability to gaseous pollutants e.g., CO, (anti-

This journal is © The Royal Society of Chemistry 2023
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carbonation properties) and anti-fungal properties without or
with reduced use of biocides, thus protecting the aquatic
horizon from biocides that have been swept away by rainwater
from the painted surface (leaching).® All these features, in
tandem with water-based formulations, are expected to foster
sustainable paints with higher protection and durability, lower
maintenance costs for the surfaces to be applied from these
products and at the same time they will possess a reduced
environmental footprint as they will prevent wasteful and
inefficient use of energy and material resources from start
to finish.

Since its isolation in 2004,” graphene has been termed as
the “wonder material” due to its outstanding chemical resis-
tance,® ability to conduct heat and electricity®'® and excellent
physical/mechanical properties.">'* In addition, the fact that
graphene and its related materials (GRMs) appear as non-toxic
is also an important finding.’® In the absorption spectrum,
monolayer graphene exhibits an asymmetric broad peak at
270 nm, and considering that the reflectance is negligible, its
UV absorbance can reach ~8%. In the visible part of the spec-
trum, a single layer graphene can absorb ~2.3% of incident
light, transmitting the remaining ~98%."*"® In the UV range,
where optical transitions of these n-bands approach the so-
called “saddle” point singularity of the Brillouin zone,'® the
inter-band optical absorbance increases far beyond a standard
value® and exhibits excitonic effects. In that spectral segment,
the optical conductivity shows a single broad peak at photon
energy equal to 4.62 eV which correspond to a wavelength
equal to 268 nm. This feature makes GRMs promising candi-
dates for UV protection, as they can cover a much broader
absorbance region than just a sharp peak, providing thus a
remarkable protection for both UVC (100-280 nm) and UVB
(280-315 nm)."”'® 1In particular, graphene nanoplatelets
(GNPs), which are nanoparticles comprised of short stacks of
platelet-shape graphene sheets, with low thickness and an
average lateral size of up to 50 microns, have been employed
as UV absorbers or UV blockers in several applications.'®>°

Graphene oxide (GO), another graphene derivative, is an
abundantly available and low-cost carbon compound that con-
tains a cluster of reactive oxygen functional groups.>" It can be
synthesized from graphite or graphite oxide** by employing
the Brodie, Staudenmaier, Hummers’ method or its modifi-
cation.”® GO can interact with a broad range of organic and in-
organic materials,** is highly hydrophilic, and can form stable
aqueous colloids to facilitate the assembly of macroscopic
structures by simple and cheap solution processes. GO has
been also exploited in improving the protection from UV radi-
ation in composites. Tang et al.'® synthesized a multifunc-
tional cotton fabric with high electrical conductivity and
strong UV radiation protection by using GO dispersion onto
the fabric via vacuum filtration deposition and afterwards
treating with polyaniline. Also, Hu et al.>® incorporated GO as
functional nanofiller into sodium alginate via solvent-casting
and achieved high UV shielding and mechanical performance
simultaneously. GO can also be reduced chemically or ther-
mally in order to achieve graphene like properties.*® In
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addition to above synthetic routes, it has been reported®”-?®
that the reduction of GO in water could be also implemented
by UV light. In fact, after UV irradiation, a decrease of oxygen
bonded to carbon and a restoration of the extended conjugated
sp> structure®® are observed. Thus, the reduction of aqueous
GO dispersions at ambient conditions with intense UV light
could be an alternative to reduction induced by chemical reac-
tants, high temperature and/or catalysts.

The exploitation of graphene and its related materials for
the protection against fading or bleaching of colours and
photographs is a newly emerging field. Recently, our group®
has shown that a single-layer or multilayer graphene veil, pro-
duced by chemical vapour deposition, can be deposited over
artworks to protect them efficiently against colour fading, with
a protection factor of up to 70%. Another example is the use of
graphene-enhanced coatings for colour protection of wall
painting, which has been proposed by Zhu et al. and is based
on the exploitation of Ca(OH),/graphene quantum dot nano-
hybrids.?® Other 2-dimensional materials (2DMs) like tungsten
disulfide (WS,), molybdenum disulfide (MoS,) and hexagonal
boron nitride (hBN) are known to absorb in the UV part of the
electromagnetic spectrum®'® and therefore are promising
candidates against the fading of inks and dyes. Still, it is
important to note here that one critical issue for the exploita-
tion of graphene and other 2DMs is to obtain a successful
liquid phase exfoliation by using as less harmful and toxic
solvent as possible.**??

Herein we demonstrate that GNPs, GO and other 2DMs can
be successfully exploited to endow paints used both in art and
architecture/buildings with intrinsic anti-fading properties
and even other multifunctionalities. With an eye on sustain-
ability, we formulated eco-friendly, water-based dispersions of
well-exfoliated GRMs and 2DMs that, dispersed to inks and
paints, prevent colour degradation thus enhancing the light-
fastness and the durability. In this regard, graphene flakes dis-
persed to colour paints bestow enhanced UV, oxidation and
humidity resistance, while the other examined 2DMs seem to
offer protection against UV and visible light as well.
Eventually, we demonstrate that we can take advantage from
the ‘green’ reduction of GO through irradiation-assisted
approach to avoid decolourization of the paints. Actually,
without using extra chemicals or elevated temperatures, which
are the standard methods for GO reduction to produce
reduced GO (r-GO), the UV/visible irradiation of a GO target in
water is found here to be an alternative route for triggering the
chemical reduction. The in situ reduction of GO at the surface
or near-surface of the paint during its exposure to radiation, is
thus demonstrated to increase the protection ability of the
material against fading and decolourization.

Experimental
Materials

Dispersions of GNPs and other 2DMs. Graphene nano-
powder (Elicarb Electrical grade, gently supplied by Thomas
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Swan & Co. Ltd) was adopted in this study. Graphene oxide
synthesized from natural graphite flakes (NGS
Naturgraphit GmbH, Germany) by a two-step oxidation
process®® where single and few layers of GO were collected by
a combination of ultra-sonication and centrifugation steps
(see ESIt for more). Commercial hBN (‘Thomas Swan’, 20 g),
WS, (‘Sigma Aldrich’, 50 g, 2 pm, 99%) and MoS, (‘Sigma
Aldrich’, 100 g) powders were also used for the needs of this
study.

Commercial powders of GNPs and other 2D materials
were exfoliated in a binary mixture of water—ethanol.
Initially, mechanical exfoliation with mortar and pastel was
applied to the bulk powder with suitable solvent to break
down and exfoliate the thickest flakes. Then, a solution of
1 mg ml™' of GNPs in water/ethanol with ethanol molar
fraction equal to 0.06 was exfoliated through bath soni-
cation (ElmaS30 Elmasonic) for 3 hours or shear mixing
(Silverson L5M) at 5000 rpm for 20 min. In both cases, the
resultant dispersion was then centrifuged, using a Hettich
Mikro 22R centrifuge for 10 minutes at 1000 rpm, to separ-
ate the bulk flakes from the exfoliated ones (supernatant)
by decantation with a pipette, and then the collected super-
natant solution was centrifuged again for 5 minutes at 6000
rpm to collect the exfoliated graphene flakes from the
bottom of the falcon in the form of dense, paste-like, solu-
tion. For the cases of WS,, MoS, and hBN, the mole frac-
tion of ethanol-in-water solution employed for the exfolia-
tion was equal to 0.06, 0.04 and 0.04, correspondingly.
From the first attempt of exfoliating these materials with
shear mixing, only breaking of the flakes was observed
without a significant decrease of the number of their layers.
Consequently, the next round of exfoliation of the prepared
solutions was performed with the aim of a bath sonicator
for 3 hours.

Preparation of inks and paints doped with GNPs and other
2DMs. Commercial blue, pink and green drawing inks (ultra-
marine, carmine and deep green, Pelikan), yellow acrylic paint
(Royal Talens acrylic), red and yellow architectural paints (Kraft
PAINTS, Master™ Basics, Red/Yellow 180 ml) were used in this
work. Tartrazine (Sigma-Aldrich, product number: T0388) in a
2.5% (w/w) aqueous solution and methylene blue (Sigma-
Aldrich, product number: M9140) in a 0.001 mg ml™" aqueous
solution were also used in this study. Dispersions of GNPs and
of the other 2DMs produced via liquid phase exfoliation were
added to commercial inks, dyes and other paints through
mixing with mortar and pestle for 3 minutes ca. Similarly, for
the production of GO-based inks, the graphene oxide solution
with a known concentration (3.2 mg ml™") in water was
weighed, and then incorporated via mortar and pestle.
Tartrazine solution and the inks were then applied on the
Bristol type cardboard substrates using the doctor blade tech-
nique. Samples were left to dry under the hood for 24 hours.
Architectural paints were deposited on plasters by drop-cast-
ings. Control samples were also produced by painting the sub-
strates (either cardboard or plasters) with bare dyes and
paints.

was
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Characterization methods

In order to examine the structural characteristics of the powders
and their graphitic nature, scanning electron microscopy (SEM)
and Raman spectroscopy were employed. SEM photos were
taken by a LEO SUPRA 35 VP, while Raman spectra of the
powders were recorded by an InVia Reflex (Renishaw, UK)
MicroRaman equipment using a 514 nm laser excitation.
Raman spectroscopy was adopted for spectroscopic characteriz-
ation of the materials at different stages of this study, namely
the material preparation, the investigation of the degradation
mechanism and the durability of graphene upon exposure to UV
light. In all experiments, spectra were recorded at several points
on each specimen using a Renishaw InVia Raman Spectrometer
with a 1200 grooves per mm grating and a x100 lens. The power
of the laser beam was kept below 1 mW to avoid heating of the
specimen. Raman spectra were baseline corrected and graphene
peaks were fitted to Lorentzian functions. When graphene
peaks were superimposed onto the peaks of the substrates, the
necessary deconvolution process was applied. In this analysis,
the Lorentzian components assigned to the substrates were held
fixed, having had their parameters (position, full-width at half-
maximum) evaluated from the spectra of the bare substrates.

A HP 8452A Diode Array spectrophotometer was used for
obtaining the relevant spectra of samples with and without
graphene. A light ray of wavelength from 200 to 800 nm was
used as a source. The standard quartz cuvette with dimension
of 10 mm x 10 mm x 45 mm and thickness of about 1.2 mm of
was used as liquid container for this measurement.

Colorimetric coordinates are extracted from reflectance
spectra using standard illuminant D65 and a standard observer
at 10° (CIE 1964). The colour difference for each specimen can
be expressed in terms of the AE* parameter, calculated from
the colorimetric coordinates and L*, a*, and b* as follows:*’

AE = /(13— 1) + (@ — @) + (b — b)) (1)

AL, Aa and Ab represent the luminosity change, red-green
and the blue-yellow parameter respectively. It is worth noting
that a AE* around than 2.3 units makes the colour difference
just perceivable by the naked eye.*” In our experiments, reflec-
tance spectra were acquired using an FRU WR-10 portable col-
ourimeter. To compare the colorimetric coordinates after the
aging, of not protected and protected with graphene samples,
we have calculated a protection factor (PF), according to:

AE, — AE;

colour without graphene colour with graphene

AE,

colour without graphene

PF(%) = x 100 (2)

Details about the aging of the mockups are reported below.
The error related to AE* values obtained using this instrument
is +0.5.

Specimens were artificially aged under UV and visible lighting
to induce the fading of the dyes and the paints. A device emitting
UV light of a 2 = 254 nm, power intensity equal to 4-6 mW, and, a
panel of lamps emitting white/visible light with a power intensity
of 33 mW and average temperature of ~50 °C, were used to

This journal is © The Royal Society of Chemistry 2023
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monitor the degradation of the dyes and the paints. The acceler-
ated aging for all specimens lasted from 24 to 390 hours. This
accelerated aging time corresponds to an aging under real con-
ditions equal to a time interval from ~30 years to ~100 years.>*"°
The exposure for the architectural paints can be considered as an
equivalent for ~1 to 2 years of intense sun solar light.>® A portion
of the painted surface was covered during the aging, to be used as
a reference. Periodically, reflectance spectra were acquired and the
colorimetric coordinates were obtained as described previously.

For the reduction of GO after irradiation with Ultra-violet and
visible light, a common microscopic glass was cleaned with
oxygen plasma treatment for 2-3 minutes to remove any impuri-
ties from the surface and then it was dip-coated with aqueous
solution of GO with a concentration of 3.2 mg ml™". The speci-
mens were left to dry completely in dark nitrogen-filled chamber
in order to avoid the reduction of the GO films prior to aging.
The specimens were aged in UV light for 1 full day and under
visible light for 7 full days. For the aging with UV light, intense
UVC (254 nm) radiation was emitted by a device (8 W, 230 V)
with 3 available UV lamps, one for 365 (UVA, longwave), one for
302 (UVB, midrange) and finally one for 254 nm (UVC, short-
wave). The spectrum for the UV-C lamp of the device, shown in
Fig. S1,7 was acquired using a LI-1800 portable spectroradio-
meter. Several measurements for varying distance between the
spectroradiometer and the device were taken (Table S1t). The
power coming from the UVC lamp of the device was measured
with a thermal power sensor (THORLABS PM100A, sensor:
$322C) while the diameter of the sensor was of 25 mm. Since
the UVC lamp of the device is on and applied exactly above the
examined specimen (distance equal to 2-3 cm, Table S1f), a
temperature equal to 30-32 °C is induced. For the aging with
visible/white light, an in-house built aging chamber, equipped
with seven lights panel emitting white/visible light was
exploited. The already presented spectrophotometer was used
for obtaining the relevant spectrum of the panel emitting visible
light. The panel shows a power intensity of 3 mW and induces
an average temperature of ~50 °C to the under-lighting surface,
which holds a distance of 5 cm from the light source. The power
coming from the panel (with all seven lamps on) was measured
with the same before-mentioned thermal power sensor.

Atomic Force Microscopy (AFM) images were collected in
peak-force tapping mode (Bruker, Dimension-Icon), by using
ScanAsyst-Air probes (silicon tips on silicon nitride cantilever,
Bruker) with 0.4 N m™" nominal spring constant of the cantile-
ver. The electrical resistance (conductivity) measurements were
performed by using a Keithley 2420 source meter unit (SMU)
in a four-probe configuration with a specimen dimension of
15 x 15 mm?® and an average film thickness of 270 pm.***!

Results and discussion

Effective liquid-phase exfoliation of graphene and other 2D
materials for the preparation of enhanced colours

In order to fully exploit the potential of graphene and other 2D
materials, a preliminary optimization of the liquid exfoliation

This journal is © The Royal Society of Chemistry 2023
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process has been conducted. Actually, the commercial gra-
phene powder consists of graphite nanosheets, as revealed by
optical microscopy and Raman spectroscopy (Fig. 1A and B,
and Fig. S27). In fact, the characteristic asymmetric shape of
the 2D peak suggests that the nanosheets are composed of
more than 10 graphene layers.'> The G peak position appears
at 1580 cm ™" whereas the D peak is very weak, revealing lack of
crystal edges and structural defects, which is expected for the
relatively large graphite flakes employed here. N-Methyl-2-pyr-
rolidone (NMP) is one of the most commonly adopted solvents
for the efficient exfoliation of graphene and transition-metal
dichalcogenides,”® due to its values of surface tension and
Hansen solubility parameters that well match with those of
graphite and other layered materials.** Nevertheless, NMP has
been recently classified as a substance of very high concern.*®
In this study, we managed to achieve a good exfoliation by
using a binary mixture of water-ethanol as solvent, which is
not only a much safer alternative than NMP*® but it is also
pivotal for successful mixing of artistic or architectural paints.
To do so, the composition of the ethanol-in-water solution was

A

3
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£ Bulk GNPs

S

g

[

o Exfoliated GNPs/ \

1200 1500 1800 2100 2400 2700
Raman shift (cm'1)
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Fig. 1 Doping colours with graphene nanoplatelets and 2D materials
using liquid phase exfoliation. (A) Representative Raman spectra of GNPs
before and after LPE in water/ethanol. (B) Optical microscopy images of
paper mockups dyed with tartrazine doped with GNPs as received (i)
and after LPE (ii). (C) The colorimetric index AE* for tartrazine doped
with graphene, hBN, WS, and MoS; as received and after LPE.
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fine-tuned in order to obtain a surface tension that matches
the corresponding value of NMP.*”*® The optimized molar
fraction of ethanol was estimated to be equal to 0.06
(Fig. S37). The successful exfoliation of the graphitic nano-
powder using the water—ethanol solvent has been therefore
achieved, as demonstrated by optical microscopy and Raman
spectroscopy (Fig. 1A and B) in which the three characteristic
peaks D, G and 2D of graphene are clearly shown. As already
known, the 2D peak is sensitive to the number of graphene
layers since the resonant Raman mechanism is closely con-
nected to the details of the electronic band structure*® and
this structure changes with the number and orientation of
layers.”® By focusing particularly on the 2D peak the Raman
spectra of graphene powder before and after exfoliation
(Fig. 1A), a transition from graphite to few-layer graphene is
clearly observed, after the exfoliation process. In fact, a signifi-
cant change in the shape of the 2D peak and an increase of
the intensity ratio of the 2D to G peak can be observed when
moving from graphite to graphene.*>" The successful exfolia-
tion is also revealed in the comparison of optical microscopy
images acquired from the powder before and after the exfolia-
tion process.

In order to assess the optical properties of the produced
graphene in water/ethanol dispersions for possible application
into commercial inks/paints, UV-vis spectroscopy was
employed (part of the ‘Mechanism of protection’ shown on
Fig. 6B). It is interesting to note that the produced graphene
dispersion shows the characteristic peak of graphene located
at 280 nm, in agreement with other studies,’® suggesting the
maintenance of the sp> carbon structure during the dispersion
process. The intensity of this peak increases as the concen-
tration of the graphene is increased in the water/ethanol dis-
persion. Also, the absorbance is quite high for the whole spec-
trum for relatively low graphene concentrations. It is worth
noting, that the ability for absorbing visible light can also
assist in the protection of inks/paints from degradation® as
will be presented further below. The as-resultant semi-trans-
parent dispersions combine high rates of visible absorbance
without paying the analogous expenses in their optical appear-
ance, thus leading afterwards to acceptable colour hues. On
the other hand, GO is known to be hydrophilic and can be
incorporated easier into water-based inks and paints. The
absorbance spectra of aqueous solutions of various GO
content are shown in Fig. S4,1 from which the characteristic
peak attributed to graphene at the UV range is confirmed.
These findings are in accordance with relative publications for
GO dispersions in water.>®> The corresponding wavelength of
the peak is located at 234 nm.

It is attributed to C-C bonds of the n to n* transition, while
a shoulder peak at 270 nm due to n to n* transition of the
C=O0 bonds of the carbonyl and carboxylic groups located in
the GO lattice is also observed.”® An important observation is
that GO shows a proportional increase of the intensity as the
concentration of graphene is increased. Also, it is worth men-
tioning that when the GO concentration is raised from 0.1%
w/w to 1% w/w, the maximum absorbance reaches a maximum
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value of 0.8. Then, a significant and sharp decrease of the
absorbance is obtained in the visible region.

In a similar approach to that applied for the exfoliation of
GNPs, successful exfoliation of hBN, WS, and MoS, has also
been achieved in water/ethanol mixtures (Fig. S51). In particu-
lar, for the case of WS, the molar fraction of ethanol in the
mixture was determined in order to achieve a surface tension
that matches the corresponding value for NMP (ie. 0.06);
while for the cases of MoS, and hBN, it was determined on the
basis of the surface tension of Benzyl Benzoate.'”*® For the
latter, the mole fraction of ethanol-in-water solution that was
employed was equal 0.04. As shown in Fig. S6-S8,t the optical
microscopy images of all the examined materials reveal an
important reduction in the size of the crystals after the exfolia-
tion, while from Raman spectra, it can be also deduced that a
transition from multi-layered to few-layered materials is
achieved.’*® Again, UV-vis absorption spectra indicate the
presence of absorption in the UV regions which are of interest
for application related to colour protection. The characteristic
absorbance peaks of hBN in the UV-region are clearly detect-
able at 207 nm and, for higher hBN content, a peak at 238 nm.
Also, the intensity of the peaks is increased as the hBN concen-
tration in the solution is increased.>® By observing the absor-
bance spectra of the prepared MoS, solutions (as the baseline
solution was measured an ethanol/water mixture with mole
fraction of ethanol equal to 0.04 and subtracted at the pre-
sented spectra), several characteristic absorbance peaks in the
visible region are detectable (667 nm, 480 nm, 420 nm), as
well clear UV absorbance is evident (209 nm and 230 nm). The
intensity of the peaks gets higher for higher MoS, content in
the solution.”” From the absorbance spectra of the prepared
WS, solutions (as the baseline solution was measured an
ethanol/water mixture with mole fraction of ethanol equal to
0.06) that were acquired, several characteristic absorbance
peaks of WS, in the visible region are present (650 nm,
470 nm, 420 nm), as well as a clear UV absorbance is evident
(202 nm, 248 nm and 335 nm). The absorbance spectra are
shifted upwards for higher WS, content, which means that
more visible and UV light of particular wavelengths is
absorbed.”” Dispersions of graphene and other 2DMs in non-
toxic solvents can be easily added into colours, inks and
paints, as described in the Experimental section and shown on
Fig. S3.1 Actually, since it is known that each layer of graphene
absorbs 2.3% of visible light,'* we first assessed if the presence
of the nanomaterial could affect significantly the visual
appearance of the colours. Very interestingly, by using the pro-
posed shear mixing route in water/ethanol, the presence of gra-
phene and other 2DMs is not found to affect significantly the
visual appearance of the colour. In fact, as demonstrated in
the case of the yellow azo dye tartrazine, the colour is homo-
geneous and remains mostly unaltered, with colour difference
index AE* lower than 3 (Fig. 1C and S9t). We want to under-
line that in this investigation, we chose the worst-case scenario
of a light colour (.e. yellow).

As shown in a previous work,*® the presence of graphene
monolayer coatings on paintings can be only perceptible

This journal is © The Royal Society of Chemistry 2023
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under very close inspection when deposited on dark colours
(such as blue), whereas it is perceptible at a glance when de-
posited on light colours (such as pink or yellow). Optical
microscopy images of paper specimens dyed with graphene-
doped and 2DMs-doped tartrazine do not show any aggregate
or darkening spots. On the contrary, direct ultrasonic soni-
cation of graphite or other 2DMs powder into tartrazine/water
solution has been found to lead to significant darkening of the
colour, quantified by a AE* index of ~15, with macroscopic
black spots, probably from remaining bulk material, due to
unsuccessful exfoliation and formation of aggregates of
dimensions 10-100 pm. Therefore, this demonstrates that the
employed liquid exfoliation route can lead to the production of
dyes enhanced with well-dispersed graphene and other 2DMs.
The better exfoliation and homogeneous incorporation of gra-
phene by using the proposed method has been demonstrated
also for paints for artistic purposes, such as acrylic and archi-
tectural paints (Fig. S91), the AE* index being significantly
lower than those prepared by direct ultrasonic sonication
(encoded as “bulk”).

GRMs and 2DMs prevent the degradation of colours

In order to investigate the effect of GRMs and other 2DMs on
the fading of colours, a commercial ultramarine ink was inves-
tigated as proof of concept. Actually, this colour undergoes
degradation phenomena upon exposure to light and its failure
in historic, as well as, modern paintings has been reported
several times in the literature and is often referred to as “ultra-
marine disease” or “ultramarine sickness”.’® In fact, as
demonstrated by UV-vis absorption spectroscopy, the charac-
teristic peaks of ultramarine ink significantly decrease upon
exposure to light (Fig. 2A). Very interestingly, the addition of
GNPs is found to mitigate this effect and is therefore expected
to prevent the fading of the ink to a certain extent. Therefore,
paper mock-ups were painted with ultramarine ink added with
GNPs and were artificially aged under different lighting con-
ditions (i.e. UV and visible light) and the colorimetric differ-
ences were monitored. For instance, Fig. 2B shows representa-
tive pictures of specimens coloured with ultramarine ink with
different amount of GNPs (0.1% w/w, 0.3% w/w) upon
exposure to UV-C light for 5 days and upon exposure to visible
light for 36 days. In both cases, it can be observed that the
colour of the reference specimen has faded significantly,
which indicates that it has undergone considerable degra-
dation compared to the samples containing graphene. This is
confirmed by the fact that the colour difference between the
part of the aged specimen in relation to the covered area that
was not irradiated and retained its original colour, is more pro-
nounced in the case of the control specimen, less pronounced
in the case of the 0.1% w/w GNPs and almost negligible in the
case of the 0.3% w/w GNPs specimens.

To compare the colorimetric coordinates after aging of
control samples versus those coloured with GNPs-enhanced
inks/paints, we have used the protection factor (PF), as defined
in eqn (2). GNPs, for accelerated aging under the influence of
UV-C, showed a protection factor of 12.4% for 0.1% w/w and
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22.6% for 0.3% w/w GNPs, respectively (Fig. 2B). For visible
light, the corresponding protection factors were 12.8% for
0.1% w/w and 21.9% for 0.3% w/w graphene, respectively. It
can be concluded that as the GNPs concentration increases, the
AE* index drops and this results in higher protection factors.

The addition of GO to the same ultramarine ink has been
found to be effective against ultramarine degradation, as well.
The absorbance spectra of doped inks with 0.25, 0.5 and 1%
w/w GO before and after aging with UV light are presented in
Fig. 3A and S10.7 As shown, there is a clear increase of absor-
bance over the whole spectral range as a result of GO addition.
Also, as expected, the 1% w/w GO-based solution exhibits the
higher absorbance out of the three concentrations tested here.
Furthermore, it is evident that the increase of absorbance
within the visible range is not as high as in the UV range,
therefore the corresponding transmittance should be relatively
high as desirable for a practical application. From Fig. 3A and
S10,7 it is deduced that an important decrease of the charac-
teristic peak is observed after the aging, while the addition of
GO mitigates this decrease. The more GO in the solution the
lower peak intensity difference between the blue colour before
the aging and the graphene-based ink after the aging. This can
be considered as a proof for the protection of this dye.
Furthermore, the width of the characteristic peak is not signifi-
cantly affected neither by the GO addition nor by the aging.
GO is believed to be responsible for an important increase of
the UV absorbance and a moderate increase of the visible
absorbance, something that implies a moderate decrease of
visible transmittance.

Fig. 3 shows representative Pelikan Ultramarine specimens
after accelerated aging for 3 hours under UV-C radiation. It is
observed that the reference sample is more discoloured com-
pared to the sample containing GO. Also, the specimen with a
GO content of 0.03% w/w seems to have retained its colour to
a greater extent compared to the sample with a GO content of
0.015% w/w. The protection of GO against degradation for the
ultramarine sample is shown in Fig. 3. Finally, for accelerated
aging under the influence of UV-C, the presence of GO pro-
vided a protection factor of 5.3% for a content of 0.015% w/w
and 13.6% for a content of 0.03% w/w. It was rational to find
the limitations of the GO content that can be incorporated
into the blue ink without altering unacceptably the colour hue.
For example, in Fig. 3B it is shown a filter paper coloured with
blue ink/GO 0.1% w/w solution, and comparing this specimen
with the reference, it shows a AE* equal to 5.8, which is rela-
tively high. After performing accelerated aging of this sample
using UV light, the exposed blue area got darker because the
GO reduction (as is fully explained further below) resulted in a
AE of 30.7, which is unacceptably high. After performing a col-
orimetric study with varying GO contents, it was decided to
prepare samples with very low GO content, as low as 0.015%
and 0.03% w/w. The effectiveness of graphene and of GO
against colour fading has been demonstrated also for other
colours (e.g., yellow and pink, see Fig. S117), reaching protector
factor as high as 43%. Such high rates of protection can endow
to the as-formulated colours additional years of lifetime (since
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their accelerated ageing is intense and stands for ~30 to 100
years).

Samples dyed with the commercial ultramarine ink doped
with WS,, MoS, and hBN after their exfoliation were examined
through accelerated aging by irradiating them with UV and
visible light for 5 hours in both cases. Protection factors are
plotted in Fig. 4, and from those it can be concluded that WS,
seems to perform better than the other two 2DMs both for
aging with UV and visible light. In contrast, hBN shows to
induce the lowest fading resistance while an intermediate
behaviour is observed for MoS,.

GNPs boost further multi-functionalities into paints

GNPs and GO were added to water-soluble commercial archi-
tectural paints, and aging tests were performed inside an
environmental chamber in order to reproduce the effects of
combined temperature, relative humidity and UV light.>*°°
Actually, the GNPs seem to assist the paint to behold the
colour hue and lightness. In fact, the sample with 0.1% GNPs
exhibits a protection factor of 23% when compared to the bare
substrate, after three weeks of continuous aging inside the
chamber. Furthermore, as revealed by optical microscopy in
Fig. 5, the presence of graphene and GO prevents the for-
mation of micro-cracks and micro-failures which are present
in the bare paint after aging.

5420 | Nanoscale, 2023, 15, 5414-5428
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Fig. 2 Graphene nanoplatelets prevent the fading of ultramarine ink. UV-vis absorption spectrum of ultramarine ink, with and without graphene,
before and after irradiation to visible light for 80 hours (A). Representative images of mock-ups coloured with ultramarine ink without and with
GNPs, after 5 days of accelerated aging with UVC radiation and 36 days with visible light (B). Protection factors different mock-ups upon ageing with
UV (C) (i) and visible light (C) (ii) as a function of graphene content.

Another interesting feature is that the addition of only 0.1%
w/w GO dispersion into a commercial red water-soluble archi-
tectural paint is enough to decrease the electrical resistance by
two orders of magnitude, as shown in Table 1. Consequently,
an increase in electrical conductivity is achieved, demonstrat-
ing the multi-functionality that these novel paints can show.
This means that the GO-doped paint can be exploited as
electrostatic discharge coating, since its behaviour shows a
transition from insulator to dissipative. This is quite important
since a paint with an anti-static behaviour creates a preferred
pathway for the flow of electricity, keeping the electrical charge
under control as the charge is drained. The charge flows over
the surface and into a grounding point and then vanishes. GO
is known to be non-conductive due to the absence of percolat-
ing pathways between sp” carbonaceous clusters which is actu-
ally at the base of the carrier transport mechanism in gra-
phene. A mono-layered GO consists of a hexagonal carbon
network having both sp®- and sp*-hybridised atoms of carbon,
carrying hydroxyl and epoxide functional groups on either side
of the layer, while the layer edges are mainly occupied by car-
boxyl and carbonyl groups.°’ In that way, the functional
groups attached to the plane affect the conductivity, while the
corresponding ones attached to the edge may not. In contrast,
GO as a bulk material has large chemical functional groups
attached to the carbon plane that show structural defects

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Graphene oxide prevents the fading of ultramarine ink. UV-vis absorption spectrum of ultramarine ink, with and without graphene oxide,
before and after irradiation to UV light (A). Filter paper coloured with blue ink reference and with GO 0.1% w/w, before and after aging with UV light
(B). Filter papers dyed with blue ink (from left to right), a reference sample and a sample with 0.03% w/w GO after aging with UV light (C). Protection
factor for GO content equal to 0.015% w/w and 0.03% w/w in blue ink after accelerated aging upon exposure to UV light (D).

within the plane, which can strongly lower the electrical con-
ductivity. Nevertheless, the conductivity can be restored by
attaching polymers or polymerization initiators onto the GO
platelets which can chemically reduce the oxidized
surface.®"*>

The mechanism of protection provided by GNPs and 2DMs
and the ‘smart paints’

In order to shed light on the mechanism of protection offered
by graphene and other 2DMs against the fading of colours trig-
gered by light in an environment with oxidative media, tartra-
zine was chosen as model system, as conducted previously in
another work by our group.*® In fact, tartrazine is known to
undergo photolytic degradation upon UV and visible
irradiation, which results from the azo bond cleavage and fol-
lowing rupture of its characteristic five-membered ring.®®
GNPs were added to a water solution of tartrazine (0.1% w/w
GNPs into the sol) as described in the Experimental section.
Cardboard specimens were dyed with tartrazine with and
without GNPs, and were subjected to an accelerated aging with
UVC radiation for 4 weeks. Even from the first week of the
aging period, GNPs addition seems to protect the maintenance

This journal is © The Royal Society of Chemistry 2023

of the colour hue by lowering the decolourization rate. As
shown previously for other colours, the AE* index is found
to decrease with exposure time and a protection factor equal
to 37.7% =+ 2.5 has been determined for the tartrazine
doped with GNPs (Fig. S12 and S16%), suggesting that this
specimen is more protected against the dye degradation.
Raman spectra were collected from the tartrazine mock-ups
and, as shown in Fig. 6A, after exposure to UV light for 7
days, the characteristic Raman peaks of tartrazine weaken,
compared to the cardboard peak located at 1094 cm™, as a
result of the decomposition of the dye. However, when the
exfoliated GNPs are embedded into tartrazine, its Raman
spectrum remains unaltered after exposure to UV light. This
finding provides a spectroscopic proof of the effectiveness of
GNPs against colour degradation, and has been confirmed
also by UV-vis absorbance spectroscopy (Fig. S131 - MB UV
vis). As shown earlier, the GNPs and the GO used for the
needs of this study, show a broad peak from 200 to 350 nm
(UVC, UVB and UVA for the GNPs), and, from 200 to
300 nm (UVC and UVB for the GO). However, the protection
against dye photodegradation provided by GRMs is not only
attributed to its capability of absorbing UV light (see

Nanoscale, 2023, 15, 5414-5428 | 5421
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Fig. 5 Representative optical microscopy images of a red architectural
paint. In the first row, a reference sample before the aging (A), and, after
the aging (B and C). At the middle, the same red paint enriched with
0.1% GNPs before the aging (D), and after the aging (E and F). At the
bottom, the same red paint with 0.1% GO added before the aging (G)
and after the aging (H and I). All representative specimens had been
exposed to an accelerated aging inside an environmental chamber.>%-¢°
Larger scale bars have been used for the photos (C, F and I) of the last
column. On (B), small craters which are the initiator points for micro-
cracking can be detected after the aging of the neat paint, while corre-
spondingly on (E) and (H), GNPs seem to prevent the creation of such
points.

5422 | Nanoscale, 2023, 15, 5414-5428

Table 1 Electrical resistance of architectural paints. Specimens with
fixed dimensions were tested

Resistance Resistivity
Examined sample MQ) (@m)
Neat red architectural paint 13 000 3.510
Red architectural paint with GO 125 33

dispersion 0.1% w/w

Fig. 6B), but also to the physical barrier function and ultra-
For this
reason, 2D nanomaterials like graphene have emerged as a

high surface area for free radical scavenging.®*

new category of anti-oxidants. In fact, the chemical reactiv-
ities and protection ability of GNPs toward some model free
radicals and reactive oxygen species (ROS) have been
recently demonstrated.®*

Actually, GNPs are able to protect the targets from oxidation
while they are highly-efficient as hydroxyl-radical scavengers.
Since a hydroxyl radical is created photolytically, the total anti-
oxidation activity is a synergy of the preventive anti-oxidant
function (resulting from the UV absorption) and "OH radical
scavenging (Fig. 6).°* In this regard, it is interesting noting
that Raman spectra collected from graphene-poor locations of
the GNP-doped tartrazine sample show that, after aging, the
characteristic peaks of tartrazine still remain unaltered.

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Mechanism of protection. (A) Representative Raman spectra of cardboard, tartrazine (TR), tartrazine-coloured cardboard (TR/cardboard)
before and after aging with UV light for 7 days, GNPs-doped tartrazine-coloured cardboard (TR/GNPs/cardboard) before and after aging with UV
light for 7 days. Lorentzian fits (represented by the coloured peaks) are superimposed on the experimental data. (B) UV-Vis absorbance of GNPs solu-
tion (C) Raman spectra for representative GO, rGO specimens after irradiation with white/visible light for 7 days, and, rGO after irradiation with UV
light for 1 day, respectively. (D) UV-VIS absorbance spectrum of GO solution before and after aging under UV irradiation. (E) The relevant antioxidant
mechanisms (UV absorption, ‘OH adduct formation on sp?-carbon sites; electron transfer, and hydrogen donation). The scheme shows that the
primary antioxidant activity for graphene-based materials is against ‘OH and is related to pristine sp?-carbonaceous areas. Hydrogen donation is
limited by the low population of phenolic OH, which are located on edge and not on basal sites.

Few-layered graphene is actually more active than a mono-
layer GO, despite the fact that it shows lower surface area,
something that denotes that the basic scavenging sites are con-
nected with the sp®-carbonaceous network rather than the
oxygen-containing functional groups.®* This can be explained
as following: GO is a weak hydrogen donor, because of the
non-phenolic nature of most OH groups on GO, that are
located at basal sp*-carbonaceous regions which do not favour
radical resonance stabilization following hydrogen donation.
The principle scavenging function is connected to pristine sp>
carbon domains onto basal surfaces rather than hydrogen-
donation from hydroxyl groups. The activity of oxygen-contain-
ing groups may be independent regarding pH, but the high
activity of few-layered graphene relative to GO has been
obtained for both pH = 3 and pH = 7 in distinct systems. The
weak activity of GO as a donor anti-oxidant material is in con-
sistency with its chemical structure. A lot of anti-oxidants are
phenolic compounds whose radical forms following hydrogen-
donation®” get stabilized by resonance structures, in which the
un-paired electron can be located onto the oxygen atom,’® or
else on ortho or para carbon atoms on the adjacent aromatic
ring. GO consists of a lot of hydroxyls and shows extensive aro-
maticity in the form of pristine sp>carbon domains between
the oxidized regions, but does not show high activity as a
hydrogen-donor. Usually for the most accepted models regard-
ing GO structure, the OH groups are placed out-of-plane at
basal sites, while the oxidation of the C=C double bonds has

This journal is © The Royal Society of Chemistry 2023

generated sp® local sites which do not render the adjacent
bonded structure capable of radical resonant stabilization.
These basal OH groups on GO do not lead to high anti-oxi-
dation activity. Consequently, the basic radical scavenging
sites seem to be connected to the pristine sp’-carbon
domains, that function through adduct formation® or electron
transfer, as depicted in Fig. 6. For experiments involving UV-
induced 'OH generation, the protection result is a synergy of
UV absorption and radical scavenging by graphene.

For the case of the other 2DMs, the protection ability can
be only secondarily ascribed to the different UV absorption
spectra which are depicted in Fig. S6C, S7C and S8C.} Based
on their UV-visible absorbance spectra, it is obvious that all
three of them absorb UV light but in different wavelengths.
MoS, and hBN have a clear absorbance peak at 230 nm, while
WS, absorbs at 248 nm. This parameter should make a differ-
ence in their preventive antioxidant function since the acceler-
ated aging was performed by using UVC light (250 nm).
According to the protection factors for aging with UV light,
indeed, WS, showed the highest protection. At the same time,
comparing the protection ability of MoS, and hBN against
fading upon exposure to UV light, there is a huge difference in
the numbers, which means that the UV absorbance of the 2D
materials cannot be considered the only property responsible
for their protective effect. This statement can also be verified
by the fact that both transition-metal dichalcogenides have
similar absorbance spectra of visible light, yet the tungsten

Nanoscale, 2023, 15, 5414-5428 | 5423


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2nr05795f

Open Access Article. Published on 23 February 2023. Downloaded on 12/12/2025 9:11:12 AM.

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

(cc)

Paper

disulphide exhibited a higher anti-fading effect. In the case of
hBN, it does not absorb in the visible region and consequently
has the lowest protection ability in the accelerated aging
experiments with visible light. A crucial observation from the
PF plots (Fig. 4) is the fact that none of the 2D materials seems
to be affected by the type of light used for aging, and as a
result, the calculated PFs are similar for aging with UV and
visible light, for each material. Thus, it can be concluded that
the light absorbance of each material, particularly at the wave-
length of the light that is used for aging, affects the protection
ability of the 2D materials; however, it is not the dominant
property for their anti-fading result. From a literature review
about the anticorrosion and antioxidant applications of 2D
materials, several publications can be found reporting the
incorporation of flakes of 2D materials, produced mainly by
the LPE method like the one used in this work, in polymer
matrices to enhance their mechanical, thermal and chemical
stability. The most appealing property of hBN is its superior
chemical inertness. According to literature, only the edges of
hBN can become chemically active, and only the electrophilic
boron atoms of these edges can form covalent bonds with OH-
radicals.”®”! At the same time, the in-plane bonds of hBN are
very strong, which means that hBN sheets in few-layers flakes
are less prone to breakage during the exfoliation, and fewer
edges are created.”>”® As for the transition-metal dichalcogen-
ides, there are several references about their gas barrier pro-
perties, antibacterial and thermal resistance ability.”*”>
Because these materials do not have such stable structure as
GNPs and hBN, flakes with more edges are created during
their exfoliation.”®”” Mostly monolayers but also few-layered,
can absorb humidity and oxygen species at edges and
vacancies of their structures.”® The transition-metal dichalco-
genides protect the dye by trapping ROS and corrosive gases in
their structure, eliminating thus the degradation reactions that
occur on the surface of the dye. Summarizing all the above,
the other 2D materials show less anti-fading effect than GRMs
because, despite their undoubtful UV light absorbance pro-
perties, they either remain chemical inactive and cannot
prevent the degradation reactions (hBN) or the ROS trapping
ability is not so sufficient (MoS,, WS,). All the scientific evi-
dence indicates that the highest protection effect of GNPs can
be attributed to the balance of the radical scavenging ability
while retaining their chemical inertness in combination with
light absorbance.

GNPs demonstrate OH radical scavenging properties inver-
sely proportional to their total surface area according to the
following order FLG > rGO > GO.®* However, in our experi-
ments, we note that GO-doped colours present a protection
factor comparable with GNPs, despite GO content is one order
of magnitude lower. In order to clarify this aspect, we should
recall here that it has been demonstrated that GO can be
reduced in water by UV light.>”*® We also examined a possible
reduction of GO wusing white/visible irradiation and UV
irradiation as well. In these experiments (Fig. S14t), GO had
not been added inside some ink but only diluted to deionized
water. From Fig. 6, the Raman spectra of such sample after
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irradiation clearly indicate the reduction of GO but each
irradiation leads to different degree of reduction. It is evident
that for the starting material, the characteristic D- and G-peaks
are present, respectively, at 1355 and 1584 cm™" with a D/G
intensity ratio of 0.85. After irradiation, the spectra exhibit a
slightly shifted G-band peak towards higher wavenumbers and
D/G intensity ratios of 0.78 and 0.76, for the reduction with
visible and UV light, correspondingly. This can be ascribed to
the graphitization of the prepared sample, as already reported
in the literature,”® and additionally, implies that the residual
stress/strain before and after the reduction remains unal-
tered.®® However, the D/G intensity is highly dependent on the
exact composition of the starting GO and the method through
which the reduction process is obtained.®" One of the key para-
meters affecting the efficiency of the reduction of GO is the
total energy transmitted by the light ray to the sample, which
is in fact required to break the C-O, C=0O bonds. The energy
absorbed by the sample or the absorption rate of the light is
another factor contributing to the reduction of GO. Based on
the absorbance of untreated GO solution, GO light absorption
is optimum at wavelength about 234 nm. The UV wavelength is
about 254 nm, which is near to the optimum absorption wave-
length for GO while for the white/visible light, a distribution of
the absorption is obtained across these wavelengths. However,
it seems that the reduction observed with UV light is less
intense compared to white/visible light, since the intensity of
G and 2D peaks of the former is less prominent than the
latter. It is assumed that the influence of the temperature
(55 °C) attributed to the white/visible light applied on the GO
causes its further reduction. From Fig. 6, it is observed that
GO, before and after aging with UV light, exhibits an absorp-
tion peak at 235 nm - that corresponds to © — n* electronic
transitions due to the C=C bonds of GO - and a shoulder at
~300 nm - corresponding to n — n* electronic transitions due
to the C=0O bonds of the carbonyl and carboxylic groups
located in the GO lattice, exactly as reported in literature.>® As
the exposure time increases, the intensity of the absorption
peak increases and this can be ascribed to GO reduction, the
sp> hybridization being restored and the perfect graphene
structure being approached. Fig. S147 shows the diluted GO
before treated with UV and visible radiation. After the GO solu-
tions were treated with UV for 160 hours, their optical appear-
ance was changed from almost transparent to slightly brown. A
similar effect can be observed for samples irradiated with
white/visible light for 60 hours. The appearance changes
slightly to bright brown especially for concentration solution
0.5 and 1%, but with a simultaneous formation of dispersed
particles inside the solution.

For incident UV irradiation, a photoinduced chain reaction
seems to be responsible for the reduction of GO.”® The reac-
tion is initiated using ultraviolet radiation that photo-ionizes
the solvent which is water/ethanol binary mixture, releasing
solvated electrons, which trigger the reduction. GO is trans-
formed into rGO after the capture of the solvated electrons
generated by ultraviolet photoionization of the solvent.”® This
reaction has been linked to the non-thermal nature of the

This journal is © The Royal Society of Chemistry 2023
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chemical reduction in that it is the chemical potential of the
solvated electrons’® that initiates the reduction instead of
heating effects on barrier crossing. On the other hand, the
reduction of GO via visible light®” and heating it* is already
known and well-presented. The in situ chemical reduction that
occurs when the GO-doped ink or paint is exposed to UV or
visible light, implies that the content of graphene-like struc-
ture increases with the exposure time. This does increase the
resistance against fading of the colour, thus giving a ‘smart’
feature to the ink/paint itself.

The synergy of UV and visible absorption, which, in turn,
can lead to a larger number of graphene-like structures with
time (in case of the reduction of GO), radical scavenging, elas-
ticity and high surface area render GNPs appropriate for tar-
geted anti-oxidation applications as dispersed fillers, or as
agents which reduce the production of ROS.

Conclusions

In this work the protecting ability of graphene and other two-
dimensional materials against the fading of inks and paints
used in art and in architectural/buildings is presented. First of
all, a green route for the liquid-phase exfoliation of graphene
and other 2D materials using a water-based solvent is
implemented. The successful dispersion of well-exfoliated
nanomaterial has been achieved in dyes and commercial inks
and paints, without significant changes of the visual appear-
ance of the colours. Graphene-related materials (few-layer gra-
phene and graphene oxide) and other 2D materials (hBN, WS,
and MoS,) have been found to protect several dyes and inks,
with a maximum protecting factor of ca. 40%. GNPs were
added also to architectural paints, which were subjected to a
specific aging protocol combining the effects of temperature,
humidity and UV radiation. Graphene was found not only to
protect the colour of the paint with a protection factor of 23%,
but also to prevent the formation of morphological defects on
the surface of the paint. GO has been found to enhance the
electrical conductivity of the architectural paints, fostering an
anti-static behaviour which underlines the multi-functionality
of such developed paints. Raman spectroscopy and UV-vis spec-
troscopy were adopted to investigate the mechanism of colour
protection provided by GNPs, which is based on the synergy
between UV absorption and the ability for radical scavenging of
reactive oxygen species, for such materials. In particular,
regarding the GO-doped colours, it was found that the intrinsic
protection function is improved by the UV-assisted chemical
reduction that occurs in situ during the aging of the paints.
This phenomenon provides a smart feature to the GO-doped
inks and paints, as the content of graphene-like structure
increases with the ageing time. The proposed solution rep-
resents a feasible technology to get on the market in the close
future; in fact, the green exfoliation/dispersion of the nanofiller
is scalable and could be easily implemented within a typical
production process of paints or varnishes based on mixing and
dispersion steps. The convenient process and the tiny amount

This journal is © The Royal Society of Chemistry 2023
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of nanofiller necessary to achieve good functionalities are not
expected, therefore, to impact dramatically on the final cost of
the 2DM-enhanced paint.
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