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Heritage assets promote economic development through 
tourism and the art industry, and improve quality of life 
in the general population, favouring social inclusion and 

equality1. Therefore, strong efforts should be made for the preserva-
tion of art ensuring its transfer to future generations. New materials 
and techniques usually display marked sensitivity to environmen-
tal conditions, resulting in the short lifetime expectancy typical of 
modern and contemporary artworks2. For example, the exposure 
of artworks to ultraviolet (UV) and visible light in the presence of 
oxidizing agents triggers colour changes, yellowing and fading3. The 
consequence of the above degradation mechanisms is the severe and 
irreversible alteration of artworks that are inestimable legacies of 
mankind. A notable example that has recently been reported4 is the 
colour change of Van Gogh’s ‘Sunflowers’, in which crystals of red 
lead have turned into white plumbonacrite due to the reaction of 
paint impurities with light and CO2. It is well known that the selec-
tive reflection of visible light by dyes results in their corresponding 
colours. The absorbed photons, however, especially those of higher 
energy, can excite molecules from the ground state, triggering a 
series of chemical reactions resulting in colour changes or fading. 
Photodegradation processes induce irreversible colour alterations 
that cannot easily be predicted or prevented. Among all the envi-
ronmental parameters that can affect art materials, light exposure is 
evidently the only one that cannot be controlled without any impact 
on the visual appearance of the artwork.

Recent scientific developments can provide innovative solutions 
and methodologies capable of preserving our artistic, historical and 
architectural patrimony. Some researchers have pioneered the use 
of nanomaterials for the conservation of cultural heritage, which 
have been successfully tested over the years on several art master-
pieces5. Herein we examine the applicability of graphene as a protec-
tive coating for artworks such as graphic art pieces and drawings. 
One important characteristic of graphene is that it exhibits high 
in-plane stiffness and strength6,7 but it can easily be flexed due to its 

extremely small (atomic) thickness. Furthermore, it is impermeable 
to harmful compounds, such as oxygen, moisture8 and corrosive 
gases9,10 and can adhere quite easily to substrates through the forma-
tion of van der Waals bonds11,12. Thanks to these properties, along 
with hydrophobicity13 and light absorbance14, graphene appears to 
be an ideal candidate for the protection of artworks belonging to 
museums, collections and galleries, during storage and transporta-
tion. In addition, graphene adheres to any clean surface but, due to 
its atomic thickness, can easily be removed from it, in contrast to 
currently available commercial polymeric coatings. Thus, it exhibits 
a competitive advantage over other protective materials and sub-
stances for the protection of artworks from colour fading.

Nowadays, chemical vapour deposition (CVD) graphene films 
of up to 30 × 30 cm2 can be routinely produced, while continuous 
roll-to-roll processes have been recently developed commercially15. 
Transfer of high-quality, large-area CVD graphene on different 
flexible substrates has been developed16–18 and several attempts to 
deposit graphene on bare paper have been reported19,20. However, 
the direct deposition of graphene on artworks may not be straight-
forward since the wet transfer and hot lamination conditions can be 
detrimental for fragile painted substrates. The strategy we designed 
to prepare CVD layers of graphene and transfer them on mock-ups 
and real artworks using a tailor-made roll-to-roll approach21 is shown 
in Fig. 1 and Supplementary Fig. 1. In particular, high-quality CVD 
monolayer graphene was employed in the process (Supplementary 
Fig. 2). The use of a pressure-sensitive adhesive film (PSAF) in the 
transfer process has been demonstrated to enable graphene wet-
ting on the final substrate22, thus maximizing the contact area and 
van der Waals interactions. Also, the low work of adhesion between 
the PSAF and graphene, compared with that between the graphene 
and the destination surface, facilitates the transfer (see theoretical 
analysis reported in Supplementary Discussion and Tables 1 and 
2) that can be carried out at mild pressure and temperature condi-
tions (Methods), without the use of surface modifier or adhesives19. 
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Furthermore, we demonstrate that the proposed roll-to-roll method 
does not affect the mechanical integrity of typical paper substrates 
used in graphic arts (Supplementary Fig. 3).

Using the proposed method, graphene can be successfully 
transferred over different substrates (that is, glossy paper, card-
board and canvas), as demonstrated by Raman spectroscopy. In 
fact, the presence of the graphene Raman graphitic (G) and sec-
ond order (2D) peaks23 is evidence of the successful deposition of a 
graphene veil onto artworks (Fig. 1b). More specifically, the clearly 
observed 2D peak is strong and symmetrical; however, the identi-
fication of G and defect-sensitive D peaks is not straightforward 
due to the superimposing spectral background of the substrates 
and requires peak deconvolution (Methods). Following this, the 
G peak has been found to be located at ~1,585 cm−1 for all the 
systems, thus revealing a slight residual compression of graphene 

after transfer. Finally, a very small D peak is discerned for gra-
phene transferred on glossy paper and cardboard, thus demon-
strating that the defect density is low after transfer on moderately 
rough papers. On the contrary, for canvas, which is the substrate 
with the highest root-mean-squared roughness (Rq ≈ 3.9 μm), a 
notable D peak is observed by the deconvolution analysis, and 
this indicates a higher defect density for substrates with higher 
roughness (Supplementary Fig. 4). Moreover, the homogeneous 
distribution of intensity of the 2D peak presented in the Raman 
mapping shown in Fig. 1c confirms that graphene can be success-
fully transferred over large surfaces with high coverage using the 
roll-to-roll process employed here. Furthermore, scanning elec-
tron microscopy images of paper with and without graphene also 
prove the presence of graphene, highlighting its typical wrinkled 
and folded morphology (Supplementary Fig. 5).

Cu foil

Graphene/Cu foil/graphene

Adhesive film/graphene/Cu foil

Adhesive film/graphene

Adhesive film

Graphene/painting

1. CVD graphene
    growth

2. Rolling

3. Oxygen plasma

4. Copper
    etching

5. Unrolling

6. Graphene
    transfer

a

2,000

2,400

2,800

3,200

3,600

4,000
I(2D)

1,200 1,400 1,600 2,600 2,800

1LG on canvas

R
el

at
iv

e 
in

te
ns

ity Canvas

1LG on cardboard

Cardboard

G

Raman shift (cm–1)

D 
G 2D 

GD 

1LG on glossy paper

Glossy paper

D 

2D 

2D 

cb

Painting

Adhesive film/graphene

Adhesive film/graphene/
Cu foil/graphene

Graphene/Cu foil/
graphene

Adhesive film
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By repeating the roll-to-roll procedure on the same substrate 
(meaning on the PSAF and not the final target substrate, which 
is the art object), multilayered graphene films can be deposited. 
Preliminary tests on the use of graphene to protect artworks were 
conducted on paper mock-ups featuring several light-sensitive 
dyes and inks, and covered with mono-, bi- and trilayer graphene 
(Fig. 2a). In all cases, the visual appearance of the graphene-coated 
mock-ups was investigated and the colour difference after depo-
sition has been expressed in terms of the ΔE* (colour difference) 
index (Supplementary Table 3). For samples covered with a mono-
layer graphene veil (number of layers, N = 1), the measured ΔE* 
values range from 1.9 to 8.9, depending on the type of colour. 
Generally, the presence of graphene is only perceptible under close 
observation when deposited on dark colours (such as blue), whereas 
it is perceptible at a glance when deposited on light colours (such 
as pink)24. For N > 1, higher ΔE* values are measured as a result of 
the gradual darkening of the covered surfaces (each layer absorbs 
2.3% of visible light). It is worth noting that these values are still 
lower than those measured on the same set of samples covered using 
commercial products for the prevention of colour fading (Extended 
Data Fig. 1). On such samples, the ΔE* values range from 17 to 20, 
which in our opinion cannot be considered acceptable for artwork 
conservation, in spite of the effective anti-fading protection that 
they provide. Furthermore, the tested commercial products are not 
easily removable from the artwork surface, in contrast to the gra-
phene veils, which can easily be removed (see also below).

The experimental samples covered with mono-, bi- and trilayer 
graphene were artificially aged under different lighting conditions 
(neon and white/visible light lamps, UV radiation; Methods and 

Supplementary Fig. 6) to induce the fading of the colours. To com-
pare the colorimetric coordinates after ageing of bare samples ver-
sus samples covered with graphene, we have calculated a protection 
factor (PF), according to:

PF (%) =
(

ΔE∗colour without graphene−ΔE∗colour with graphene
ΔE∗colour without graphene

)

× 100
(1)

As shown in Fig. 2b,c and Extended Data Fig. 2, monolayer 
graphene veils demonstrate an average PF of 23.8% after 5 days of 
exposure to UV light and 9.6% after 4 weeks exposure to visible 
light. Protection factor has been found to increase almost linearly 
with the number of graphene layers, regardless of the type of light 
used for the ageing of samples. More specifically, graphene veils 
have been found to provide protection factors as high as 73% upon 
ageing with UV light for N = 3 but higher values are envisaged for 
N > 3. It is important to note here that PF offered by monolayer 
graphene has been found to vary with substrate type. In particu-
lar, the PF values are higher for glossy paper, while lower values are 
measured on quite rough surfaces such as canvas (Fig. 2d). This is 
in line with the better quality of deposited graphene obtained on 
nanometre-smooth substrates as shown by Raman spectroscopy 
(Fig. 1b); however, it is important to underline that even in the case 
of substrates with a microroughness, such as canvas (Fig. 2d), gra-
phene veils still provide protection against colour fading.

Degradation of dyes is usually due to photolytic processes, which 
can involve reactions with oxygen (or singlet oxygen species generated  
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by UV light) or water molecules25–29. Tartrazine, a yellow azo dye, 
was used to monitor the protective effect of graphene coating against 
the colour fading in an oxidative environment. It is well known that 
tartrazine undergoes photolytic degradation under UV and visible 
radiation. Its complete discoloration is due to azo bond cleavage 
and subsequent rupture of the five-membered ring (Fig. 3a)26. As 
shown in Fig. 3b, after exposure to UV light for 5 days, the charac-
teristic Raman peaks of tartrazine weaken, compared with the card-
board peak located at 1,094 cm−1, as a result of the decomposition 
of the dye. However, when monolayer graphene is deposited onto 
tartrazine, its Raman spectrum remains unaltered after exposure 
to UV light. This provides a spectroscopic proof of the effective-
ness of graphene against colour degradation. It is also important 

to note here that in this process, the spectral features of graphene 
are still evident, although the small increase in the D/G ratio indi-
cates a slight increase in defect density (shown in Fig. 3b(iv) and in 
Supplementary Fig. 7 for the other substrates). This is an important 
manifestation of the durability of graphene as a long-term protec-
tive layer of artworks. In addition to that, it is important to note that 
the graphene coating remains intact when the graphene/substrate 
system is subjected to a bending fatigue test (Supplementary Fig. 8), 
which simulates practical conditions of possible mechanical loading 
during the lifetime of the art object.

The protection against dye photodegradation provided by 
graphene can mainly be attributed to two of its most character-
istic features, that is, its capability of absorbing UV light27 and its  

1,200 1,400 1,600

*

iv. 1LG on TZ/CB

ii. TZ

vi. 1LG on TZ/CB
after UV exposure

v. TZ/CB
after UV exposure

iii. TZ/CBR
el

at
iv

e 
in

te
ns

ity
, (

a.
u.

)
Raman shift (cm–1)

i. CB paper

G

G

D

D

*

200 300 400 500 600 700 800

75

80

85

90

95

100

200 300 400 500 600 700 800
0.00

0.02

0.04

0.06

0.08

0.10

0.12

T
ra

ns
m

itt
an

ce
 (

%
)

Wavelength (nm)

1 Graphene layer
2 Graphene layers
3 Graphene layers

A
bs

or
ba

nc
e 

(a
.u

.)

Wavelength (nm)

H2O

•OH
1O2

O2

HO

HO

HO
N

N

OO

O
N

N

N

NH

H

N

N

OO

H

H2N

HO N

NN

O O

H

N

N

NN

OO

NaTartrazine

a

UV

Product I

Product II

Product III

Product IV
Product V

NaO3S

HO3S

SO3Na

SO3

N

–

SO3
–

SO3
–

SO3
–

SO3
–

b

c d

Fig. 3 | Mechanism of protection against photo-fading of colours. a, Mechanism of the degradation of tartrazine26. b, Representative Raman spectra of 
cardboard (CB), tartrazine (TZ), tartrazine-coloured cardboard (TZ/CB) before and after ageing with UV light, single-layer graphene-coated tartrazine-coloured 
cardboard (1LG on TZ/CB) before and after ageing with UV light. Lorentzian fits (represented by the coloured peaks) are superimposed on the experimental 
data. c, Transmittance spectra of a graphene veil with increasing number of layers, synthesized with the CVD method. Inset: the corresponding absorption 
spectra in absorbance units. d, Sketch of protection mechanism provided by graphene veils against colours fading. a.u., arbitrary units.

Nature Nanotechnology | www.nature.com/naturenanotechnology

http://www.nature.com/naturenanotechnology


ArticlesNaturE NanOtEcHnOlOGy

impermeability to oxygen and water molecules30–33. In Fig. 3c, the 
UV–visible transmittance and absorbance spectra for dry graphene 
transfer for one, two and three layers are shown. Graphene shows an 
asymmetric broad absorption peak at 270 nm, and its overall absor-
bance increases almost proportionally with increasing number 
of layers (Fig. 3c inset). In fact, taking into consideration that the 
reflectance of graphene is negligible, the UV absorbance at 270 nm 
for monolayer graphene reaches 8% and can reach 25% in the case of 
trilayer graphene. In the visible range, monolayer graphene absorbs 
about 2.3% of incident light allowing for the transmission of the 
remaining 97.7%. The application of an increasing number of gra-
phene layers lead to a substantial increase in the absorbance within 
the visible range32. This is mainly due to the random (incommensu-
rate) stacking of the hexagonal lattices of the upper and lower layers, 
which results in much weaker interlayer interaction compared with 
exfoliated (Bernal stacked) multi-layer graphene21. The explanation 
for this behaviour has already been presented in previous publica-
tions14,23 and has also been reproduced in Supplementary Fig. 9. 
Although graphene sheets of large dimensions produced by the CVD 
process are not free of defects (such as wrinkles, gaps and tears), it 
has been demonstrated (Supplementary Fig. 10) that they can still 
provide impressive shielding against diffusion of oxygen, moisture 
and other species (for example volatile organic compounds, VOCs) 
to the underlying substrate33–36. The stacking of additional layers 
further improves the barrier effect since any discontinuities (gaps 
or tears) on a given graphene layer are covered/remedied by the 
subsequent overlying veils35,36. The anti-fading function of graphene 
veils is therefore based on the synergetic mechanism involving the 
reduction of the harmful radiation transmitted to the artwork and 
the effective blockage of the diffusion of oxidizing agents (Fig. 3d).

Graphene is known to be impermeable to several corrosive 
gases37–39. This point may represent a key factor in art conservation 
because environmental factors such as air pollutants, human emis-
sions and VOCs, which are emitted from surrounding materials and 
from objects themselves, are known to represent a further source of 
damage for artworks in display or storage. In this regard, we have 
performed several tests on the fading of a green dye in the presence 
of acetic acid, which is one of the most common VOCs. As reported 
in the Supplementary Information, when a graphene layer is depos-
ited on the coloured surface, the fading of the dye is impeded con-
siderably (Supplementary Fig. 11). In addition to that, as depicted 
in Supplementary Figs. 12 and 13, the presence of graphene layers 
increases the hydrophobicity of the treated surface and prevents 
the penetration of oils on porous substrates (Supplementary Figs. 
12 and 13). Overall, we can conclude that graphene veils have been 
found not only to protect colours from photo-fading but also from 
degradation induced by other harmful substances.

Having proven the effectiveness of graphene veils in reducing the 
fading of colours on mock-ups, further tests were then conducted 
on a series of real artworks that features highly light-sensitive inks. 
Here, artworks were artificially aged under lighting that is commonly 
used in museums and galleries (for example, neon and white light 
lamps). For instance, the artwork entitled ‘Triton and Nereid’, shown 
in Fig. 4a, was half covered with a single layer of CVD graphene, 
prior to being subjected to prolonged, accelerated ageing under 
white light (1,050 hours, which is equivalent to ≫200 years of con-
tinuous exhibition of the artwork in museum lighting conditions, 
as estimated based on refs. 40,41). The colour changes of light blue 
and pink dyes in the protected and unprotected areas were moni-
tored over time and are reported in Fig. 4b. An overall protection  
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factor (PF) for the light blue dye of ~38.5% and for the pink dye of 
27.5% were obtained after 130 hours of exposure (equivalent to ~65 
years40,41). The different fading of the two spots can be ascribed to 
the different light-fastness of the dyes used by the artist. When aged 
under visible light for 1,050 hours, the light blue dye shows a PF of 
~35%. Similar data were obtained for another artwork belonging to 
the same series, entitled ‘Resistance’ (Supplementary Table 4). This 
clearly demonstrates the effectiveness of monolayer graphene in the 
protection of highly light-sensitive dyes from fading providing a 
proof of concept on its potential use in art conservation.

Even if it is not always feasible, the reversibility of the treatment, 
especially in the case of paintings and graphic artworks, is a desired 
feature. As indicated above, graphene adheres to surfaces via weak 
bonds and this should favour its removability12. Therefore, to verify 
our hypothesis, we deposited on ‘Biplane, Handley Page H. P. 42’ 
a single layer of CVD graphene, and then removed the protective 
coating, by means of a soft rubber eraser (Fig. 5a). To assess the 
effect of removal, colorimetric coordinates (ΔE*) were recorded on 
three coloured spots before and after graphene deposition, and after 
the removal of the veil (Fig. 5b). The colour differences measured 
before deposition and after the removal of the graphene layer are 
within experimental error. This proves that the process is reversible 
and that the graphene veil can easily be removed without damaging 
the optical integrity of the artwork, as verified also by SEM inspec-
tion (Supplementary Fig. 14).

A final test was carried out on paper mock-ups featuring the 
pink ink used in real artworks, to check the condition of the colour 
underneath the graphene layer after ageing. To this aim, colorimet-
ric coordinates were recorded (i) before and after graphene deposi-
tion; (ii) before and after ageing; and (iii) at the end of the ageing 
process after the removal of graphene. The results of the experi-
ments are summarized in Fig. 6 and in Supplementary Table 5. As 

shown, the colour that was not protected by graphene displayed 
a ΔE* of ~10.2 (Sketch 1) after 70 hours. When graphene is pres-
ent, the ΔE* at the end of the ageing is ~4.6 (Sketch 2). Just after 
the removal of graphene using a rubber eraser (Fig. 5), a similar 
ΔE* of 5.4 was recorded, which clearly demonstrates that the pres-
ence of graphene ensures the protection of the colour underneath 
(Sketch 3). Similar results were obtained after shorter ageing times, 
as reported in Supplementary Table 5.

Overall, we have demonstrated the successful roll-to-roll transfer 
of graphene on glossy paper, cardboard and canvas, and the effec-
tiveness of graphene veils against colour fading upon exposure to 
radiation, oxidizing agents, and other harmful agents, such as VOCs 
and oils. It is clear that the roughness of the substrates, which in 
graphic artworks generally ranges from several nanometres to a few 
micrometres (Supplementary Fig. 4 and refs. 42,43), can be a critical 
issue in the deposition of a monoatomic veil such as graphene and, 
consequently, on its protective action. For substrates with higher 
roughness, it is generally recognized that graphene can homoge-
nously cover only very small areas because the presence of asperities 
may result in cracks and tearing20. Therefore, the direct deposition 
of graphene veils may not be envisaged for artworks with extremely 
rough surface or even embossed patterns, such as brushstroke-laden 
paintings, and for historical fragile artworks. Hence, we have 
explored a complementary, contactless graphene-based route for 
colour protection, which is based on the deposition of CVD gra-
phene on picture framing glass. As reported in the supplementary 
information, the addition of monolayer graphene on a commercial 
museum glass can improve its protection factor without affecting its 
transparency (Supplementary Discussion and Extended Data Fig. 
3), proving that, if the surface coverage of artworks is not feasible, a 
different, thus still effective, alternative solution based on graphene 
can still be available.

In conclusion, with graphene being a bidimensional barrier, 
not only to light, but also to oxygen, moisture and other harmful 
agents, this proof of concept could pave the way for developing 
ground-breaking solutions for the full protection of paintings and 
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graphic artefacts, which would be useful both for display and during 
storage or transportation, common operations for museums, galler-
ies and art collections (Supplementary Video).
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Any methods, additional references, Nature Research report-
ing summaries, source data, extended data, supplementary infor-
mation, acknowledgements, peer review information; details of 
author contributions and competing interests; and statements of 
data and code availability are available at https://doi.org/10.1038/
s41565-021-00934-z.
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Methods
Production of graphene veils. Graphene monolayers were synthesized on copper 
foils in an Aixtron BM Pro CVD chamber. The copper foils were supplied by 
Halcor (Viohalco) and used as the catalyst substrate. For graphene production, 
the foil was cut into 7 × 7 cm2, cleaned using isopropanol to remove any organic 
contamination and introduced into the CVD chamber. After closure, the pressure 
of the chamber was immediately pumped down to 0.1 mbar and then a mixture 
of argon/hydrogen (Ar/H2) gases was introduced (250 SCCM/50 SCCM) with a 
pressure below 25 mbar. The foil was heated to 1,000 °C for 5 min for annealing. 
Afterwards, the sample was cooled down to 925 °C while methane (CH4) was 
introduced into the chamber (10 SCCM) as carbon feedstock to initiate the 
graphene growth on copper foil surface. After 5 min, the H2 flow was terminated, 
the chamber was cooled down to 650 °C and the CH4 flow was also terminated. 
Then, the chamber was cooled down to room temperature under an argon 
atmosphere.

Graphene transfer method. The roll-to-roll method22, with no use of solvents or 
chemicals, is ideal for deposition of graphene without damaging the artworks. For 
that reason, a tailor-made roll-to-roll machine based on a commercial laminator 
was designed and built. The whole procedure is shown in Fig. 1a. Firstly CVD 
graphene is cleaned of dust, dirt and/or water molecules by purging with nitrogen 
gas on its surface. The specimen is then attached to one side of a commercial 
flexible polyester (PET)/silicone membrane by employing the roll-to-roll machine 
(Supplementary Fig. 1), at a rolling speed of 0.195–0.325 mm s−1 and pressure of 
0.1–0.5 MPa. The PET/silicone film was chosen as a backing substrate because it 
adheres well to the copper sheet with the graphene on top of it and is transparent 
and flexible. It is also resistant to the aggravating agents of subsequent processing 
steps (oxygen plasma, etching and pressure-transfer temperature). The graphene 
deposited on the other side of the membrane is then removed using oxygen 
plasma. Subsequently, a water solution of 0.1 M ammonium persulfate is used to 
etch the copper and, afterwards, deionized water is used to clean off any remaining 
dirt or ammonium persulfate residue. The PET/silicone/graphene membrane is left 
for at least 8 hours inside a vacuum chamber in order to be dehydrated. Afterwards, 
the membrane is ready to be transferred onto a paper substrate. For the graphene 
transfer, the reverse procedure of rolling, that is unrolling (or delamination) (Fig. 
1a), is performed, using the same parameters indicated above, at a temperature of 
50–55 °C. For the deposition of bi-, tri- or multilayered membranes, we repeated 
the same procedure so as to have non-Bernal stacked multilayers.

The dry transfer method is based on the use of PSAF, such as the PET/silicone 
membrane adopted herein as a supporting layer. It takes advantage of the difference 
in wettability and adhesion energy of graphene with respect to PSAF and the target 
substrate. The PSAF layer is then simply peeled off from the target substrate, thus 
leaving the graphene membrane on the substrate. The basic parameters that define 
the success of the transfer process are estimated to be the transfer rate, temperature 
and pressure. Empirically, we have observed that the lower the transfer rate, the 
more effective is the graphene transfer. Finally, it was observed that mild heating 
to 50–55 °C has a positive effect on the transfer quality. Such an effect is attributed 
to the change of surface properties of PET/silicone since its surface energy is 
decreased by the thermal treatment. For the graphene membranes, the transfer 
process must be performed at a slow rate to ensure the homogeneous heating of 
graphene and the substrates to the desirable temperature by the laminator rollers. 
Regarding the transfer pressure, it was noticed that application of high pressure 
between the rollers results in a homogeneously transferred graphene film. Hence, 
the design of the laminator was based on the above parameters and findings. A 
commercial cold/hot laminator FJK 320 was modified to be used as the roll-to-roll 
transfer system. The system could operate up to 180 °C and the initial motor speed 
was 3.5 r.p.m., which corresponds to a linear velocity of 9.2 mm s−1, since the roller 
diameter is 2.5 cm. The measured speed was much higher than that required for 
the given application, so the initial motor was replaced by the NEMA-17 stepper 
motor with an integrated planetary gearbox with a 99.51/1 drive ratio. The final 
configuration of the modified laminator is presented in Supplementary Fig. 1.

General information about colorimetric measurements. Colorimetric 
coordinates are extracted from reflectance spectra using standard illuminant D65 
and a standard observer at 10° (CIE 1964). The colour difference between samples 
can be expressed in terms of the ΔE* parameter, calculated from the colorimetric 
coordinates L*, a* and b* which represent luminosity, red–green and blue–yellow 
parameters, respectively, as follows:45

ΔE∗

=
√

(L∗2 − L∗1 )2 + (a∗2 − a∗1 )2 + (b∗2 − b∗1 )2 (2)

To compare the colorimetric coordinates after the ageing of unprotected and 
samples protected with graphene, we use the PF as described in the main text. 
Details about the preparation, characterization and ageing of mock-ups and real 
artworks are reported below.

Paper mock-up featuring a blue and a yellow dye: preparation, characterization 
and ageing. Filter paper disks (Whatman no. 1, 99% made with cotton fibres, paper 
density = 88 g m−2; diameter = 55 mm) and commercial cardboard disks (paper 

density = 250 g m−2; diameter = 55 mm) were used to prepare paper mock-ups. 
On each filter paper disk, 600 µl of Methyl blue (Sigma-Aldrich, product number: 
M6900) and tartrazine (Sigma-Aldrich, product number: T0388) (2.5% (w/w) 
aqueous solution) were applied using a micropipette. On cardboard samples, 2 ml 
of each dye was applied using the same procedure reported above. Samples were 
left to dry under the hood for 48 hours. On each sample, graphene veils of one, 
two and three layers (3.5 × 3.5 cm2) were deposited, using the roll-to-roll method 
described in the section Graphene transfer method. Graphene appears to follow 
the pattern of the surface with no apparent gaps or cracks. On some samples, two 
commercial protective products were applied using a brush: (1) Lascaux – UV 
Protect 1 (archival varnish with UV protection, Gloss 2072, 400 ml) and (2) Lukas 
spruh film (Spray Film with UV protection, Matt 2322, 400 ml). An unprotected 
sample was used as a reference. Before and after deposition, reflectance spectra 
were acquired using a Cary 100 UV–VIS spectrophotometer, working in a 
wavelength (λ) range of 400–700 nm (with 1-nm resolution), equipped with an 
integrating sphere with a circular sampling spot (diameter = 1.5 cm). The error 
related to ΔE* values obtained using this instrument was ±0.5.

All the samples were then artificially aged in an in-house-built ageing chamber, 
equipped with three Neon Light Colour 765 Basic Daylight Beghelli neon lamps. 
The average illuminance was 11,000 lx, relative humidity was 40% and temperature 
was 36 °C. The ageing lasted 4 weeks. A portion of each sample was covered during 
the ageing, to be used as a reference. Every week, reflectance spectra were acquired 
as indicated above. Colorimetric coordinates were obtained as described in the 
section General information about colorimetric measurements. Data obtained in 
these sets of samples are reported in Supplementary Table 3 and Extended Data 
Figs. 1 and 2.

Paper mock-up featuring commercial artistic paints: preparation, 
characterization and ageing. A plethora of paper mock-ups featuring commercial 
artistic paints was also purchased and prepared. Specifically, commercial colours 
like yellow, red, blue and green (Genuine Epson inks) were inkjet-printed onto 
the three under-investigation paper substrates: glossy (photo-printed paper), 
cardboard and canvas. Additionally, some filter paper disks were painted with a 
commercial pink marker (Pink Neon Stabilo) like those shown in Fig. 2a. On each 
sample, graphene veils of one, two and three layers (2 × 2 cm2) were deposited using 
the roll-to-roll method described earlier. For the case of the pink filter paper disks 
only, the graphene veils measured 3.5 × 3.5 cm2. Graphene appears to be following 
the pattern of the surface with no apparent gaps or cracks. A bare sample was used 
as a reference. Before and after deposition, reflectance spectra for the pink-painted 
samples were acquired using a Cary 100 UV–VIS spectrophotometer, working 
in a λ range of 400–700 nm, while for all the other samples, the colorimetric 
coordinates were recorded using an FRU WR-10 portable colorimeter. The error 
related to ΔE* values obtained using this instrument was ±0.5.

The pink-painted samples were then artificially aged for 4 weeks in the same 
ageing chamber that was previously described. A portion of each sample was 
covered during the ageing, to be used as a reference. Every week, reflectance 
spectra were acquired as indicated above. The other samples were artificially aged 
in an in-house-built ageing chamber equipped with a panel of seven lights emitting 
white/visible light and under intense UV-C (254 nm) light. The ageing lasted 5 days 
under the intense UV-C light and 4 weeks under the white/visible light. After 
ageing, the transferred graphene did not show any macroscopic defects such as 
cracks or wrinkles. All these samples are reported in Supplementary Table 3.

Raman spectroscopy. Raman spectroscopy was adopted for spectroscopic 
characterization 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 1,200 grooves mm−1 grating for the 785-nm laser excitation 
and a ×100 lens. The power of the laser beam was kept below 1 mW to avoid 
heating of the specimen. Furthermore, regarding the effectiveness of graphene 
transfer, large-scale Raman mapping on glossy paper after graphene deposition was 
performed on a 1 × 1 mm2 area using a ×20 lens at steps of 10-μm. 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.

‘Resistance’: characterization and ageing. The artwork ‘Resistance’ was donated 
by the artist. It is a painting in Indian inks on glossy paper placed over a canvas 
support. It measures approximately 20 × 20 cm2. To perform our experiments, 
half of the artwork was protected with monolayer graphene using the roll-to-roll 
method described in the section Graphene transfer method. Graphene appeared 
to follow the pattern of the painting surface with no apparent gaps or cracks. The 
artwork was then artificially aged in an in-house-built ageing chamber, equipped 
with three Neon Light Colour 765 Basic Daylight Beghelli neon lamps. The average 
illuminance was 11,000 lx, relative humidity was 40% and average temperature was 
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36 °C. The ageing lasted 16 weeks. A portion of the artwork was covered during 
ageing, to be used as a reference. Every 2 weeks, colorimetric coordinates on 
different spots were recorded using a X-Rite SP60 VIS portable spectrophotometer, 
with an integrating sphere with a circular sampling spot (diameter = 1.5 cm). The 
error related to ΔE* values obtained using this instrument was ±0.75. After ageing, 
the transferred graphene did not show any macroscopic defects such as cracks or 
wrinkles. In Supplementary Table 4, data from the experiments conducted on this 
artwork are shown.

‘Triton and Nereid’: characterization and ageing. The artwork ‘Triton and 
Nereid’ was donated by the artist. It is a painting in Indian inks on glossy paper 
placed over a canvas support. It measures approximately 20 × 20 cm2. To perform 
our experiments, half of the artwork was protected with monolayer graphene 
using the roll-to-roll method described in the section Graphene transfer method. 
Graphene appeared to follow the pattern of the painting surface with no apparent 
gaps or cracks. The artwork was then artificially aged in an in-house-built ageing 
chamber, equipped with a panel of seven lights emitting white light. The ageing 
lasted a total of 1,050 hours. A portion of the artwork was covered during ageing, 
to be used as a reference. After ageing, the transferred graphene did not show any 
macroscopic defects such as cracks or wrinkles. Reflectance spectra were acquired 
using FRU WR-10 portable colorimeter. Colorimetric coordinates were obtained 
from reflectance spectra as described in the section General information about 
colorimetric measurements. The error related to ΔE* values obtained using this 
instrument was ± 0.5. In Fig. 4, pictures and data from the experiments conducted 
on this artwork are shown.

‘Biplane, Handley Page H. P. 42’: investigation of the removability of graphene. 
The painting ‘Biplane, Handley Page H. P. 42’ was donated by the artist. It is a 
painting in Indian inks on glossy paper placed over a canvas support. It measures 
approximately 20 × 20 cm2. This artwork was used to test the removability of 
monolayer graphene from the surface of the artefact. To do so, a graphene veil 
was placed using the roll-to-roll method described in section Graphene transfer 
method (7 × 7 cm2). A soft rubber eraser (grey putty rubber) was used to remove 
the graphene layer after deposition. Before and after deposition, and after graphene 
removal, reflectance spectra were acquired using an FRU WR-10 portable 
colorimeter. Colorimetric coordinates were obtained from reflectance spectra as 
described in the section General information about colorimetric measurements. 
The error related to ΔE* values obtained using this instrument was ±0.5. In Fig. 5, 
pictures and data from the experiments conducted on this artwork are shown.

Paper mock-ups featuring a pink dye: preparation, characterization and 
ageing. Cardboard (Bristol type) was used to prepare paper mock-ups. A pink 
ink (Carmine Red, Pelikan drawing ink) was applied on the samples using a 
paintbrush. Samples were left to dry under the fume hood for 24 hours. On each 
sample, a monolayer graphene veil (7 × 7 cm2) was deposited, using the roll-to-roll 
method described in the section Graphene transfer method. Some samples were 
not protected with graphene and were used as references. The samples were then 
artificially aged in an in-house-built ageing chamber, equipped with a panel of 
seven lights emitting white light. The ageing lasted 70 hours. The bottom part of 
each sample was covered during ageing. At the end of ageing, the graphene was 
removed from the samples using the procedure described in the main text and 
in the section ‘Biplane, Handley Page H. P. 42’: investigation of the removability 
of graphene. Before and after deposition, upon ageing and after the removal 
of graphene, reflectance spectra were acquired using an FRU WR-10 portable 

colorimeter. Colorimetric coordinates were obtained from reflectance spectra as 
described in the section General information about colorimetric measurements. 
The error related to ΔE* values obtained using this instrument was ±0.5. In Fig. 6 
and Supplementary Table 5, pictures and data from the experiments conducted on 
these mock-ups are shown.

Data availability
The data that supports the findings of this study are available from the 
corresponding authors on reasonable request.
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Extended Data Fig. 1 | Comparison of graphene veils with commercial products adopted in prevention of colour fading. Reflectance spectra before (a) 
and during ageing for 4 weeks (b to e) with Neon Light for mockups dyed with methyl blue (MB), coated with mono-, bi- and tri-layer graphene (1LG, 2LG 
and 3LG) and coated with commercial spray (UV1) and commercial varnish (UV2). Pictures of the specimens before (i) and after ageing (ii) are shown in 
F. PF for UV1 and UV2 after ageing are, respectively, 25.7% and 46.6%.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Protection factors (%) for all the investigated coloured mockups. Glossy paper (a), cardboard (b) and canvas paper (c) upon UV 
light exposure; glossy paper upon white/visible light exposure (d); Tartrazine on cardboard paper upon UV light exposure (e); cardboard/filter paper upon 
neon light exposure (f).
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Extended Data Fig. 3 | Graphene-enhanced picture framing glasses. a, Typical Raman spectra of graphene transferred on “museum” glass. b, Statistical 
analysis of 2D/G intensity ratio from analysis of Raman mapping. c, Representative AFM topography of monolayer CVD graphene transferred on glass. 
d, Ultraviolet and visible transmittance spectra for “museum” glass with and without monolayer graphene. e, Pictures of commercial glass (FLABEG 
ARTControl UV60) and of the same glass coated in the central area with a single graphene layer. As shown, graphene is imperceptible and the glass 
transparency is not lost after graphene deposition. f, Protection factors for the commercial museum glass and the same coated with single layer graphene. 
Graphene coating offers an enhancement by ca. 40%.
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