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Wall paintings from the world heritage site Petra-Jordan contain gilding remnants, which show various
types of degradation. To investigate the deterioration processes as well as assess the conservation
treatment, non-destructive (ND) and non-invasive (NI) analyses of the chemical species of gold are
mandatory. In this work, simultaneous multi-angle angle-resolved X-ray absorption near-edge
spectroscopy (AR-XANES) measurements were performed to assess gold species variations in depth.
Experimental validation proved the method to be successful in differentiating between gold species in
nanolayered structures. Technical advantages and limitations of the method are discussed. The

application of a conservation material containing Nano Gold Gel (NGG) applied underneath a gold layer

rsc.li/jaas

Introduction

Gilded wall paintings and stucco often undergo various deteri-
oration processes. Especially gold delamination due to binder
aging and loss is a common phenomenon.' One typical
conservation treatment is the overlaying of the original gold
layer with a new gold leaf or powder fixed by an organic binder.
The elemental composition of commonly used commercial gold
conservation materials shows a high copper and silver content,*
which is not recommended due to its reactivity with chloride
and sulfate ions in the surrounding environment. This leads to
accelerated chemical degradation of the gold layer, which is
unwanted in a conservation process.>* Therefore, new conser-
vation protocols and materials need to be considered.

In the case of gold delamination, a powder form of gold
mixed with a compatible binder to be delivered to the delami-
nated gold layer or to fill the gaps in the cracks of the gold layer
is a viable solution. Therefore, Nano Gold Gel (NGG) composed
of gold nanoparticles (AuNPs) stabilized with natural organic
polymers compatible for gold layer conservation in gilded
painted surfaces was synthesized, as described in detail in ref. 2
and 5.
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to regenerate adhesion with its support layer was also examined.

AuNPs in the NGG compensate for the gold's mass loss in the
historical gold layer. They also increase the lifetime of the
natural polymer adhesive used to stabilise them.*” The anti-
bacterial properties of AuNPs® are an advantage, especially if
the painting is at risk from bacterial infestation. The applica-
tion of NGG on replica samples allowed us to understand its
interaction with individual layers of the gilded structure.® In
a real wall painting, paint and gold surfaces are layered. Thus,
for assessing the performance of NGG as a conservation mate-
rial for gilded painted surfaces, non-destructive (ND) and non-
invasive (NI) methods for in-depth chemical speciation at the
nanometer scale are needed. Achieving this while maintaining
good analytical resolution remains challenging due to surface
roughness, relative low concentration of the NGG, and absorp-
tion effects.

For cultural heritage materials, the highest priority is not to
be damaged or altered during an investigation. Additionally,
when using X-rays, a highly efficient methodology is necessary
for the reduction of Au species to metallic Au. However, the use
of X-ray radiation induces photo-reduction of oxidised gold
species. Such photo-induced chemical change was also noticed
by Harada (2016).° Therefore, using a highly efficient method-
ology with short measurement times is desirable. Chemical
changes at the surface and interfaces are usually investigated by
examining chemical speciation in 2D and 3D. The commonly
used ND technique for chemical speciation of layered cultural
heritage (CH) objects is two-dimensional mapping using
conventional Micro X-Ray Absorption Near-Edge Spectroscopy
(LXANES) on a cross section from the object.’**® This requires
invasive sampling before the non-destructive uXANES analysis
is performed. Three-Dimensional Micro X-Ray Absorption Near-

This journal is © The Royal Society of Chemistry 2025
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Edge Structure (3D-uXANES) is another method used for the
identification of painting materials in historical wall paintings
and glazed ceramics.">* This method is NI and ND, but in the
case of gold as the analyte and concerning the composition and
concentration of the NGG experimental conservation material,
some issues arise. First, the high self-absorption in the material
(gold) distorts the XANES data. Second, due to low efficiencies
for nanolayers, very long acquisition times are needed to detect
NGG nanocomposites in depth. Third, the depth resolution of
conventional and confocal pXANES for gold, which is in the tens
of micrometer range, is insufficient. Even if the first challenge
can be overcome with acceptable impact on spectra after spec-
tral correction, the second causes irreversible photoinduced
reduction of gold species, resulting in 100% metallic gold after
long exposure time. This means, if gold changes its oxidation
state upon interaction with interfaces, it cannot be investigated
using this method. To overcome the third challenge of depth
resolution, a highly efficient ND and NI angle-resolved uXANES
setup in grazing emission (GE) geometry (AR-uXANES) is used
and tested as a proof-of-principle. Recently, Cakir et al. (2023)*
combined Angular Resolved X-Ray Fluorescence (AR-XRF) and
pnCCD detectors to perform AR-XANES, investigating the
corrosion processes in compositionally complex alloys. Orsilli
et al. (2023)* studied AR-XRF of gold nanolayers using an SDD
detector with one vertical slit in front.

An application of our setup on the synthesised NGG as an
experimental gold conservation material is presented. The
combination of pXANES analysis and GE geometry allows
differentiation between chemical species of the same element
(i.e. variable oxidation states) at surface and near-surface layers
with reasonable measurement time. The GE geometry maxi-
mizes the signal originating from the surface and near-surface
layers while reducing background contributions. For samples
with smooth interfaces, the depth-resolving capabilities of the
method are drastically increased due to interference effects.****
However, for CH samples a well-defined smooth surface is
usually not at hand, and thus the implications due to the critical
angle are less strict. Still, the prolonged path lengths at shallow
detection angles lead to signal-to-background enhancements,
too. Moreover, a GE setup allows the use of focused synchrotron
radiation for excitation, enabling increased lateral resolution.”®

Unlike Total Reflection X-Ray Fluorescence (TXRF),**** self-
absorption effects which distort the XANES spectrum are ex-
pected to be minimal in AR-XANES in the GE geometry. This is
due to the minimized path length of the incident beam
contributing to the detected XRF signals through the sample.”®
AR-XANES is directly applied on the object allowing a non-
invasive sampling and a non-destructive investigation.

Often, AR-XRF in the GE mode is performed with an energy-
dispersive detector in a scanning mode, such as a silicon-drift
detector (SDD), with a slit in front for increased angular reso-
lution.***>?* Here the efficiency of the setup is poor due to the
very limited solid angle of detection. Alternatively, scanning-
free approaches are used, where the detector is a 2D pixelated
detector enabling a large solid angle of detection while keeping
a good angular resolving power.”>** While in this scheme no
scanning is necessary, the data evaluation can be cumbersome
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and typical count-rates of, e.g. CCD cameras, are limited due to
the necessary operation in single photon counting mode. We
present an AR-XRF setup that combines advantages of both
scanning and scan-free approaches for maximal efficiency. A 7-
element SiLi detector with a specially designed multi-slit system
enables a suitably large solid angle of detection simultaneously,
while posing all the advantages of well-established energy-
dispersive detectors. What is aimed to be investigated here is
whether a chemical alteration of gold at the surface and inter-
face layers occurs due to the use of the experimental conserva-
tion adhesive.

While testing the method on an actual historical sample
would be beneficial, current work was applied on lab replicas
only for ethical reasons in accordance with Article 5 of ICOMOS
2003 Principles for the Preservation and Conservation-
Restoration of Wall Paintings, specifically the long-term
effects of new materials and methods on wall paintings,
which are unknown and could be harmful.**

Materials and methods

Synthesis of experimental gold conservation material (Nano
Gold Gel (NGG-1b))

Gold nanoparticles (AuNPs) were synthesised using HAuCl,-
-3H,0 as a gold precursor and gelatin as a reducing and
stabilizing agent. From a freshly prepared gelatin solution of
3.3%, 5 mL was added to 5 mL (10 mM) HAuCl,-3H,0. The
solution was vigorously and continuously stirred at 80 °C till
pink color formation. The synthesised adhesive (NGG-1b) was
purified by a double centrifugation process. The final super-
natant was decanted and disposed, and the NGG part was
redispersed in 0.5 mL gelatin and stored at 4 °C in a fridge.
Stoichiometric calculation of gold weight in the synthesised
NGG is 9.8485 mg. The average particle size of NGG-1b is (38 +
5) nm, as characterised by transmission electron microscopy.®

Preparation and characterisation of reference and replica
samples

Two sets of samples were prepared for AR-XANES measure-
ments. The first is a reference layered sample (R1) and the
second is a replica sample (S1), where NGG-1b is applied (see
ESI, Fig. S1t). The reference sample was prepared by mixing
20 mg Au,O; (density 11.34 g ecm ™ ?) and 1 mg Fe,O; (density
5.24 ¢ cm°) with a matrix of 80 mg cellulose (=1 mg). The
mixture was placed in a manual press container and a 1 cm x
1 cm gold leaf (200 nm, 19.32 g cm >, Kremer Pigmente GmbH
& Co., ID 98412) was cut and placed over the mixture, and then
they were pressed together using a manual hydraulic press to
produce a 13 mm-diameter and a 3 mm-thick pellet. For the
replica sample, a gypsum (Sigma-Aldrich, ID 12090) support
pellet was first prepared and left until complete dryness. Then
a layer of a-Fe,O; (Kremer Pigmente GmbH & Co., ID 48120) was
applied with the aid of water generating an approximately 300
nm-thick layer. Finally, a 1 cm X 1 cm gold leaf (200 nm,
19.32 g cm ™3, Kremer Pigmente GmbH & Co., ID 98412) was
placed atop before complete dryness of the layer. The sample
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(a) Replica sample before and after the application of NGG. (b) XANES spectra of Au(0, |, and Ill) reference compounds and NGG-1b raw

and applied over various surfaces, see ESIf for XANES settings. All spectra were recorded at fg = 45° and read from the central detector D2.
(Savitzky Golay smoothing, 4th polynomial order, 10 points widths). Characteristic energies for Au(in) at 11922.5 eV and Au(0) at 11 948.5 eV are
marked with asterisks. (c) Shift of the absorption edge energy for applied NGG-1b over the four studied surfaces in reference to raw NGG-1b. The
edge energy of the gold standards is marked in horizontal dashed grey lines.

was then artificially aged (see ESIt) to de-stabilise the bonding
of the gold layer. Subsequently, NGG-1b (1.742 g cm ) was
applied in delaminated gilded areas to restore bonding (Fig. 1a).
Prepared reference and replica samples were examined by
Micro X-Ray Fluorescence (uXRF) spectroscopy®® from the
surface side and on a cross section. Detailed examination
results can be found in ESI, Fig. S10-12.7 Surface irregularities
and roughness were evident and unfortunately unavoidable.
These irregularities have made the AR-XANES measurements
a great challenge.

To correctly evaluate the chemical behaviour of NGG-1b
applied between the gold and iron oxide layers, it was neces-
sary to first evaluate its interaction at individual layers of the
gilded structure. A 100 pL drop of NGG-1b was deposited each
on a Doppel gold leaf (Kremer Pigmente GmbH & Co., ID
98412), on a-Fe,03 (Kremer Pigmente GmbH & Co., ID 48120),
on Fe-rich clay (SRM 679, NIST), and on gypsum (Sigma-Aldrich,
ID 12090) to resemble paint, mordant, and preparation layers,
respectively, of the gilded structure. Conventional XANES
analysis (see ESIT) was then performed on all four samples.
Spectral features of the applied NGG-1b differ from its pure
form, as shown in Fig. 1b and c indicating a possible chemical
change of gold upon interaction with the surface. This moti-
vated us to investigate the possibility of detecting a chemical
change of gold, ND and NI using a surface-sensitive method, at
the interfaces of a layered structure composed of the same
individual layers.

XANES spectra for reference gold compounds shown in Fig. 1b
were recorded in transmission and fluorescence modes for
GoodFellow® gold foil (5 um), pellets of gold oxide Au,03 (20 mg
in 80 mg cellulose), pellets of chloroauric acid HAuCl,-H,O
(30 mg in 80 mg cellulose), and pellets of gold sulfide Au,S (20 mg
in 80 mg cellulose). The same XANES settings used for the above-
mentioned NGG-1b experiment were used here. Reference gold
compounds were prepared for the identification of gold ionisa-
tion through Linear Combination Fit (LCF) performed using the
ATHENA program.*® Table S2} lists the main characteristic
XANES peaks for reference gold compounds used in this work.

AR-XANES setup

Experiments were performed at the synchrotron radiation
source Bessy II of the Helmholtz-Zentrum Berlin (HZB) at the

240 | J Anal. At. Spectrom., 2025, 40, 238-247

MySpot beamline.*** The experimental setup and fundamental
arrangement are shown in Fig. 2a and S2 (ESIf). A Si(311)
double-crystal monochromator allowing an energy resolution of
E/AE = 10 000 at the measured energy range (11 900-12 400 eV)
was utilized. The incident X-ray intensity was monitored using
an ionisation chamber. The excitation beam was focused using
a polycapillary half lens (focal distance 40 mm) allowing a beam
spot size of 30 pm FWHM at the sample position for the energy
region around the copper K-edge (8959-9023 €eV). A 7-element
Si(Li) detector (Gresham Scientific Instruments) was used to
collect emitted fluorescence radiation at 90° from the excitation
beam. The effective detection area of each detection window of
the 7-element detector was reduced by a specially designed slit-
cap placed at the detector head, allowing better angular reso-
lution of the emitted fluorescence at GE angles (Fig. 2 and ESI,
Fig. S21). The slit-cap arranges the seven-element detector
windows into three vertical detector arrays (highlighted yellow
in Fig. 2b) with three distinct detection angles (Fig. 2b). Fluo-
rescence intensities detected at vertical detector arrays were
normalised to the excitation intensity (derived by the ionization
chamber signal) and the detector lifetime and then averaged.
During measurements, the detector was kept in a fixed position,
while the sample stage was rotated (Fig. S31). The sample-to-
detector distance was 40 mm. The 7-element detectors were
numbered from 2 to 8, as sketched in Fig. 2.

Experimental procedure

Determination of the surface angle. The surface angle for
every sample and position was manually determined due to
surface imperfections in terms of flatness. With an excitation
radiation well above the absorption edge of Au L; (12.1. keV),
each sample was scanned (from —2° to 10° with 0.1° step size, 5
seconds per step) and the Au-L,,; fluorescence intensity (ROI:
930-1050) was monitored in reference to the central detector.
The surface angle is defined as the angle where the fluorescence
intensity curve starts to increase, see explanation in the ESI
(Fig. S4t). Filters were employed when the dead time of the
detectors exceeded 30% (ESI, Table S1+).

Correlating measured depth to measuring angle. Correlating
the information depth of the X-ray beam with exit angles of
detection is essential to understand the source of information
read using the detector at each exit angle. The information

This journal is © The Royal Society of Chemistry 2025
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(a) Photo of the experimental setup at the MySpot beamline. Note the detector was photographed before the GE slit cap was added. (b)

Experimental arrangement of AR-XANES/AR-XRF measurements collected in fluorescence mode. The detector was kept at a fixed position,
while the sample stage was rotated. An illustration of the slit-cap and humbering system used for the 7-detectors and the three detector arrays

are shown.

depth of the X-ray beam in a material can be described as the
depth, from which still more than 36.7% (1/e) of the created
fluorescence intensity originates. In our case, due to the shallow
emission angles fg, the attenuation of the XRF signal dominates
and the information depth can be approximated by dy, =
sin(fg)/(u:p;), with u; the attenuation coefficient of a layer i with
density p; for the energy of the detected Au L;-M;5 fluorescence
(9.713 keV). This is calculated®® for Au, Au,0;, and NGG and
shown in Fig. 3. At 90° incident angle, the detection angle is
close to 0° with respect to the sample surface and thus the
information depth and the XRF signal are minimal. When the
sample is tilted during the angular scan, the exit angle increases
gradually, leading to an increase in the information depth. The
interface layer at around 200 nm depth is the area where the
gold leaf layer ends and Au,Oj3 + Fe,Oj3 for R1 starts, and the Au/
NGG/Fe,0; interface layer for replica sample S1 starts. This is
the region of interest because it bears the chemical features of
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Fig. 3 Information depth at various exit angles for Au, Au,Os, and
NGG at Au Lz—M;s fluorescence line calculated from CXRO website®
[last accessed 24.06.2024].
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NGG-1b interaction with the gold surface layer and the iron
oxide layer. As can be seen, only after an emission angle of
about 2° the fluorescence radiation on the way to the detector
can transmit through the gold foil layer and the signal starts to
originate significantly from the Au-Fe,O; interface layer.

AR-XANES and AR-XRF measurements. AR-XANES
measurements were performed by fixing the exit angle f¢ and
varying the excitation energy E,. The sample was fixed initially
at the zero position and XANES scans were performed with 11 s
per step acquisition time. Four different energy regions with
varying step sizes were investigated (10 eV @ 11 800-11 900 eV,
0.5eV@ 11 890-11960eV,1eV @ 11 959-12 100 €V, 10 eV steps
@ 12 000-12 400 eV). This procedure was then repeated for 8
further sample rotation positions with 5° step size up to 45°.
XANES spectra were normalized to the excitation intensity from
the ionisation chamber and the detector's lifetime was then
processed using the standard normalization and background
correction procedure of the ATHENA program.** AR-XANES
spectra were visualized using Origin (version 2021).

AR-XRF profiles were extracted from the AR-XANES spectra at
the three characteristic energies for gold representing Au(0) and
gold(m) oxide species at 11 948.5 eV and 11 922.5 eV, as marked
in Fig. 1b, respectively, as well as a total gold signal at 12
100.0 eV. In contrast to this, the ATHENA background correc-
tion was not applied, since all additional absorption was
included in the subsequent analysis using C++ and Python-
based in-house software for fundamental parameter fluores-
cence calculation.

Results

Depth-resolved chemical speciation using energy scans at
fixed exit angles

The angular dependence of Au L; AR-XANES spectra for the
reference (R1) and the replica (S1) sample are plotted in Fig. 4a
and b, respectively. A schematic illustration depicting the

J. Anal. At. Spectrom., 2025, 40, 238-247 | 241
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Fig.4 Normalized AR-XANES spectra for (a) reference sample R1 and (b) replica sample S1, at all measured exit angles as read from the three sets
of detector arrays. (c) Schematic depicting information depth at various exit angles of detection for reference sample R1 and (d) replica sample S1.

general expected signal contribution at various depths seen
from various exit angles of detection for both reference and
replica samples is shown in Fig. 4c and d, respectively.
Furthermore, correlating AR-XANES results of S1 and pXRF
elemental maps on its cross section are shown in ESI Fig. S8 and
S9.7 Qualitatively, the white line intensity of R1 increases
gradually from shallow exit angles of detection (Fig. 4a, bottom)
towards higher exit angles (Fig. 4a, top). This is in good agree-
ment with the expected increased contribution of the bulk
signal containing Au(m) oxide. This spectral change confirms
that the employed setup and the measuring method work.
However, it is apparent that in the resulting AR-XANES spectra,
in the case of gold(0) and gold(m) oxide, this method is quali-
tatively unable to resolve a signal from the upper 200 nm Au
alone. Even at shallow angles of detection, Au(m) oxide is also
detected. This is in good agreement with the calculated angular-
dependent information depths, as shown in Fig. 3, from which
we see that for emission angles >2.5° the information depth in
Au already surpasses the 200 nm of the Au foil, allowing signal
contribution from the substrate and interface layers. Indeed, it
can even be expected that even for more shallow angles,
a substrate signal can still be detected, since the samples
showed already by visual inspection surface irregularities like
roughness and discontinuities. This already indicates the
difficulties regarding possible quantitative information to be
gained from the measurements.

The recorded spectra at the three sets of detector arrays for
the replica sample S1 presented in Fig. 4b show comparable
behaviour. It is difficult to detect a significant change using this
qualitative assessment approach, therefore two quantitative
approaches of LCF using ATHENA(33) and intensity ratios at

242 | J Anal At. Spectrom., 2025, 40, 238-247

marker energies of the AR-XANES spectra at all detectors and
measured exit angles were performed for both samples.

Reference spectra shown in Fig. 1b were employed in the fit
in addition to the experimental conservation material NGG-1b
in the case of the replica sample. The results for R1 and S1
are shown in Fig. 5a and b, respectively. For reference sample
R1, as the angle of detection increases, a decreasing trend of
Au(0) signal and an increasing Au(m) signal can be seen in
Fig. 5a. A similar trend is also seen in the decreasing contri-
bution of Au(0) weight percentage and the increasing contri-
bution of Au(w) in relation to the position of detector arrays.
Even though absorption effects in the shallow detection
geometry are much smaller than those in the grazing incidence
geometry, and such effects can still be seen in the data. These
cannot be simulated with LCF easily. We introduced a Au,S
contribution in the fit as a compensation for absorption effects,
which proved to improve the resulting statistical fit signifi-
cantly. Moreover, the contribution of Au,S was steady over the
angular scan, supporting a likely source of absorption effect.
LCF results match the expected depth profiles for both Au(0)
and Au(m) species, demonstrating as a first proof of principle
the possibility to detect the change in gold species in depth.
With the aid of LCF, the correct trend is visible, indicating that
the method works successfully.

The replica sample S1 (Fig. 5b) is composed of a gold leaf
applied over NGG-1b on top of a-Fe,O; layer supported over
gypsum. Since the uppermost layer is metallic gold and the
NGG-1b directly underneath is also a Au(0)-species, a higher
Au(0) signal is expected at the surface and near surface layers. It
is to be kept in mind that NGG-1b has a very low gold

This journal is © The Royal Society of Chemistry 2025
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concentration compared to the above-mentioned 200 nm-thick
gold layer.

Fig. 5b shows angular profiles of gold species weight frac-
tions as obtained from LCF results. This include Au(0), NGG-1b,
Au(m) oxide, and Au(i) sulfide species. The general trend of Au(0)
and Au(m) species indicates almost steady concentration with
the depth. Despite minor differences, the NGG-1b XANES
spectrum is similar to that of Au(0) (compare Fig. 1b). This
makes it harder to distinguish between both in the LCF process.
Therefore, no information can be concluded about the presence
or interaction of NGG-1b at the surface and near-surface layers.
The major contribution of Au(0) species remains at the surface
and near-surface layers and in average it remains almost
constant as the detection angle increases. Negligible amounts
of Au,0; species in S1 are seen in trace amounts at all depths.

It is important to mention that Au(m) oxide undergoes
photoinduced reduction at room temperature and pressure. To
get a better idea about the rate of photoinduced reduction of
Au(m) oxide, we performed a monitoring experiment (see ESI})
and noticed 26% decrease in Au(m) weight fraction and 74%
increase of Au(0) fraction over the experiment time (800
minutes). After 80 minutes of one complete XANES measure-
ment, almost 5% of Au(um) oxide was reduced (see ESIT). The
reduction can go through Au(i) species before it is fully reduced
to Au(0), hence we detect it in the LCF.

Influence of Au(m) species in NGG on AR-XRF measurements

The previous investigations of the AR-XANES spectra by LCF
showed that a separation between Au(0) and Au() containing
layers in the investigated sample is in principle possible. For the
replica sample S1, Au(m) from the NGG could not be detected
with certainty.

Therefore, another approach using forward simulations of
the extracted AR-XRF signals is proposed to take a step towards
quantitative depth profiling of the gold species. To mitigate the
effects of systematic uncertainties from the solid angle of
detection and (partly) sample inhomogeneity, relative intensity

This journal is © The Royal Society of Chemistry 2025

ratios are considered. The first intensity ratio labeled “Au(i)/
ZAu” was calculated by dividing the measured Au L, intensity
when the sample is excited by 11922.5 eV photons (marker
energy for Au(m)) with the Au L, intensity when the sample is
excited by 12 100 eV (marker energy for Au(0)). Thus, this signal
reflects the contribution of Au(m) to the signal. The second ratio
labeled “Au(0)/ZAu” uses the Au L, fluorescence signal obtained
by excitation with 11 948.5 eV accordingly and reflects the signal
originating from Au(0). It needs to be stressed that, of course,
contributions to the fluorescence intensity of all gold species
are present in both ratios, as clearly seen in the respective FY-
XANES spectra of the reference compounds (Fig. 1). Those
ratios are plotted in Fig. 6 for both, the reference sample R1 and
the replica sample S1. With some similarity to the plots in Fig. 5,
the ratios show almost constant behaviour except for Au(m)/ZAu
for the reference sample. Here, a steady increase is visible,
resulting from the increase in information depth and thus
Au(m) signal from the substrate.

The expected AR-XRF curves can be calculated using a model
of the sample and the Sherman equation. The applied model of
R1 consists of a pure Au layer on top of a mixture of Au,O3,
Fe,0; and cellulose with weight ratios of 19.8 wt%, 0.99 wt%
and 79.2 wt% and a density of 19.32 g cm* for pure Au and
3.49 g cm* for the compound layer. S1 was produced from a Au
layer on top of the NGG. The latter is modelled as
C102H151030N35AU; o0 With a density of 1.742 ¢ cm 2. Due to the
rough interfaces, no interference effects of the fluorescence
radiation are expected (in contrast to GE-XRF). Therefore, no
reflection and refraction is considered in the simulation. Since
secondary excitation from the sample layers beneath the gold-
containing layers is also unlikely, those layers can be neglec-
ted in the XRF calculation. The XRF intensities are calculated
using the Sherman equation for primary radiation in a simpli-
fied form for both samples:

1 —exp(—u; (E)pid;)
Wi (E)

1) = YT e e

i=1,2
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with I(E) being the simulated fluorescence intensity for a given
excitation energy E, ca,,; the mass fraction of Au, 7,,; the sub-
shell ionization cross-section of Au in layer i, p; the density and
d; the thickness of layer i, respectively. Moreover, the attenua-
tion of the excitation beam and of the fluorescence radiation in
layers above layer i must be taken into account, which is indi-
cated with the transmission factors 7¢“* (which are zero for i =
1). The composite attenuation coefficient u; is defined as
follows:

My (EAu L3 —Ms)
Sln(ﬁE)

:U'i(E)

(E) =
#(E) = 50007 — o)

where u; is the attenuation coefficient of layer i/ and 6y is the exit
angle of the X-ray fluorescence with respect to the sample
surface. Thus, the measured ratios are described by Au(mr)/ZAu
= Apd(11 922.5 €V)/I(12 100 eV) and Au(0)/SAu = A,l(11 948.5
eV)/I(12 100 eV), with intensity factors Ay and A, discussed
below.

Besides Au mass fractions and inter layer attenuation from
other elements, the major impact on the simulated AR-XRF
profiles of Au L, originates from the subshell ionization cross-
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sections. Those are strongly different for the different Au
species, as can be seen from the XANES spectra in Fig. 1. To
include the fine structure into the simulation, the tabulated
subshell ionization cross sections®” used for the calculation are
modified by factors 0.657 and 1.273 for Au(0) and Au(m) at 11
922.5 eV excitation and factors 1.062 and 0.979 for Au(0) and
Au(m) at 12 948.5 eV excitation energy. For 12 100 eV excitation
energy, the tabulated values are used. Note, also pa,,; is modi-
fied in the simulation according to the XANES fine structure,
since it includes the sub-shell ionization cross-section. This, in
turn, affects the absorption of incident radiation in upper layers
as well.

Fig. 6 shows the comparison of the measured Au L, AR-XRF
ratios and simulated ones. To match the simulated and the
measured curves, intensity factors 4, = 0.701 and Ap; = 0.894 as
well as a Au foil thickness of 200 nm have been chosen for both
samples. For the thickness of the NGG layer for the replica
sample, simulations for 1.4 um, 0.7 um and 0.1 um are shown.
As can be seen, the different NGG thicknesses have the greatest
influence on the Au(ur)/2Au ratio with a qualitatively best match
of 0.7 um with the data. For now, the obtained results do not
fully explain the measured data, and thus, lack the quality
necessary for truly quantitative significance. Repeated
measurements on additional sample systems, e.g. with a varia-
tion of the gold foil thickness and Au(m) containing layer, would
be necessary. Nevertheless, the simulations also indicate that
the method's sensitivity is sufficient to detect the formation of
Au(m) species in NGG with sub-micrometer thicknesses.

Discussion

While being an interesting result and hint for future analysis,
there are several issues with the current data that need to be
addressed here.

First of all, the origin of the necessary intensity factors is not
clear. By taking the ratios of the normalized measured fluores-
cence intensities, major (angle-dependent) contributions to the
fluorescence intensities like solid angle of detection, some
uncertainties in the fundamental parameters and sample
coverage cancel out. Moreover, many energy-dependent contri-
butions are very similar for the three excitation energies (poly-
capillary lens efficiency, absorption of the excitation beam in
the environment, and detection efficiency), due to the limited
energy range. Finally, the simulation is considering all possible
absorption effects within the sample, so that no intensity
factors should have been necessary.

To double-check the assumptions made in the simulation
and their effect on the intensity ratios, the influence of the
sample parameters (density, composition) has also been
checked but was found to be negligible. Of course, a major
influence is the choice of subshell ionization cross-sections.
Here, we tried to use a nonlinear fit approach to describe the
measured curves. Indeed, the best-fit results showed a good
agreement with the measured data, but the found subshell
ionization cross-sections with values being off by up to 33%
with respect to the XANES measurements seem to be unjusti-
fied. Therefore, we only state here the very conservative estimate

This journal is © The Royal Society of Chemistry 2025
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of a detection limit in the several hundred nanometers up to
micrometer range for Au(m) NGG.

The current research is meant to be a proof of principle;
however, repeated measurements would have provided better
statistics. The long measurement time needed for a complete
XANES scan at all angles, and the limited beamtime did not
allow for repeated measurements at different points. Addi-
tionally, surface irregularities of the samples made it difficult to
find another spot within the limited beamtime.

It is important to report the experimental challenges faced
during surface-sensitive analysis of lab-produced samples:

e A large flat even surface is difficult to obtain at the
micrometer and sub-micrometer scales using wall painting
pigments and plaster materials. This directly affects the detec-
ted fluorescence originating from the angular-dependent pro-
bed depth.

e Inhomogeneity of composition's spatial distribution in
manually prepared samples and in historical wall painting
samples. This leads to variation in thickness and density of the
investigated volume and layer. This directly impacts the detec-
ted fluorescence intensity and any quantification based on it.

e The relatively very thin layer of NGG which provides very
low Au concentration. This would make longer measurement
times necessary, which in turn influences the chemical specia-
tion of gold in the analysed position (radiation damage).

e The angular step-size was large to overcome surface
roughness. For a smoother surface, angular scan with 0.01° step
size using our setup is recommended to obtain a more precise
and accurate chemical speciation in-depth.

In all cases, for a more even surface, angular scan with
a maximum of 0.01° step size is recommended to decipher
changes in chemical speciation with higher precision and
accuracy. A few general observations from angular-dependent
fluorescence profiles can be made:

e Near-surface and sub-surface layers can be investigated
with AR-XANES. Improved surface smoothness enhances the
success of the investigation.

e Chemical speciation in depth using AR-XANES at marker
energies is informative about stratigraphic chemical composi-
tion non-destructively and non-invasively.

e Using the non-invasive and non-destructive grazing exit
setup, it is possible to distinguish the reaction of a nanogold
material underneath a bulk gold layer of 200 nm thickness.

The method has an unequivocal advantage of being non-
destructive and non-invasive at room temperature and pres-
sure, in contrast to many other methods such as Secondary Ion
Mass Spectrometry (SIMS), Electron Energy-Loss Spectroscopy
(EELS), and powder X-Ray Diffraction (pXRD). No invasive
sampling is needed, and limited radiation damage is monitored
for the analysed sample. Importantly, the impact of synchrotron
radiation on the analysed materials is recommended to be
tested in advance. While surface zero roughness remains ideal,
the necessity of having a smooth surface to successfully perform
this experiment is unquestionable.

Application of this technique on cultural heritage samples or
further development into a quantitative method includes
additional technical challenges. For example, partial knowledge
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about sample composition and structure of the heritage sample
(stratigraphic information), complex composition (original,
altered, or added materials; heterogeneous density distribution;
heterogeneous crystalline phases and distribution), variable
thickness for individual layers within one sample and multiple
samples of one object or type of heritage material (ranging from
nanometers to micrometers), flat smooth surface at the micro-
scale for the analysed heritage sample, in addition to sample's
integrity where non-destructive and non-invasive approach is
prioritised, including avoiding any radiation damage.

Another experimental challenge when dealing with actual
historical samples, depending on the condition of gold layer,
the density of the gold layer may change. Partial and complete
oxidation are both possible, in addition to physical losses in the
gold layer generating heterogeneous and discontinuous layer of
the metal leading to different densities at different analysed
points. The impact would provide erroneous fitting of calcu-
lated profiles. Therefore, a 3D elemental map of the analysed
surface would then be beneficial to precede the calculations.

Conclusions

AR-pXANES allows qualitative and quantitative analyses.
However, quantification was not approached at this stage of our
work.

The designed experimental constellation is innovative and
new, we presented our AR-XANES/AR-XRF investigation method
and results as applied for non-destructive characterising
chemical speciation in depth for cultural heritage. Further
improvements on this setup and tested samples are possible
and envisaged. Application fields for this setup are inclusive for
other non-destructive and non-invasive applications. Our work
here is accomplishing new frontiers in investigating nano and
atomic scales of a remedial intervention. To the best of our
knowledge, no earlier heritage science research questioned the
chemical interaction between binder-support. Our research in
its tools and findings increases our understanding about this
interaction and opens new research possibilities at this front.

Further improvements on this setup and tested samples are
possible and envisaged. Application fields for this setup are
inclusive for all non-destructive and non-invasive investigations
and the method remains unrestricted to cultural heritage
materials. Photovoltaic samples, polymers, modern paints,
industrial coatings, and electronics, to mention some examples,
can benefit from this technique.

This research gives a first integrated plan on assessing
a conservation material at surface and interfaces. More studies
focusing on unexplored areas in this research such as long-term
use of NGG for gilded paintings or improved NGG, can now
follow. Thinking outside the box and making conservation
decisions that are unconventional should not be avoided. Every
heritage object is unique by itself. And there are common
conservation phenomena that can be treated using what is now
known as conventional materials and methods but used to be
once new and unconventional. The same applies today and
here, delivering a new way of thinking by bringing a new
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compatible conservation material and a new investigation
method that may be considered conventional in the future.
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