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S3.4 Nanoparticle size analysis by TEM and DLS

DLS analysis in Figure S1 reveals a gradual increase in the hydrodynamic diameter (Dy) of
NPs with increasing irradiation dose. Both intensity-based and volume-based size distributions
showed a clear shift toward larger particle sizes as the irradiation time increased from 0 to 80
minutes. CONPs_0 immediately after synthesis exhibits a narrow size distribution depicted in
Table S1, indicating a well-dispersed nanoparticle population. After low-dose irradiation

(CONPs_10), only a slight increase in Dy was observed, suggesting minimal structural or
colloidal changes. However, more pronounced changes were observed for CONPs 40 and

CONPs_80, with Dy values increasing significantly. This trend suggests particle growth or
aggregation induced by irradiation. Notably, the particle distribution by intensity consistently

showed slightly higher Dy values compared to distribution by number and volume (Table S1),
which is expected due to the increased light scattering contribution from larger particles. This
phenomenon has been widely reported in DLS analysis, where the intensity of scattered light
increases with the sixth power of particle diameter, thereby amplifying the signal from even a
small number of large particles or aggregates’.
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Figure S1. Histograms of hydrodynamic sizes (Dy) represented by number and volume for the
sample CONPs_0 and irradiated samples CONPs_10/40/80.

Table S1. Summary of particle sizes from TEM, hydrodynamic sizes determined by DLS,
number, volume for samples CONPs_0 — CONPs_80.

TEM size Size by Sizeby Volume 2PV
Sample Intensity Number
(nm) (nm)
(nm) (nm)
CONPs_0 2.1+0.6 42+1 351 3+0.5
CONPs_10 2.1+0.6 52 3.8+1 341
CONPs_40 2.8+0.9 794 814 6.7+5
CONPs_80 2.6+09 102 102 812

$3.5 XPS analysis of oxidation state and defects

In the following tables, we list the binding energy values of Ce 3d, O 1s. Table S2 shows the
Ce 3d core-level spectra of CONPs_0/10/40/80. A characteristic set of multiplet-split doublets
arises from the spin—orbit splitting of the 3d orbital into 3ds,, (denoted as v) and 3d;,, (denoted
as u) components located at the corresponding energies. The energy is associated with the final
state of Ce?* ions (4f! configuration), with v/’ corresponding to the main peaks and v'/u' to
their respective satellite structures. Peaks corresponding to Ce3* (u', u?, v', V') are listed. The
characteristic peaks of the Ce*" (u"’, u”, u?, v'", v'" and v’) oxidation state (4f° configuration)
include the binding energies due to final-state hybridisation effects between the O 2p and Ce 4f
orbitals that was analysed in the CONPs_80 sample only. The binding energy of Ce*" is u'’
(917.22 eV), v'" (898.2 eV), u" (907.6 eV), v"' (888.6 eV), u” (900.5 eV), and v’ (883.7 eV).?

Table S2. Ce 3d binding energies for Ce3* in the sample CONPs_0 (immediately after synthesis)
and irradiated samples CONPs_10, CONPs_40 and CONPs_80.

Sample Binding Energy (eV)
ce3+
u’ u° v/ vo
CONPs_0 904.52 900.46 886.05 882.25
CONPs_10 904.37 900.28 885.71 880.07
CONPs_40 904.35 900.34 885.94 880.30
CONPs_80 904.31 900.28 885.86 882.14




In Table S3, the O 1s signals, deconvoluted into binding energies of adsorbate species of OA

or defects (O-H), surface oxygen O-C bound to C-O of OA and Ce**-0O, lattice oxygen bound
to Ce** and Si*" (Oy).

Table S3. O 1s binding energies showing contributions corresponding to lattice oxygen and

surface species related to C-O, Ce3*-O and Ce** oxidation states, consistent with the Ce 3d
spectral features.

Binding energy (eV)

Sample O-H 0-C O,
(C-0/Ce3*-0) (Ce**/Si*)

CONPs_O 5334 5314 528.8
CONPs_10 533.7 532 529.8
CONPs_40 533.3 531.2 528.9
CONPs_80 533.7 531.9 529.2

35 60

] Cis C1s
30-_ —— CONPs_0 O1s 50{—— CONPs_10

CPS x 107
v

-
o
|

54

0+

1200 1000 800 600 400 200 0 1200 1000 800 600 400 200 0
Binding energy (eV) Binding Energy (eV)
35+ C1s 204 C1s
30— CONPs_40 ——CONPs_80 4
i 25 !
|
i Ceds
% 201 !
o
% 15
7]
o
O 104
54
4 04
-5 T T T T T ‘ T ‘ T T
1200 1000 800 600 400 200 0 1200 1000 800 600 400 200 0
Binding Energy (eV) Binding Energy (eV)

Figure S2. Wide-scan XPS spectra of sample CONPs_0 immediately after synthesis and
irradiated samples CONPs_10, CONPs_40 and CONPs_80.
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Figure S3. Valence band XPS (Al Ka) of CONPs_0, CONPs_10, CONPs_40 and CONPs_80.
Electron irradiation redistributes intensity near the valence band edge and gives rise to
additional low binding energy states, indicative of defect-related states within the band gap.

S3.6  Optical properties

The absorption coefficient (&) was used to determine the bandgap (Eg). It is derived using
the Beer-Lambert law @ = 2.3034/l which uses measured absorbance (4) and the optical
length (D of the absorbing medium. In the measurements, incident photons pass through a
square cuvette with edge | =1¢m, To quantify irradiation-induced changes, the apparent

optical band gap Eq was estimated from Tauc-type fits of the UV-Vis spectra (Fig. S4) by

extrapolating the selected linear region to the energy axis.®> Here, Eg is used as a
phenomenological descriptor for comparing samples because the spectra exhibit a pronounced
sub-gap tail, and the extracted intercept can depend on the assumed transition model.
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Figure S4. UV-Vis absorbance spectra of irradiated samples (CONPs_10, CONPs_40, and
CONPs_80) and their comparison with the non-irradiated sample CONPs_0 after synthesis
showing changes in the absorption edge caused by irradiation.

Tauc plot (amorphous or disordered materials):

The left panels in Figures S5 and S6 show fits of the absorption coefficient using different
models. Only the red datapoints are considered for the linear regression. The right panels are
numerical derivatives of experimental data, used to demonstrate the flatness of the data from
which the fit 1s made.
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Figure S5. Left: Linear regression of the absorption coefficient for the as-synthesised CONPs_0
sample based on red data points. Right: Numerical derivatives illustrating the flatness of the

fitted region.
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Figure S6. Left: Linear regression of the absorption coefficient for irradiated samples
CONPs_10, CONPs_40, and CONPs_80 at different exposure times based on red data points.
Right: Numerical derivatives illustrating the flatness of the fitted regions.

Urbach energy:

Below the bandgap, the absorption coefficient of direct-gap semiconductors exhibits an

exponential (Urbach) tail in Figure S7. In this region, the absorption coefficient can be
approximated as

E—Eg)

a=ay.exp|o
0P ( kT

where %0 and O are fitting coefficients. The Urbach energy, Ey=kT/ g depends on

temperature which is 300 K in our measurements. The Urbach energies for four samples were

determined from the sub-bandgap region using the optical band gaps estimated from the
corresponding Tauc plots
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Figure S7. Determination of the Urbach energies for as-synthesised and irradiated samples
CONPs_0, CONPs_10, CONPs_40, and CONPs_80. The plots show the linear regression (dashed



red lines) applied to the exponential absorption tails (red data points). The Urbach energy for
each sample is derived from the slope of the fit in the region below the bandgap. The

2
numerical values of Ey and the corresponding coefficients of determination (R”) are indicated
in each panel.

S3.7 Magnetic properties

The M ~ Mol loops in Figure S8 were recalculated in SI units as a dependence of magnetisation
(Am?/kg) on the applied magnetic field (T) where the magnetisation values were normalised to
the mass of the samples. Measurements were performed at room temperature in the applied
magnetic field up to +£7 T. The measured signal included diamagnetic and paramagnetic
contributions, which were subtracted prior to analysis of the magnetic response associated with
Ce’" centres.
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Figure S8: Raw data of hysteresis loops at room temperature (300K) after irradiation dose for
samples CONPs_40 and CONPs_80.
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Figure S9: Magnetisation curves (M vs poH) at 300K for CONPs_10, measured using a SQUID
magnetometer over 7 T. The magnified panel on the right show the low-field region,
highlighting the essentially superparamagnetic behaviour.
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