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X-ray photoemission spectra 

Pure ceria and Ag@CeO2 were characterized after the deposition on the parylene-N substrate by in 

situ XPS using Al Kα photons. The Ce3+ concentration was estimated by fitting Ce 3d XPS spectra 

using Ce3+ and Ce4+ components, as in Skala et al. (1). The spectra and their fit are reported in Figure 

S1, while the resulting concentrations of Ce3+ are reported in table S1.  The Ce3+ concentration is 

comparable in the two samples within the errors, estimated to be approximately ±3%, and it can be 

ascribed to defects on the film surface. 

Figure S1  Ce 3d XPS spectra of cerium oxide (grey curve) 

and of Ag@CeO2 (black curve) grown on parylene. The 

fitting obtained using Ce3+ and Ce4+ related components are 

also shown (red curve).  

Sample 
Ce4+ 

conc. 

Ce3+ 

conc. 

CeO2 82 % 18 % 

Ag@CeO2 86 % 14 % 

Table S1 Ce3+ surface concentration 

estimated from the fitting of Ce 3d 

XPS spectra in the two samples. The 

uncertainties, limited to ±10%, are 

intrinsic to the fitting procedure.   
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TRXAS on a CeO2 film 

In order to observe potential multiphotonic absorption effects in CeO2, a control experiment on a bare 

cerium oxide film (i.e. without the Ag nanoparticles) was performed under similar conditions. As 

expected from an almost signal-free measurement, the data are very noisy (they are obtained for about 

90 series of shots for single delay), however it can be stated that no significant change in the probe 

absorption is observed (Figure S2). Therefore, we believe they allow us to exclude a significant 

contribution of direct multiphoton absorption of the pump within the cerium oxide to the change of 

the absorption of the soft X-ray probe in the AgNP@CeO2 system. 

 

Boundary Element Method Simulations 

To obtain information on the origin of the plasmonic features in the UV-Vis absorption spectrum, we 

performed calculations using the MNPBEM, a toolbox developed by Hohenester and coworkers, 

which uses the boundary element method (BEM) approach developed by Garcia de Abajo and A. 

Howie (2).  It permits to calculate the scattering and the extinction coefficients of metal NPs 

surrounded by a dielectric material. The dielectric constants were extracted from tabulated n and k 

values taken from the literature (Ag from Palik (3), CeO2 from Kim (4) and parylene from (5)). We 

assume a sample geometry composed by spheroids with in-plane size of 20, 10 nm and a height of 20 

nm. This geometry, presented in Figure S3, is compatible with the possible agglomeration of the 

preformed NPs during the deposition and it was already observed in previous studies (6). 

Figure S2 Relative variation of 

absorption of CeO2 as a function of pump-

probe delay time. The probe energy was 

130 eV while the pump wavelength was 

430 nm. 



 Figure S3 shows the simplest case: a single Ag NP embedded in CeO2. The extinction cross section 

exhibits a strong peak below the 350 nm, compatible with the cerium oxide band-gap absorption. 

Moreover, two additional peaks at 410 nm and 600 nm are observed if the light polarization is parallel 

or perpendicular to the shorter in-plane axis of the spheroid, respectively. These spectral features are 

ascribed to LSPR modes and they are compatible with the experimental spectrum. We also extended 

 

 

Figure S3 Extinction spectra obtained for an Ag spheroid of 20x10x20 nm (vertical section presented 

in the sketch) embedded in a layer of cerium oxide of 21 nm on parylene, considering two in-plane 

orientations of the light polarization, parallel (red line) and perpendicular (black line) to the short axis 

of the NP. 
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Figure S4 Extinction spectra obtained 

for two Ag spheroids of 20x10x20 nm 

(vertical section presented in the 

sketch) embedded in a layer of cerium 

oxide of 21 nm on parylene. 

 

a) b) 



the simulation to a couple of NPs with same shape (Figure S4b) to investigate the effect of extended 

plasmons. We have considered several distances to compare the results. In Figure S4a, we observe 2 

main plasmonic features at 400 nm and 585 nm which are compatible with the experimental spectrum. 

Dynamics Fitting Procedure 

The dynamics were fit using a kinetic profile (obtained by the product of an exponential function and 

a step function) convoluted with an IRF of Gaussian shape with FWHM of 200 fs (𝜎~0.15 𝑝𝑠), 

compatible with the width of the pump laser: 

𝛥𝐴(𝑡) = ∫
1

√2 ⋅ 𝜎 ⋅ √𝜋
𝑒

−
𝑡2

√2⋅𝜎 ⋅ 𝐴 ⋅  𝑒
−

𝑡−𝑐
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where 𝜃 is the Heaviside function (the step function), can offset of the timing zero, A the intensity 

and 𝜏1 the characteristic rise time of the kinetic profile. 

Estimation of electron injection efficiency 

We assume a uniform sample of Ag NPs with size 20x10x20 nm (Figure S5). The NPs form a film 

with an equivalent thickness of 9.4 nm (measured with a quartz balance). The NPs are embedded in 

a film of CeO2 with an equivalent thickness of 11.5 nm, as also measured using a quartz balance. 

Considering  0.312 nm as the thickness of a monolayer of ceria (in the most stable 111 orientation), 

the ratio between the volume of interface ceria 𝑉𝐼𝐹 and the total ceria 𝑉𝑇𝑂𝑇 can be estimated as: 

𝑉𝐼𝐹 =
4

3
𝜋(( 10.312 𝑛𝑚 ∗ 10.312 𝑛𝑚 ∗ 5.312 𝑛𝑚) − (10 𝑛𝑚 ∗ 10 𝑛𝑚 ∗ 5 𝑛𝑚)) = 272 𝑛𝑚3 

𝑉𝑇𝑂𝑇 = 𝑉𝐴𝑔 ∗
11.5

9.4
=

4

3
𝜋( 10 𝑛𝑚 ∗ 10 𝑛𝑚 ∗ 5 𝑛𝑚) ∗

11.5

9.4
= 2562 𝑛𝑚3 

𝑉𝐼𝐹

𝑉𝑇𝑂𝑇
= 10.6 % 



In our experiment, we observed a variation of Ce3+ edge absorption of 20%. Thus, more ceria than 

that present at the interface is reduced by the plasmon mediated mechanism in the first 200 fs. 

In first approximation, the number of injected electrons is the number of cerium ions contained in 

20% of CeO2 film: 

𝑛𝑒𝑙 =
𝑉𝑒𝑥𝑐𝐶𝑒

𝑉𝐶𝑒
=

2562 𝑛𝑚3 ⋅ 0.2

0.5413𝑛𝑚3/4
= 12944 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 

where 𝑉𝐶𝑒 is the volume occupied by a cerium atom in the cerium oxide unit cell (4 atoms per unit 

cell) and 𝑉𝑒𝑥𝑐𝐶𝑒 is the volume estimated to be excited by the pump laser (20% of VTOT, the total volume 

of the ceria film ). 

The number of absorbed photons by a NPs nph can be calculated from the static absorbance 𝐴(𝜆𝑝𝑢𝑚𝑝) 

measured at 430 nm, the pump fluence F, the in-plane surface of a NP (s = 10nm ⋅ 5nm ⋅ π = 157 

nm2), as:  

𝑛𝑝ℎ =
𝐴(𝜆𝑝𝑢𝑚𝑝) ⋅ 𝐹 ⋅ 𝑠

ℏ𝜔𝑝𝑢𝑚𝑝
~1.6 ⋅ 105 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 

Thus, an estimate of the injection efficiency 𝜂 is:  

Figure S5 Sketch of a NP with radius of 10x5x10 nm. The red circle represents the volume of CeO2 

at the interface of the NP.  

 



𝜂 =
𝑛𝑒𝑙

𝑛𝑝ℎ
=

12944 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠

1.6 ⋅ 105 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
~8% 
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