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Quantitative sensitivity of LIBS

Figure 1 shows an assay performed on the quantita-
tive sensitivity of LIBS in the case of europium-doped
Gd2O3. The experimental conditions detailed below
are identical to those reported in the manuscript with
the exception of the Gd I emission at 462.44 nm was
used, which is similar to the Gd I at 460.29 nm (both
are rather isolated and did not show any apparent
saturation effects). For europium the lines Eu I at
466.18 nm is used (see Figure 1a). The micro-LIBS in-
strumentation used Nd:YAG laser pulses of 1064 nm,
with an energy of 2 mJ, a pulse duration of 8 ns,
and a repetition rate of 20 Hz. Details about the ex-
perimental setup can be found in references [1, 2].
In order to spatially confine the plasma, the measu-
rements were performed at room temperature with
argon gas flowing through the plasma region (1.5
L.min−1). A beam shutter was used to control the
delivery of the laser pulse to the sample. A unique
plasma was produced for each sampling position. In
total, 30 single shots spectra were recorded for each
sample. The light emitted by the plasma plume was
collected and focused onto the entrance of an opti-
cal fibre bundle. This fibre bundle was composed of
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19 fibres with a 200 µm core diameter. It was con-
nected to a Czerny−Turner spectrometer equipped
with a 2400 l/mm grating blazed at 300 nm and
an intensified charge−coupled device (ICCD) camera
(Shamrock 500 and iStar, Andor Technology). The
ICCD camera was synchronised to the Q-switch of
the laser and the spectrum acquisition was perfor-
med with delay and gate of 2 µs and 2 µs, respecti-
vely. For such delayed gate, the plasma cooling leads
to a lowest electronic temperature which inhibits the
emission from the highest excitation levels, and then
the emission of gadolinium (major element). It leads
to a better visibility of the selected Eu I line. The
width of the entrance slit of the spectrometer was set
to 15 µm. With this configuration, a typical spectral
resolution of 0.05 nm is achieved. The net intensities
of both emission lines were extracted using a baseline
subtraction.
Four reference samples with an [Eu]/[Gd] atomic
ratio extending from 0.1 % to 3 % are measured (Par-
ticles synthesized by polyol-mediated synthesis [3]).
Figure 1b shows measured [Eu]/[Gd] atomic ratio
performed on the four reference samples. The linear
regression conducted to a good linearity (R2=0.996)
and confidence hyperboles [4] were plotted (95% con-
fidence level). It shows that the concentration me-
asured for the 10−3 mol/L sample lies in the con-
centration range for which LIBS measurements are
relevant.
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Figure 1: Measurement on samples washed only one
times. (a) LIBS spectroscopy. Typical atomic emis-
sion observed on a sample of Gd2O3:Eu3+ nano-
particles. The red arrows show both lines used to
quantify the atomic ratio [Eu]/[Gd] in (b). (b) Four
reference samples (dots) from polyol-mediated syn-
thesis [3], with a [Eu]/[Gd] atomic ratio range exten-
ding from 0.1% to 3%. The error bars correspond to
the standard deviation computed from 30 successive
measurements. The linear regression conducted to a
rather good linearity (R2=0.996). Confidence hyper-
boles are plotted in green (95% confidence level).

Purification procedure efficiency
evaluated by LIBS

Because each characterisation requires different qua-
lity of purification and amount of matter, three syn-
thesis were achieved in the same conditions than de-
scribed in the main manuscript for an EuCl3 salt
concentration of 10−3 mol.L−1. The first one (1P,

for Luminescence) was washed according to the pre-
vious protocol. The second one (2P, for DRX) was
washed twice and the third one (10P, for LIBS) was
washed ten times. Figure 2a shows the normalised
luminescence spectra of the samples recorded on a
FS5 Spectrofluorometer (excitation from 265 nm to
275 nm, spectral resolution 1 nm, integration time
0.3 s, each spectrum is averaged over five acquisiti-
ons). Figure 2b shows the amount of Europium in
each sample evaluated by LIBS. We can assume than
after ten washing, there is no remaining solvated salt.
It also appears that the purification has no signi-
ficant influence on the luminescence spectra. This
is consistent with the excitation wavelengths used,
which cover both the charge-transfer band Eu-O and
the 8S7/2 → 6IJ intra-configurational transition of
Gd3+. It then favours the excitation of the europium
ions in the core of the Gd2O3 matrix, or surface-
adsorbed europium.

Ablated mass per pulse

The amount of ablated mass is determined by wei-
ghting size selected particles resulting from two diffe-
rent ablations. They are respectively performed du-
ring 380 min and 315 min in 200 mL of EuCl3 solu-
tion at 10−3 mol.L−1. The ablation duration enables
to produce a significant amount of material. After
ablation, the colloidal solution is poured in 9 cm high
tubes (filling height 7 cm) and gently centrifuged at
50 RCF (rotor diameter 10.4 cm) during 10 min. The
supernatant is then collected. All the particles lar-
ger than 817 nm settle down and are thus removed,
and only a few percents of the nanoparticles smaller
than 100 nm are removed (see Figure 3). The super-
natant is centrifuged at 13130 RCF during 14 h in or-
der to precipitate the nanoparticles. The targets, the
particles larger than 817 nm and the nanoparticles
(<817 nm) are dried out in an oven at 90 oC du-
ring 10 h and weighted on a micro-balance separately.
2.0 ng (Standard deviation 0.18 ng) of nanoparticles
is produced for each laser pulse, which corresponds
to only 13 % of the ablated material. According to
the mass weighted size distribution, it corresponds to
nanoparticles smaller than 100 nm.

2



In
te

ns
ity

 [a
rb

. u
ni

t]

Wavelength [nm]

(a)     Washing number     
1
2
10

580    600    620    640    660   680    700    720

[E
u]

/[G
d]

 %

1

0.8

0.6

0.4

0.2

0

2.5

2

1.5

1

0.5

0

    Washing number     
1             2           10

(b)

Figure 2: a) Luminescence spectra of the nanopar-
ticles obtained by ablation of pure gadolinia in Eu3+

solution at 10−3 mol.L−1 washed 1, 2 and 10 times.
b) [Eu]/[Gd] percentage in the corresponding sam-
ples measured by LIBS. Error bars correspond to the
confidence interval of 99.7% (three times the stan-
dard deviation).

Size distribution

The typical size and mass distribution are calculated
from three different large field TEM images shown
in figures 4a,b,c. Nanoparticles were automatically
detected using ImageJ software and its plug-in Par-
ticles Sizer [5]. Figure 4d shows the detected particles
in red from the image c. The diameters were defined
as the area equivalent diameter.

X-ray diffraction

The X-ray diffraction patterns displayed in figure 5
clearly show that both nanoparticles and targets are
monoclinic Gd2O3. No obvious impurity phases are
detected. The intensities in the nanoparticle’s pat-
tern fit very well the theoretical powder diffraction
intensities. The peaks are broadened compared to the
target’s pattern. According to Scherrer equation ap-
plied to peak widths, the diffraction pattern is go-
verned by the larger particles. The intensities in the
target’s pattern deviate from the theoretical powder
diffraction intensities. It shows that the elaboration
procedure of the pellets (annealed pressed powder)
leads to a partial grain orientation.

Excitation spectrum and lumine-
scence decay

Figure 6 shows photoluminescence excitation (PLE)
spectrum and photoluminescence decay curve. They
were measured by a custom made spectrofluorome-
ter 5000M Horiba Jobin Yvon, using a steady state
deuterium lamp (PLE spectrum) and a microsecond
xenon pulsed flash lamp (PL decay) as excitation
sources. Single grating monochromators and photon
counting photomultiplier based detectors were used
for the emission light collection. Spectra were correc-
ted for the instrumental response and a convolution
procedure was applied to the decay curves to deter-
mine true decay times (SpectraSolve software pac-
kage, Ames Photonics).

The luminescence lifetime in the millisecond range
(see figure 6b) is consistent with the emission from
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Figure 3: Percentage of removal for different size of Gd2O3 particles (density 7.41 g.cm−3) in water as a
function of the Relative Centrifugal Force times the centrifugation duration. The tube filling height is 7 cm.
The velocity of sedimentation is based on the Stoke’s law. The sub-micronic particles selection performed
corresponds to RCF × t = 50 ∗ 600 = 3× 104.
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a) b)
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Figure 4: a,b,c) Large field images used to compute the size distribution. d) corresponds to the image
processing performs on image c) using the plug-in Particles Sizer [5] of ImageJ software.
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Figure 5: X-ray diffraction pattern measured on a
bulk target (a), and on the dry nanoparticles (b).
The theoretical peak positions for cubic (Powder Di-
ffraction File 00-012-0797 from ICDD), hexagonal
(04-016-2410) and monoclinic (00-042-1465) crystal
structures are displayed.

forbidden f-f transition. The biexponential fitting is
consistent with the reported in-homogeneous broade-
ning of the luminescent spectra.
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Figure 6: (a) Excitation spectrum of the nanopar-
ticles synthesized in a solution of 10−3 mol.L−1

of europium salts. Emission at 625 nm integrated
over 32 nm (FWHM of the spectral resolution). The
spectral resolution of the excitation spectrum is 4 nm.
(b) The black curve corresponds to the luminescence
decay for excitation at 274 nm (6IJ level of Gd3+)
and emission at 630 nm. The spectral resolution is
6 nm on both emission and excitation. The red curve
corresponds to a biexponential fitting : 4382 exp(-
t/725.3 µs) + 667 exp(-t/1977 µs)+8.
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