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The conversion of solar energy into chemical fuels via photoelectrochemical (PEC) splitting of 

water into hydrogen and oxygen is an important component of strategies to achieve a carbon-

neutral economy.1 Heterogeneous systems consisting of plasmonic metal nanoparticles (NPs) 

attached to wide band gap semiconductor (SC) materials have been identified as a promising 

approach for renewable energy technologies based on PEC. The heterogeneous design enables 

increased light absorption, enhanced charge carrier separation and higher photocatalytic 

reactivity compared to bare wide band gap materials.2  

The canonic model for plasmon-enabled charge generation processes at NP-SC interfaces is 

based on light absorption via localized surface plasmon resonances (LSPR), followed by ultrafast 

plasmon damping and dephasing, resulting in the population of hot electrons that are able to 

transfer to the SC conduction band (Fig. 1a).3–5 Variations of this mechanism including, for 

example, plasmon-enabled interfacial charge-transfer excitations have been proposed as well.6,7 

Despite substantial efforts to develop plasmonic light-harvesting devices, overall device 

efficiencies remain quite low with most groups reporting external quantum efficiencies well 

below one percent8–12 and only a few reaching higher values of a few percent.13,14 The underlying 

physical limitations are not well understood and may include low charge injection efficiencies as 

well as challenges associated with light absorption, charge transport, back electron transfer or 

low yields of the catalytic reaction at the SC-liquid interface. Disentangling these individual 

restrictions remains challenging. In particular, the determination of NP-SC charge injection and 

back electron transfer rates requires time domain techniques that, ideally, are sensitive to short-

lived, local charge densities. Time-resolved studies in the visible and infrared (IR) regimes 

monitor spatially averaged, free charge carrier densities in the SC acceptor,3,15–17 and have led to 

photon-to-electron injection efficiency estimates of up to 50%.6,15,17,18 Theoretical predictions, 



however, vary only between a few6 and up to 20%19, and the root causes for the discrepancies 

between theory and experiment have yet to be identified. New techniques are sought that can 

provide a direct, quantitative measure of the time-dependent amount of charge inside the 

plasmonic NPs as well as the transient charge- and energy-distributions within the immediate, 

nanometer scale interfacial region between and the NPs and the SC.20 

Here, we apply picosecond time-resolved X-ray photoelectron spectroscopy (TRXPS) to gain a 

site-specific perspective on photoinduced charge-transfer dynamics at the interface between 

spherical gold NPs (20 nm diameter) and a nanoporous TiO2 substrate. The results provide an 

absolute measure of the amount of charge injected from the AuNPs into the SC substrate, 

indicating that ~2 electrons are transferred per NP, corresponding to a photon-to-charge 

conversion efficiency of ~0.1 %. Electron-hole recombination is completed within ~1 ns. The 

study provides the first reference-free, quantitative, microscopic, real-time insight into the 

efficiency and temporal evolution of charge transfer dynamics in a standard nanoplasmonic 

heterostructure. It demonstrates that currently available benchmark values for the first steps of 

photon-to-charge conversion in AuNP-sensitized TiO2 need to be re-evaluated based on newly 

available data and corresponding theoretical estimates. The observations also bear consequences 

for the design of more efficient nanoplasmonic solar light harvesting devices as discussed below. 

In the TRXPS experiment, interfacial charge-transfer dynamics are initiated by 10 ps long optical 

(532 nm) pump pulses and probed site-specifically at both the electron donor (AuNP) and 

acceptor (TiO2) by transient changes in the Au4f and Ti2p photolines, respectively. The 

measurements are performed at Beamline 11.0.2 of the Advanced Light Source (ALS), using 

70 ps long X-ray pulses with photon energies of h =687 eV for the Au4f and h =950 eV for the 





spectrum exhibits a distinct response to laser excitation, leading to a bipolar structure in the 

difference curve for each spin-orbit component. To achieve a large acceptance solid angle for 

photoelectrons, an electrostatic lens system is used that leads to peak broadening but does not 

affect the measured shifts. The laser-induced XPS response is modeled by a rigid shift of the 

entire spectrum to higher binding energies. The extent of this shift is determined to 80 meV by 

minimizing the difference between the neutral ground state spectrum and a shifted version of the 

spectrum recorded after laser excitation. In order to exclude any effects arising solely from the 

AuNPs, additional reference measurements are conducted that monitor the Au4f and Al2p 

TRXPS spectra of AuNPs deposited on Al2O3 substrates. In this configuration, Al2O3 inhibits 

charge transfer at the NP-SC interface, enabling the investigation of the isolated AuNP response. 

No photoresponse is detected in either the Au4f or the Al2p photolines of the AuNP-Al2O3 

control samples, confirming that the transient Au4f photoresponse of the AuNP-TiO2 samples 

arises from electron injection from the AuNPs into the TiO2 substrate (see Supporting 

Information for details). 

Time-dependent shifts of the Au4f and Ti2p spectra as a function of pump-probe delay are 

derived using the spectral difference minimization procedure described above, leading to the red 

and green markers, respectively, in Fig. 2. The laser pulse precedes the X-ray pulse for positive 

delays. Positive energy shifts indicate spectra with higher binding energies after laser exposure 

compared to the neutral ground state spectra before the pump pulse arrives. 

 

 





The observed amplitude of the Au4f photoresponse at 30 ps delay is further investigated as a 

function of pump pulse fluence as illustrated in the inset of Fig. 2. The measurement reveals a 

nearly linear correlation between line shift and excitation fluence up to 0.2 mJ/cm2, beyond 

which the observed response saturates at approximately 80 meV. In comparison, the control 

experiment on AuNP - Al2O3 (gray dot) at a fluence of about 0.4 mJ/cm2 does not indicate any 

measurable photoresponse. 

Plasmon-induced hot-electron transfer (HET) is the most prominently discussed charge transfer 

mechanism for nanoplasmonic light harvesting systems. It is based on the excitation and 

subsequent decoherence of a surface plasmon resonance, resulting in a population of hot 

electrons that are able to undergo ultrafast transfer to the SC (Fig. 1a). A direct, unambiguous 

proof for this picture is still outstanding. Being able to quantify the amount of charge that may be 

extracted after absorption of n photons in a plasmonic light absorber is essential in order to test 

this and alternative physical pictures. The observed transient photoresponse presented here gives 

direct, quantitative insight into the electron injection efficiency per NP and the subsequent 

electron-hole recombination dynamics as discussed in the following. 

Electron transfer from the AuNP into TiO2 will effectively lead to a positively charged metal 

sphere with the excess positive charge mainly residing at the NP surface. Within this picture, the 

missing charge creates an additional constant potential throughout the NP, leading to an increase 

in the effective binding energies of the Au4f core levels, as observed in the experiment. A theoretical 

model is needed to translate the measured core level shifts into the amount of NP valence charges 

created by the NP-SC charge transfer. A first-principles based, quantitative prediction of the AuNP 

core binding energies as a function of the number of transferred charges is rather challenging. 

Instead, we use a semiclassical jellium model to estimate the valence charge distribution within 



the spherical metal clusters and its impact on the Au4f photoelectron kinetic energies.23 Within 

the jellium model, the positive ion cores are represented by a uniform positive background 

charge density in the calculations.24,25 The model predicts that excess or missing charge is 

accumulated within a surface layer with a width given by the Wigner-Seitz radius (RWigner = 

0.165 nm for Au26), whereas the electron density inside the sphere stays largely unaffected. Fig. 

3a schematically illustrates the electron density change for a positively charged sphere (blue 

solid line). The missing charge Q at the surface of the sphere with radius Rsp=10 nm creates a 

constant potential VQ = - Q/(4 0Rsp) for all electrons inside the sphere and, thus, shifts their 

effective binding energies accordingly. Outside the sphere, the Coulomb potential decreases with 

1/r, with r being the distance to the center of the sphere. The magnitude of the Coulomb potential 

can be considered constant throughout the XPS probing volume (see Fig. 3a, green line), which 

greatly simplifies the estimate of the induced shifts. The model predicts a linear dependence 

between observed binding energy shifts and the number of electrons injected into the SC. This is 

illustrated in Fig. 3b, which shows the predicted XPS peak shifts as a function of elementary 

charges removed from spherical AuNPs with various radii RSP as indicated. 

 

 





from several hundred to several thousand electrons per NP of about half the size used here.15,17,18 

The substantial orders of magnitudes difference between the findings requires some attention. In 

particular, for time-resolved experiments utilizing short laser pulses / high peak fluences, the 

Coulomb potentials of the charged NP set boundaries to the maximum achievable injection 

efficiency both in terms of the energy that is required to overcome them as well as the maximum 

positive charge that may be supported by a NP without disintegration. The charge per NP 

measured here lies well within these energy and damage boundaries. A more detailed discussion 

of these aspects is provided in the Supporting Information. The measurement reveals a nearly 

linear correlation between line shift and excitation fluence up to ~0.2 mJ/cm2, beyond which the 

observed response saturates at approximately 80 meV. A more detailed discussion of this trend is 

also provided in the SI. 

The recovery of the Au4f ground state spectrum with a bi-exponential trend involving a fast 

60±10 ps component and a slower 0.8±0.2 ns component reflects the back-electron transfer 

dynamics between the TiO2 substrate and the AuNPs. The fast decay timescale observed here is 

in agreement with the findings of previous infrared (IR) transient absorption studies, which 

reported 1/e signal decays within ~20-100 ps.15,18 It was shown that the TiO2 particle size and 

sample preparation methods play an important role with regard to the overall lifetime.18 Much 

faster initial signal decay within only 2ps was found for AuNPs fully embedded in ALD 

prepared TiO2 films.17 The observation of a significantly smaller charge carrier lifetime may 

arise from the different sample morphologies and/or could also be related to the different delay 

ranges and temporal resolution of the experiments. 

The dominant sub-ns recombination timescales reported here and elsewhere may indicate a 

fundamental issue of the AuNP-TiO2 system with respect to the achievable external photon-to-



current quantum yields. The electron diffusion coefficient D of TiO2 films lies in a range of 

~10-8 cm2/s to ~10-5 cm2/s.28,29 Using the upper limit of D and a maximum lifetime of ~1 ns, the 

corresponding maximum diffusion length  can be estimated to be on the order of ~1 nm. 

This is orders of magnitude smaller than, for example, diffusion lengths in dye-sensitized TiO2 

systems,30,31 and indicates that efficient external charge extraction from a NP-TiO2 

heterojunction requires extremely thin SC domains. 

Photoinduced charge transfer at the AuNP-TiO2 interface results either in the generation of 

mobile charge carriers in the SC conduction band or the filling of trap states at the SC surface. 

Thus, transient spectral signatures with trends similar to those of the Au4f lines may also be 

expected in the Ti2p photolines. However, as can be seen in Fig. 1c, the ground and excited state 

spectra are indistinguishable within the experimental signal to noise ratio. Note that the missing 

Ti2p photoresponse cannot be associated with a lack of interfacial charge transfer in the AuNP-

Ti2p system. The control experiment with the AuNP - Al2O3 sample confirms that the response 

of the Au4f lines in the AuNP – TiO2 sample is due to photo-induced electron transfer. 

Therefore, the striking differences between the trends in the Au4f and Ti2p signals must be 

rooted in the different impacts of transient carrier densities in the donor and acceptor materials 

on their respective TRXPS signals. As discussed in more detail in the Supporting Information, 

we tentatively assign the missing Ti2p photoresponse to ultrafast surface-to-bulk diffusion of 

injected charges. Small total charge yields as well as the fact that the injected electron diffusion 

length is small compared to the AuNP size, leading to a "shadowing" effect that shields the 

injected electrons from detection, may also contribute. 

The study illustrates the power of time-resolved X-ray photoelectron spectroscopy to investigate 

photoinduced charge transfer dynamics at interfaces between plasmonic NPs and nanoporous SC 



substrates. The element-specificity of TRXPS allows to monitor transient, local charge 

distributions selectively from the perspectives of the electron donor (AuNP), complementing 

previous time resolved studies in the visible to IR regime. The transient increase of the effective 

Au4f binding energies provides a quantitative measure of the interfacial charge injection 

efficiency as well as the electron back transfer rate with a sensitivity of approximately one 

charge per 109 atoms. The observed photon-to-charge conversion efficiency of ~0.1% is 

significantly lower than values reported in some other studies but well within upper bounds set 

by theoretical predictions, fundamental energy conservation considerations, and target damage 

limits. The observed injection and electron-hole recombination dynamics provide important 

benchmarks for the design of plasmonic light harvesting systems. Future campaigns will 

investigate how the performance of the NP-SC interfaces correlates with parameters such as NP 

and SC materials and morphologies. Ultimately, the high sensitivity of TRXPS to transient local 

charges on a single electron level may enable the site-specific real-time monitoring of 

photoinduced chemical transformations enabled by heterogeneous nanoplasmonic assemblies. 

 

Supporting Information. Sample preparation, Time-resolved XPS experiment and 

reproducibility, UV-VIS absorption spectra, Scanning electron microscopy (SEM), Control 

experiment with Al2O3 substrate, Rayleigh stability limit and total static potential energy, 

Fluence dependence of Au4f line shift, Photoresponse at the Ti2p edge 
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