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Graphical abstract (color)

LASER YELLOWING NANOSTRUCTURES

F9304
Irradiated model crust

Fe, O, Ca Fe, O, Ca, S

Ablated particles

Highlights:

e Laser yellowing is linked to the appearance of iron-rich nanostructures
e The iron-rich nanostructures are crystallized

e Two morphologies are observed : nano-spheres and nano-residues

e The nanostructures always contain O and Fe and occasionally Ca and S


mailto:msgodet@gmail.com

e Magnetite Fe3O4 is detected at the nanoscale
Abstract

Nd:YAG QS laser cleaning of soiled stone at 1064 nm can sometimes result in a more yellow
appearance compared to other cleaning techniques. Especially in France, this yellowing effect
is still considered as a major aesthetic issue by the architects and conservators. One
explanation states that the yellowing is linked to the formation of iron-rich nanophase(s)
through the laser beam interaction with black crusts that would re-deposit on the cleaned
substrate after irradiation. To characterize these nanophases, a model crust containing
hematite was elaborated and laser irradiated using a Nd-YAG QS laser. The color of the
sample shifted instantaneously from red to a bright yellow and numerous particles were
ablated in a visible smoke. Transmission electron microscopy (TEM) was used to examine the
morphology and the crystallinity of the neo-formed compounds, both on the surface of the
samples and in the ablated materials. In addition, an investigation of the chemical and
structural properties of the nanophases was conducted by X-ray dispersive energy (EDX) and
electron energy loss (EELS) spectroscopies. It was found that both the surface of the sample
and the ablated materials are covered by crystallized nano-spheres and nano-residues, all
containing iron and oxygen, sometimes along with calcium and sulfur. In particular an
interfacial area containing the four elements was evidenced between some nanostructures
and the substrate. Magnetite Fe3Os was also identified at the nanoscale. This study
demonstrates that the laser yellowing of a model crust is linked to the presence of iron-rich
nanophases including CaxFe,S;0s nanostructures and magnetite Fe;O, at the surface after
irradiation.

Keywords: laser cleaning, yellowing, nanostructures, iron, TEM, EELS
1. Introduction

Nd-YAG Q-Switched laser devices operating at 1064 nm were considered in the 1990s as the
most promising tool to eliminate indurated black gypsum crusts from stone sculptures
(Cooper, 1998). However, the spreading of this laser technology was undermined as a
consequence of the yellow hue it occasionally conveys to the cleaned surfaces (Vergés-Belmin
and Dignard, 2003). This yellowing effect was, and still is considered as a major issue by
conservators and architects: it has raised a strong esthetic controversy in the 2000s especially
in France where the market of laser cleaning of built heritage has almost totally disappeared
nowadays despite its high efficiency (Vergeés-Belmin et al., 2014). To enable the laser technique
to regain a place in restorers’ toolbox, this yellowing needs to be avoided. The first step is
therefore to understand the origin of this phenomenon; therefore, several studies have been
conducted by laboratories since the 2000s. A currently admitted hypothesis states that the
yellowing is linked to the creation of neo-formed compounds through the laser interaction
with black crusts. Those compounds would redeposit instantaneously on the cleaned
substrate upon irradiation (Pouli et al., 2012; De Oliveira et al., 2016a). To verify this hypothesis,
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most studies have been conducted on model crust samples elaborated by mixing synthetic
gypsum CaS04.2H,0 and 1064 nm absorbing compounds present in black crusts such as iron
oxides (hematite a-Fe;Os3) and carbonaceous compounds (graphite, carbon black) (Klein et al.,
2001; Zhang et al., 2007; De Oliveira et al., 2016a). These authors applied the mixture on white
marble or plaster substrates. The model crusts were irradiated using a Nd-YAG QS (1064 nm)
laser and the color of the samples immediately turned to a bright yellow while numerous
particles were ejected in a visible smoke.

Some neo-formed compounds have been observed using scanning electron microscopy
(SEM) at the surface of the samples after irradiation (Klein et al., 2001; De Oliveira et al., 2016a).
However, the chemical and structural nature of the compounds turned out to be very
complex to elucidate, due to the very low amount of matter available and to the nanometric
size of the neoformed material. Investigating such deposits has thus required the use of
sensitive analytical probes specific to nanometer-sized objects.

A few studies have focused on the ablated particulate materials and have shown that they
also contribute to the yellowing effect (Vergés-Belmin and Dignard, 2003; Godet et al., 2016,
2017). In particular, nanostructures containing iron (Fe), oxygen (O) and often calcium (Ca)
have been evidenced on the surface of some ablated gypsum particles using optical,
scanning and transmission electron microscopies (SEM and TEM) (Godet et al., 2016). Traces of
sulfur (S) were also detected, but its detection was difficult to ascertain at the nanoscale.
Besides, as the analysed nanostructures were located on the surface of ablated gypsum
particles, part of the Ca and S detected by analytical SEM and TEM might have originated
from the gypsum substrate (CaS04.2H,0). In addition, the study did not provide any analysis
of the irradiated yellow substrate, leaving some uncertainties on the nature of the
nanostructure present on the yellow substrate surface after irradiation.

The present study aims at filling this gap and at deepening the characterization of the neo-
formed compounds responsible for the yellowing of a model crust containing gypsum and
hematite. To this purpose, the development of a multi-techniques nanoscale characterization
is necessary. A transmission electron microscope (TEM) has been used to examine the
morphology of the nanostructures, both in the ablated materials and on the surface of the
sample. The compounds crystallinity has been studied by selected-area electron diffraction
(SAED). In addition, scanning transmission electron microscopy imaging (STEM) coupled to
energy dispersive X-ray (EDX) and electron energy-loss (EELS) spectroscopies have been used
to determine the chemical composition of the neo-formed phases. Finally, the nature of some
nanophases have been identified using electron energy-loss near edge structure (ELNES)
spectroscopy coupled to high angle annular dark field imaging (HAADF) by comparison with
references.

2. Materials and methods
2.1 Model crust preparation and laser irradiation



A model crust containing 30 w% hematite (ALDRICH, 99%) was elaborated following the
experimental procedure described in De Oliveira et al. (2016b): a white gypsum plate was
synthesized by hydration of a powder of pure calcium sulfate hemihydrate (ALDRICH, 97%) in
distilled water. While the plate was still wet, a mixture of the same calcium sulfate
hemihydrate and red hematite a-Fe>Os (ALDRICH, 99%) powders (70:30 w:%) was sprinkled
over the plate through a coarse-meshed sieve (about 1 mm). The remaining water in the
plate was absorbed by hemihydrate powder thus allowing the crystallization of gypsum as a
crust entrapping particles of hematite and with a microstructure very similar to that of a
natural black gypsum crust. The crust was left to dry for 24 hours.

The model crust was then irradiated using a Nd:YAG Q-switched laser from Thomson BM
Industries. The laser, operating at a wavelength of 1064 nm, produces discrete pulses of laser
energy up to 0.4 J, with a pulse duration of 15 ns. The pulses were delivered using an
articulated mirrored arm and a hand-piece equipped with a 70 cm focal length convergent
lens. The fluence was slowly increased from 0.4 to 0.6 J.cm™ during the cleaning process. The
pulse frequency was 10 Hz and the sample was irradiated at a rate of 3 min.cm™; signifying
that about 1800 pulses are used to clean the samples. The surface of the sample was sprayed
with water prior to irradiation. During the irradiation, the ablated particulate material was
collected on a clean glass slide (76x26 mm?) put vertically aside the sample at a distance of
about 1 cm. The slide was then stored in an airtight box to prevent contamination. Two types
of samples were thus finally available for examination: the irradiated model crust and the
ablated particles.

2.2 Transmission Electron Microscopy analyses

TEM analysis was first performed at 200 kV with a FEG Tecnai F20 equipped with a STEM
device and with an EDAX R-TEM Sapphire Si(Li) EDX detector. The EDX capability coupled to
the TIA ES Vision software (FEI inc.) were used to determine the chemical composition of the
compounds of interest. A sample was prepared by gently scraping the surface of the
irradiated crust substrate under a binocular magnifier. The resulting yellow powder was then
diluted in ethanol and the whole is placed three minutes in an ultrasound bath. One drop of
the suspension was finally deposited on a copper grid covered by a holey amorphous carbon
film. As for the ablated particles, a sample was prepared by rubbing gently the surface of the
glass slide with the same type of copper grid.

In a second step, STEM-HAADF imaging and STEM-EELS experiments were performed at 300
kV using a double aberration corrected FEI Titan® QU-Ant-EM microscope equipped with a
GIF Quantum spectrometer.

For this experiment, two FIB cuts were prepared with a FEI Hélios NanoLab 650 Dual beam
microscope: one from the irradiated surface and one from an ablated yellow gypsum particle.
During the FIB preparation, a few nanometres thick layer of carbon (C) was first applied on
the samples to make them conductive. A few micrometres thick layer of platinum (Pt) was



then coated on the surface to protect the samples. Afterwards the FIB cuts were carved and
thinned using a gallium (Ga) ions beam.

For EELS analyses, spectrum-images were acquired with a spatial resolution varying between
0.5 A and 1 A, and with an energy resolution of approximately 1 eV. Digital Micrograph
software (Gatan inc.) and EELSTools script (Mitchell and Schaffer, 2005) were used to process
raw EELS data. Edge intensity maps were extracted from the spectrum-images to spatially
localize the different chemical elements. EELS spectra were also extracted and their
background was subtracted to study the general shape of the various ionization edges. A
monochromator was used to study the fine structures of the Fe L and O K ionization edges
with a resolution up to 0.3 eV (ELNES).

All the TEM observations were made at liquid nitrogen temperature (-172°C) with a cooling
sample holder in order to limit the gypsum degradation during analysis.

3. Results
3.1 Morphology and cristallinity

For both types of samples, micro-particles of gypsum in the form of rods and platelets are
observed. Two types of nanostructures are detected at their surface (Figure 1):

e Rounded or spherical nanoparticles (nano-spheres), whose diameter ranges from 20
nm to a few hundred nanometres.

e Irregular nano-residues in the form of stacks of particles measuring individually less
than 10 nm. The stacks are generally smaller than 50 nm.

These two types of nanostructures are also observed isolated on the holey carbon film
(Figure 1b., d.). The nano-spheres are often covered by irregular nano-residues.
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Figure 1: Nanostructures observed on the ablated particles (a., b.) and on the irradiated substrate (c., d.); left
= at the surface of a gypsum particle; right = isolated on the carbon film (TEM-BF images); Legend: white
arrows = nano-spheres; black arrows = irregular nano-residues.

Examination of the FIB lamellas confirms the previous observations (Figure 2). STEM-HAADF
imaging of the FIB cut prepared from the ablated particle shows two nano-spheres, one
whose diameter is approximately 50 nm, will be called small nano-sphere and one with a
diameter above 100 nm detached from the surface which will be called big nano-sphere.
Irregular nano-residues with a thickness lower than 50 nm are also observed on the gypsum
substrate surface.

Examination of the second FIB cut prepared from the irradiated surface reveals the presence
of a rounded nanoparticle which larger size is approximately 50 nm and some nano-residues
forming a thin (less than 20 nm) and continuous layer at the surface of the gypsum substrate.
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Figure 2: FIB cut at the surface of one ablated gypsum particle (a., b.) and of the irradiated substrate (c., d.);
left = STEM-HAADF image; right = explicative drawing.

SAED shows networks of spots indicating that the nanostructures are crystalline (Figure 3).
Most of the nano-spheres are single crystalline (Figure 3c¢). Diffraction patterns obtained on
the nano-residues covering the gypsum particle show some single-crystal lattices entangled
together corresponding to the simultaneous diffraction of several compounds or else to
compounds with different orientations (Figure 3d).
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Figure 3: Electron diffraction patterns (SAED) obtained on the nanostructures; a. nano-
sphere (TEM-BF image) ; b. nanostructures at the surface of a gypsum rod (TEM-BF image);
c. et d. corresponding diffraction patterns (acquired on the dotted white circle area).

3.2Chemical and structural investigation

To perform the elemental analysis, quantitative STEM-EDX was coupled to STEM-EELS —a
more qualitative but highly sensitive technique. For both irradiated substrate and ablated
particles samples the chemical analysis leads to the same results.

Three types of chemical composition, O-Fe, O-Ca-Fe, or O-S-Ca-Fe can be found in various
proportions which bear no relation to the morphology of the nanostructures (sphere or
residues). In other words, both nano-sphere and nano-residues may contain O, Fe, (Ca), (S) in
variable amounts.

In all cases, O and Fe are the main elements (Figure 4, Table 1). The Ca amount is very
variable up to more than 20 wt% whereas S is always present in trace amounts (<2 wt%). S is
however easily detected by EELS due to the high analytical sensitivity of this technique
(Figure 5) (Grieten et al., 2017).



50 nm

Figure 4: STEM-EDX analysis of isolated nanostructures (ablated particles); left = STEM-BF image, the light gray lines

correspond to the holey carbon support ; right = corresponding EDX spectra (copper (Cu) originates from the copper
grid).

Table 1: Normalized chemical composition extracted from the Figure 4 spectra (in weight %).

Y%owt (0] Ca Fe

Nano-sphere 374 193 4238

o 32 1.6 2.7

Nano-residues 49.8 29 473

Rounded nanaoparticle
Nano-residues

Nano-residues Rounded nanoparticle

Counts (a.u.)

200 300 400 500 600 700
Energy loss (eV)
Figure 5: STEM-EELS analysis of nanostructures (irradiated substrate); left = spectrum-image (1 nm/pixel);

right = EELS spectra extracted from the indicated area on the spectrum-image, the C detected originates
from the carbon layer applied during the FIB preparation.



Elemental spatial distribution studied by extracting EELS edge intensity maps from a
spectrum-image for the Ca Ly3, S Loz, O Kand Fe L3 edges is presented in Figure 6 for the
small nano-sphere. The different maps show that the small nano-sphere and the adjacent
irregular nano-residues are mainly composed of O and Fe whereas the gypsum substrate
contains, as expected, O, S and Ca. It is worth noting that Ca and S seem to be present in
some sparse area of the nanostructures (dispersed yellow and red pixels on the figure 6c). In
particular a thin interfacial layer (1-2 nanometres thick) containing the four elements O, S, Ca
and Fe, seems to be present between the nanostructures and the substrate.

SI.2'3 Ca L2,3 0K FeL2,3
(165-332 V) (345-489 V) (533-679 &V) (686-832 eV)

Figure 6: EELS analyses of the small nano-sphere and the adjacent nano-residues; a. spectrum-image
(0.5 A/pixel); b. maps superposition; c. edge intensity maps extracted from a.; the interfacial area is
delineated by broken lines on b. (COLOR)

EELS edges spectra are extracted from the different regions of interest with a resolution of
approximately 1 eV (Figure 7). O K edges obtained from the small nano-sphere and the nano-
residues are showing a pre-peak and are different from those obtained on the interfacial area
and on the gypsum substrate which only present a weak shoulder. The O thus seems to have
two types of chemical environment and bonding. Regarding the other elements, S, Ca and Fe
L,3 edges present similar fine structures in the different regions. In particular the Fe L edges
are all shapeless without any discernible pre-peak (a typical fine structure observed for pure
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trivalent iron oxides (Chen et al., 2009). These results indicate that the three elements
configuration (valence and local geometry) are similar in the different analysed area and that
Fe is probably not purely trivalent, meaning that Fe!" and Fe” are both present.

SL interfacial 1Cal
W ® S
3 7 |
2 substrate i
— ] £
g g substrate
SMALL NANO-SPHERE

180 180 200 220 240 260 230 300 300 320 340 360 380 400 420 440
Energy loss (¢V) Energy loss {eV)

NANO-RESIDUES {OK
small nano-sphere Fe I‘z,a

- nano-residues -
e ——— T T q
SUBSTRATE _:g' % small nano-sphere
2 interfacial ares ]
g -W ﬁ nano-residues
' W"‘"‘" T N itz
500 520 540 560 580 600 620 640 660 680 700 720 740 750 780 8OO
Energy loss {eV} Energy loss (aV)

Figure 7: EELS analysis of different area around the small nano-sphere; left = schematic drawing with analyses
localization (white rectangle); right = EELS edges obtained on the different regions of interest. (COLOR)

In order to clarify the nature of the nano-spheres, monochromated EELS analysis has been
conducted with an optimized energy resolution of 0.3 eV (ELNES). Figure 8 shows the results
for the big nano-sphere (only containing O and Fe). Analysis of the Fe L and O K edges reveals
the same fine structures as magnetite Fe""";04 (Almeida et al., 2014). Indeed, the Fe L, edge
seems to be the sum of three different contributions with a local maximum around 722 eV
which is typically observed for mixed valence compounds like magnetite (Figure 8b).
Furthermore, the L3 edge is almost shapeless which is often interpreted as the contributions
of iron in both octahedral and tetrahedral sites (Gloter et al., 2004), both present in magnetite
(Table 1). As for the O K edge, it is typical of those observed for pure magnetite, revealing a
single pre-peak with a shoulder on the high-energy side followed by a broad edge at higher
energy (Figure 8c) (Chen et al., 2009). Therefore we can ascertain that the big nano-sphere is a
nanoparticle of magnetite.
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Figure 8: ELNES spectra obtained on the big nano-sphere (0.3 eV); a. STEM-HAADF image with the analyzed

area marked; b. Fe L,3 edge; c. O K edge ; black arrows indicate the fine structure features used for identification.

4. Discussion

A study previously conducted by Godet et al. (2016) on a model crust containing hematite o-

Fe.Os has shown that nanostructures are present on the ablated particles after laser

irradiation. The present study completes these preliminary results as it demonstrates that

these nanostructures are present both on the ablated particles and on the irradiated gypsum

substrate. Besides, it shows that the nanostructures are crystallized in the form of spheres and

irregular residues and contain O and Fe, often accompanied with Ca and S in various

proportions.

The nanostructures containing only O and Fe crystallize in the form of iron oxides (or iron

oxi-hydroxides) which have been extensively described in the literature (Cornell and

Schwertmann, 2003). Table 2 displays the valence and geometry of Fe atoms in the most

common iron oxi-(hydroxi)des.

Table 2: Valence and geometry of Fe atoms in some iron oxi-(hydroxi)des (Cornell and Schwertmann, 2003)

Name Formula Iron valence Iron geometry
Hematite o-Fe;03 3 octahedral

. 2/3 octahedral

Maghemite y-Fe0; 3 1/3 tetrahedral
Goethite a-FeOOH 3 octahedral
Lepidocrocite y-FeOOH 3 octahedral
Ferrihydrite FesHOg.4H,0 3 octahedral

. 2/3 octahedral

Magnetite Fe304 2and 3 1/3 tetrahedral

In this study magnetite Fe!""";04 has been identified at the nanoscale. Magnetite is a well-
known product of the Nd:YAG (1064 nm) laser irradiation of pure hematite (da Costa, 2002;
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Sanz et al., 2013). It has also been detected after irradiation of model crusts in some previous
studies but only at the macro- (Gracia et al., 2005) or microscale (De Oliveira, 2014). To our
knowledge it is the first time that magnetite has been detected at the nanoscale after
irradiation of a model crust. However, as magnetite is black at the macro and microscale, the
question of its contribution to the yellowing has immediately raised. A modelling of the color
produced by a system composed of magnetite nanoparticles dispersed on a white substrate
has been carried out in Godet (2017). This modelling, based on 4-flux calculations, described
in details in Genty-Vincent et al. (2017), has shown that the color produced by such a system is
ochre beige, indicating therefore that the presence of nano-spheres of magnetite on the
gypsum substrate surface can contribute to the yellowing effect. Several others iron oxides
such as goethite a-FeOOH, lepidocrocite y-FeOOH or maghemite y-Fe,O3 have yellow-
orange tonalities but none of these compounds have been identified in the present
investigation. A diffuse reflectance study previously conducted by De Oliveira et al. (2016b) on
a crust sample reconstituted from some powdery soiling dust has shown that the yellow color
obtained after laser irradiation is linked to an optical spectrum similar to the one of goethite
a-FeOOH. As different minerals can have the same optical spectrum, further structural studies
are however still needed to ascertain this hypothesis.

Aside from iron oxy-hydroxides, crystalline nanostructures containing O, Fe and Ca have also
been detected in the present study. These ternary compounds are stable at room
temperature and ambient pressure under the form of calcium ferrites CasFe,O,, solid
solutions containing iron and calcium oxides (Fe**, Fe**, Ca®* ) (O*) or various complex oxides
such as spinels (Fe**,Fe**)"[Fe?*, Fe**,Ca**1,°04> (Gerardin et al., 1989; Hidayat et al., 2016).
Some of these nanostructures also include S in trace amounts, in particular at the interface
between the nanostructures and the gypsum substrate. To our knowledge no crystallised
compounds containing only these four elements have been described in literature. However,
as the S is always detected in low quantities, we can suppose that these nanostructures have
similar structures as those of O-Ca-Fe compounds incorporating additional S atoms.

The question now rising is: what elements are responsible of the yellow color? A common
feature of the neo-formed compounds is that they all contain Fe. As Fe is a well-known
coloring agent in many yellow minerals and pigments (Burns, 1993), this element is probably
responsible of the yellow hue obtained after irradiation. Further studies on the structure and
the optical properties of the Fe-rich compounds would be useful to determine which type(s)
of the neo-formed compounds identified in this study is (are) responsible of the yellow color.

5. Conclusion

TEM analyses have revealed that the yellowing resulting from the laser ablation of a model
crust containing hematite is linked to the formation of crystallized nanostructures (nano-
spheres and nano-residues) containing O and Fe, sometimes along with Ca and S. Among the
neo-formed phases, magnetite FesO,4 was identified for the first time at a nanoscale on such
model crusts.
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This study attests that the laser yellowing — a chromatic modification observed at the
macroscale — is intimately linked with matter transformation at the nanoscale. It also reveals
the potential of using TEM and associated techniques (diffraction, EDX, EELS) - to study
complex and heterogeneous nanostructured materials linked to cultural heritage
preservation.
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Figure captions

Figure 1: Nanostructures observed on the ablated particles (a., b.) and on the irradiated
substrate (c., d.); left = at the surface of a gypsum particle; right = isolated on the carbon film
(TEM-BF images); Legend: white arrow = nano-spheres; black arrow = irregular nano-
residues.

Figure 2: FIB cut at the surface of one ablated gypsum particle (a., b.) and of the irradiated
substrate (c., d.); left = STEM-HAADF image; right = explicative drawing.

Figure 3: Electron diffraction patterns (SAED) obtained on the nanostructures; a. nano-sphere
(TEM-BF image) ; b. nanostructures at the surface of a gypsum rod (TEM-BF image); c. et d.
corresponding diffraction patterns (acquired on the dotted white circle area).

Figure 4: STEM-EDX analysis of isolated nanostructures (ablated particles); left = STEM-BF
image, the light gray lines correspond to the holey carbon support; right = corresponding
EDX spectra (copper (Cu) originates from the copper grid)

Figure 5: STEM-EELS analysis of nanostructures (irradiated substrate); left = spectrum-image
(1 nm/pixel); right = EELS spectra extracted from the indicated area on the spectrum-image,
the C detected originates from the carbon layer applied during the FIB preparation.

Figure 6: EELS analyses of the small nano-sphere and the adjacent nano-residues; a.
spectrum-image (0.5 A/pixel); b. maps superposition; c. edge intensity maps extracted from
a, the interfacial area is delineated by broken lines on b.

Figure 7: EELS analysis of different area around the small nano-sphere; left = schematic
drawing with analyses localization (white rectangle); right = EELS edges obtained on the
different regions of interest.

Figure 8: ELNES spectra obtained on the big nano-sphere (0.3 eV); a. STEM-HAADF image
with analysis localization; b. Fe L3 edge; c. O K edge ; black arrows indicate the fine structure
used for identification.

Table captions

Table 1: Normalized chemical composition extracted from the Figure 4 spectra (in weight %).

Table 2: Valence and geometry of Fe atoms in some iron oxi-hydroxides (Cornell &
Schwertmann, 2003).
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