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ABSTRACT: The use of all-inorganic perovskite nanocrystals (PeNCs) in photocatalytic systems 

has been limited due to their instability in polar solvents. Encapsulation of PeNCs in inorganic and 

polymeric matrices has been shown to be effective in overcoming such instability issues, yet 

studies on charge/energy extraction from these composite systems are still rare. Herein, we explore 

the capacity of CsPbBr3 PeNC/AlOx composite films to drive chemical reactions by coupling 

them to plasmonic AgNCs. AlOx is used both as a stabilizing layer and as a spacer to study 



 2 

distance-dependent excitation energy transfer, which reveal a unidirectional migration of energy 

from the PeNCs towards the AgNCs. We then utilize this pooled energy for a plasmon-mediated 

methylene blue desorption where we demonstrate enhancement effects of spectral and spatial 

absorption on the reaction outcome due to the coupling to PeNCs. 

Spatial migration of electronic energy plays a crucial role within the natural photosynthetic 

system. Solar energy is captured by multiple light-absorbing antenna complexes and funneled into 

a single catalytic centre via Förster resonance energy transfer (FRET), hence providing spectral 

and spatial amplification of absorption at the relatively low-flux conditions of solar irradiation 

(1015 ph cm-2 s-1).1,2 In the past decades, a variety of artificial systems inspired by the photosynthetic 

concept of absorption amplification have been studied, including molecular photocatalysts, 

inorganic biological hybrids, and fully inorganic metal/semiconductor assemblies.3–12 However, 

most of these studies are based on charge transfer rather than energy transfer processes, where 

upon light absorption by the sensitizer, the catalyst acts as an electron/hole sink, separating charges 

and driving the relevant chemical reaction. FRET mediated sensitizing schemes are rare, yet these 

weakly coupled energy migration systems can be used to avoid exciton-exciton annihilation within 

the absorbers and provide a more energy-conserving alternative to charge transfer systems in polar 

environments.4,13,14  

Throughout the literature on artificial photosystems, conventional II-VI semiconductor 

nanocrystals (NCs) are among the most utilized sensitizers due to their wide spectral absorption, 

easy tunability of their optical and electronic properties, and versatile surface chemistry.15,16 

Neverthless, the sensitivity to surface defects of these NCs contributes to photoluminescence 

quenching and limits the energy transfer efficiencies, thus reducing the overall function of the 
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sensitizer in the hybrid architectures.16 Conversely, the more recently discovered all-inorganic 

perovskite NCs (CsPbX3, X= Cl, Br, I) possess exceptionally high photoluminescence and 

quantum yields (>80%) and a highly defect-tolerant electronic structure.17–19 Therefore, they have 

been extensively used for light-emitting and lasing applications,20–26 but reports on their light-

harvesting properties as part of an artificial photosystem are still scarce.27–29 Structural and optical 

instability issues caused by light and polar solvents are the main challenges in employing 

perovskite NCs in complex photocatalytic architectures.19 It is unknown whether stabilization 

methods that are useful for light-emitting applications, such as encapsulation in organic and 

inorganic matrices,30–33  can be applied to light-harvesting applications due to the anticipated 

difficulties in extracting charges or energy from such composite systems. Specifically, perovskite 

NCs are envisioned to be good energy transfer donors due to their high quantum yields, yet energy 

transfer studies are limited to homonuclear systems34,35 and perovskite-dye interactions.36 

Furthermore, investigations on distance-dependent properties are lacking. Such experiments were 

previously performed in-between II-VI semiconductor NCs37–44 using electrostatic and layer-by-

layer assembly techniques, which however are not easily applicable to perovskite NCs due to their 

labile surface ligands and to their instability issues mentioned above.45  

Herein, we construct an artificial antenna, where CsPbBr3 NCs are used as light-harvesting 

energy transfer donors, while Ag NCs are employed as acceptors and catalysts. This system builds 

up on our previous work, where we used atomic layer deposition (ALD) of amorphous aluminium 

oxide (AlOx) to encapsulate and to stabilize perovskite NC films against water, air and light.46 

Now, we extend this idea to construct a CsPbBr3/AlOx/Ag multilayer architecture. The conformal 

nature of the ALD process and the nanoscale control over the separating AlOx layer (2-21nm), 

enables us to study for the first time the energy transfer and its distance-dependence from excitonic 
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perovskite NCs to plasmonic AgNCs. We establish a directional funneling of energy from the 

perovskite towards the silver, and use this pooled energy to drive a proof-of-concept plasmon-

mediated chemical reaction of dye desorption, extending the spectral and spatial absorbance of the 

catalyst.  

The scheme of our antenna is reported in Figure 1A. CsPbBr3 NCs (transmission electron 

microscopy (TEM) image as inset of Figure 1A), from here on referred to as PeNCs, were spin-

coated on glass or silicon substrates, which were pretreated with (3-

mercaptopropyl)trimethoxysilane before deposition, to improve NC adhesion and to achieve 

uniform coverage (Figure S1). An amorphous AlOx layer was then deposited on the PeNC films, 

 

Figure 1: A) Schematic representation of the proposed PeNC/AlOx/AgNC antenna. Insets show 

the corresponding TEM images for each NCs. B)  Extinction and PL spectra for PeNC/AlOx and 

AlOx/AgNC films, which highlight the spectral overlap. C) Cross-sectional STEM-HAADF image 

of the PeNC/AlOx/AgNC antenna and the corresponding EDX map. D) AlOx spacer thickness for 
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different numbers of ALD cycles. E) AFM images of the PeNC/AlOx films after 1 and 100 ALD 

cycles together with their height profile and root-mean-squared roughness. 

following our previously developed ALD method.46 The thickness of this spacer layer was 

controlled by varying the number of completed ALD cycles. A minimum of 1 ALD cycle was 

necessary for all samples to ensure cross-linking of the PeNCs, rendering them insoluble in organic 

solvents,47 hence avoiding any washing-off in the subsequent processing steps. To complete the 

multilayer structure, AgNCs (Figure 1A, TEM inset) were then spincoated on top of the 

PeNC/AlOx. This deposition process was properly tuned to obtain a  monolayer islands of AgNCs 

on top of the AlOx layer (Figure S2) with an Ag NC density of 2.2	 × 10!"𝑚#$ (see Supporting 

Information). No signs of chemical interaction and/or structural transformations, such as cation-

exchange or ion-diffusion,48–51 were observed between PeNCs and AgNCs (Figure S3).  

The overlap between the AgNCs extinction spectrum, from the localized surface plasmon 

resonance (LSPR), and the PeNCs photoluminescence (PL), shown in Figure 1B, satisfies the 

energy transfer condition and thus justifies the materials choice. Figure 1C reports a cross-sectional 

scanning transmission electron microscopy high-angle annular dark-field (STEM-HAADF) image 

of the final PeNC /AlOx (15 nm) /AgNC multilayer sample and the corresponding energy-

dispersive X-Ray spectroscopy (EDX) map, where all the layers are clearly visible. More images 

from different parts of the sample can be seen in Figure S4.  

To study distance-dependent processes, an accurate estimate of the separation between the 

donor (PeNCs) and the acceptor (AgNCs) entities is crucial. A systematic investigation of the AlOx 

spacer thickness with the number of ALD cycles was performed by atomic force microscopy 

(AFM) which revealed an  AlOx growth rate of 0.11 nm/cycle (Figures 1D). It must be noted that 
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below 20 ALD cycles, the growth of an over coating AlOx layer is very slow, which is consistent 

with our previous work and with others and attributed to the porous nature of the NC films. 46,52–55 

Representative AFM images of PeNC/AlOx films after 1 and 100 ALD cycles are reported in 

Figure 1E, along with their area-averaged thickness profiles, while a full set of AFM images can 

be seen in Figure S5. The minimal change seen in the root-mean-squared surface roughness (Rq) 

between them points out to the highly conformal deposition of the AlOx spacer layer.  Additionally, 

it is crucial to indicate the sub-nm root-mean-squared roughness (Rq) observed in all of our films 

(Figure S6) that justifies the use of ALD deposition for energy transfer measurements.  

The PeNC/AlOx /Ag NC multilayer samples were then used to study the distance-dependent of the 

energy transfer processes between the excitonic PeNCs and the plasmonic AgNCs by both steady-

state and transient spectroscopies. Firstly, the effect of the coupling was investigated by steady-

state and transient PL measurements (Figure 2 and S6). The samples were excited at 370-nm where 

the absorption is dominated by the PeNCs and contributions from Ag NCs are negligible. 

Subtracted PL decays at the emission peak position of 510-nm in Figure 2A are consistent with 

shortening of the lifetimes upon the introduction of Ag NCs with decreasing AlOx spacer thickness. 

Furthermore, the maximum at around 3ns indicates that quenching primarily occurs at such short 

timescales.   Quenching effects were observed in steady-state measurements, evident by the 

decrease in the PL quantum yield (QYPL) of PeNCs coupled with Ag NCs (Figure S7). The 

quenching efficiencies of PeNCs were calculated in two separate ways for comparison; one using 

PL lifetimes (ELT) and the other using QYPL values (EQY) (see Supporting Information for details, 

Table S1-S2, Figure S7). It must be noted that for the PeNC/AlOx (2 nm) sample considerably 

shorter PL lifetimes and lower QYPL values were recorded compared to the other reference samples 

with thicker AlOx spacer layers. This effect was attributed to the surface trap states and incomplete 
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passivation of the PeNC layer.46,56 The average distance-dependent quenching, ELT and EQY, as a 

function of AlOx spacer layer thickness is reported in Figure 2B and 2C, respectively. It is clear 

that the PL lifetimes become shorter and the QY is quenched as the distance between the PeNCs 

and AgNCs decreases. The similar trend between ELT and EQY suggests the primary mechanism of 

quenching to be through the increase in the non-radiative recombination rate (knr) rather than the 

decrease in the radiative recombination rate (kr), contrary to what has been shown before for 

dye/metal NC systems.57 As a matter of fact,  the distance-dependent data can be fitted (Figure 2B-

C, dashed line) by a non-radiative nanometal surface energy transfer (NSET) formalism, where 

PeNCs are assumed to be point dipoles transferring energy to an infinite plane of Ag NCs (details 

in the Supporting Information), giving a characteristic radius of ~6.0 nm for our system. This is in 

agreement with previously reported radii for quantum dot/metal NC systems.58  

As NSET was identified to be the main coupling mechanism, one must now consider that the 

AgNC LSPR can be excited indirectly through the PeNCs due to the spectral overlap seen in Figure 

1B.  Additional long-range energy exchange phenomena in the weak coupling regime can take 

place when the LSPR is excited in the vicinity of quantum dots, two of them being the Purcell 

enhancement and the plasmon-induced resonant energy transfer (PIRET).59–61 The former, Purcell 

enhancement, can occur due to the near-field scattering by the plasmonic nanoparticle, that 

augments the radiative recombination rate of the near-by quantum dot. This in turn increases the 

quantum dot’s QY, which is not what we observe. Furthermore, this effect does not appear in our 

system even when the LSPR of the AgNCs is excited directly (Figure S8), most likely due to the 

relatively small size of the AgNCs, where the extinction of the LSPR is dominated by absorption 

rather than scattering.62 
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Figure 2: A) Subtracted PL decays of the PeNC at different AlOx thicknesses, obtained from 

TCSPC measurements at λexc=370nm by substracting the decay traces of reference PeNC/AlOx 

from the PeNC/AlOx/AgNC decay traces for each AlOx thickness.  B) Quenching efficiency 

calculated from the PeNC average PL lifetimes over distance C) Quenching efficiency calculated 

from PeNC QYs over distance. The efficiency values are an average of four set of samples with 
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error bars representing standard error of the mean. Dashed line in B) and C) represent the NSET 

fits with their corresponding values for characteristic radii R0. 

 

The latter energy exchange mechanism, PIRET, is analogous to NSET, where transfer is directed 

from the plasmonic nanoparticle towards the quantum dot through dipole-dipole coupling. 

However, no signatures of PIRET was observed in the PL excitation spectra of the PeNC in our 

system (Figure S8). PIRET is expected to be a coherent isoenergetic process due to the lack of a 

Stoke’s shift, hence the energy is shuffled back and forth from the quantum dots to the plasmonic 

NCs until one of the dipoles dephases. Hence, the lack of PIRET in our trilayer system can be 

rationalized by the faster plasmon dephasing times of Ag NC films63 compared to the slower 

exciton dephasing times of PeNCs,64,65 resulting in the final deposition of the energy on the Ag NC 

side. Overall, the lack of Purcell enhancement and PIRET, combined with the quenching of the PL 

intensities and shorter lifetimes evidence the unidirectional energy transfer from the PeNC towards 

the Ag NC through a non-radiative energy transfer process.  

Finally, understanding if the energy funneled from the PeNCs to the AgNCs can be used 

to drive chemical reactions is interesting, considering that no study of this kind has been reported 

before for PeNCs. In the past decade, numerous reports have shown LSPR-mediated 

photochemical reactions on metallic NC surfaces.66–68 While the exact contribution of thermal and 

charge excitation processes towards these LSPR-mediated reactions is still under debate, there is 

a common agreement regarding the viability of the approach.  One of model the reactions that has 

been considered for mechanistic studies is the degradation/desorption of the methylene blue (MB) 

dye from AgNC surfaces.69,70 Hence, we take this to study the photocatalytic capacity of our 

PeNC/AlOx/AgNC antenna.  
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Figure 3: A) Raman spectra of the denoted samples. B) A representative photochemical reaction 

experiment showing the decrease of the Raman signal for the PeNC/AlOx (3nm)/Ag-MB sample 

under illumination. C) Normalized Raman signal at 449 cm-1 for a number of experiments, as 

denoted by color coding. All Raman spectra (with the exception of PeNC/AlOx(6nm)/MB, see SI) 

were gathered by a 633-nm laser and a photon flux of 6.0 x 1020 cm-2s-1. SERS spectra 

corresponding to each of these six experiments are reported in Figure S11. 

 

Figure 3A shows the Raman spectra of the PeNC/AlOx(3 nm)/AgNC-MB structure along with the 

reference samples. Other than the two peaks at 150 cm-1 and 270 cm-1, which were assigned to the 
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PeNC/AlOx film, the rest of the spectral features were attributed to the MB molecule, consistent 

with previous literature.69–71 A comparison between MB spectra with and without AgNCs clearly 

demonstrate the surface enhancement effect on the Raman signals and thus evidence the proximity 

of the dye molecules to the Ag surface. Figure 3B reports the changes in the spectrum of the 

PeNC/AlOx(3 nm)/AgNC-MB during illumination. The absence of new and/or shifted peaks at the 

high wavenumber range excludes the possibility of a reduction or degradation reaction.71 On the 

other hand, a decreased intensity of the Raman signal is observed over time.  

Sintering of the the Ag NCs under constant illumination was excluded by TEM and UV-vis 

absorption experiments (Figure S10). Therefore, the decreased signal intensity cannot be attributed 

to disappearance of the surface enhancement from the reduced Ag surface. One of the viable 

mechanisms in plasmonic photocatalysis is the chemical interface damping (CID). CID occurs in 

metal NC-adsorbate systems; hot electrons are generated within a metal NC through LSPR 

excitation, transiently populating and depositing vibrational energy to the empty adsorbate states, 

consecutively relaxing back to the metal NC. The excess vibrational energy on the adsorbate can 

then be utilized for dissociation or desorption.72 In accordance with this mechanism and with a 

previous study on MB on Ag surfaces, the decrease of the Raman signals points out to the 

desorption of the MB dye from the Ag NC surface induced by the plasmon excitation through 

energy transfer from the PeNCs. 

The hypothesis that PeNC to AgNC energy transfer being the driving force behind this MB 

desorption process was tested by a number of control experiments. Figure 3C shows the 

normalized signal intensities for the stronger MB signal at 449 cm-1, over illumination time for 

each set of experiments. Minimal deterioration of the MB signal was observed when AlOx/Ag-MB 

was illuminated at 370-nm without the underlying PeNC layer. At this wavelength, there is 
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negligible LSPR excitation, therefore the slight decrease the intensity is ascribed to heating effects 

from long term light exposures. Similarly, no significant signal loss was detected when the MB 

molecules were directly spincoated on the PeNC/AlOx (6nm) film, without Ag NCs. This rules out 

the possibility of direct charge or energy transfer processes from the PeNC to the MB molecules. 

To further test the distance dependence of the MB desorption, the multilayer structures were 

illuminated at different AlOx spacer layer thicknesses. While at larger PeNC-AgNC separations 

MB desorption slows down, it speeds up at smaller separations, in agreement with the PL data 

shown in Figure 2. It is interesting to note that AlOx/Ag-MB samples illuminated at the 510-nm 

LSPR peak with the similar photon flux were less active than all the PeNC/AlOx/Ag-MB samples. 

While further investigation is needed, these findings suggest the possibility of increased lifetime 

of the hot electrons or of the excitation rate as a result of coupling with the excitonic PeNCs. 

In conclusion, we propose a novel antenna assembly, enabled by the conformal deposition 

of AlOx, to study energy transfer processes for acceptor-donor systems where layer-by-layer 

assembly methods are not applicable. We use this platform to investigate for the first time distance-

dependent interactions of PeNCs donors with nearby acceptor entities, exemplified by plasmonic 

AgNCs. We couple transient and steady-state PL and absorption spectroscopies to establish 

unidirectional non-radiative energy transfer from the PeNCs towards the AgNCs. Finally, we 

demonstrate the photocatalytic capacity of this multilayer system by studying a simple plasmon-

mediated reaction (i.e. MB desorption from the AgNC surface). Interestingly, we show that the 

spectral absorbance of the AgNC can be extended to higher energies with the PeNC antenna and 

utilized to drive photochemical reactions more efficiently. From a more general perspective, we 

foresee two main advantages of this multilayer platform. Firstly, on the PeNC side, we show that 

energy can be extracted from them even if they are buried under a 10-nm overcoating layer. This 
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opens up the way to both stabilize and utilize them as light-absorbers to catalyze various liquid-

phase reactions. Secondly, on the plasmonic photocatalysis side, coupling the metal nanoparticle 

at a certain energy with a semiconductor light-absorber can improve photocatalytic efficiencies, 

though the mechanism behind such behavior remains to be investigated. 
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