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A B S T R A C T   

Plasmonically active nanoparticles offer a promising pathway to extend the absorption range of photocatalysts. 
While not necessarily catalytically active themselves, these particles allow the absorption of lower energy 
photons in wide band gap photocatalysts. Here, we present A-site excess SrTiO3 thin films, doped with Ni, where 
through a subsequent exsolution process we created well-socketed Ni nanoparticles in the surface of SrTiO3. 
These were galvanically replaced by Au, resulting in well-socketed Au nanoparticles with variable size on the 
surface, depending on the galvanic replacement time. Photoelectrochemical measurements and electron energy 
loss spectroscopy revealed the improved photoresponse of the thin films by plasmonic activity of the nano
particles. The energy of the plasmon peak suggests that the main improvement results from the injection of hot 
charge carriers. Our study opens new avenues for the design and synthesis of the next generation of photo
catalytic materials.   

1. Introduction 

The continued interest in renewable energy sources has led to a 
plethora of directions to improve the energy harvest efficiency and the 
energy storage [1–8]. One approach is the utilization of photons to 
obtain a chemical product by converting the photon energy to chemical 
energy via a photocatalyst. Photocatalysts are widely investigated for 
many applications, such as water splitting, environmental remediation, 
and other uses, each one with specific requirements [2,3,9]. For 
example, solar water splitting requires a semiconductor with a bandgap 
of at least 1.23 eV, and taking into account any additional overpotential 
due to kinetic and thermodynamic losses, this results in an ideal band 
gap energy of 1.8 – 2.3 eV [2,3,10]. Another key requirement for 
practical applications is stability, where most stable semiconductors 
have a bandgap larger than 2.3 eV, ultimately limiting their light ab
sorption capacity, and, consequently, their efficiency [2,3,11]. A 
promising pathway to enhance the light absorption capacity of a pho
tocatalyst is to combine it with materials exhibiting plasmonic activity. 
Transfer of photon induced plasmonic energy to the semiconductor can 

amplify the photoconversion from photonic to chemical energy [12]. 
The localized surface plasmon resonance (LSPR) is generated on 

metal nanoparticles (MNPs) on the surface of a semiconductor photo
catalyst upon illumination [2]. These MNPs can act as light absorbing 
antennas or photosensitizers [12], where MNPs and their nanostructures 
with dimensions significantly smaller than the wavelength of light will 
have narrow absorption bands in the visible range of the spectrum [13]. 
The energy of the LSPR can be transferred from the MNP to the semi
conductor by three major mechanisms: (i) light scattering/trapping, (ii) 
plasmon-induced energy transfer (PIRET), and (iii) hot electron injec
tion 8,11. The effectiveness of the three decay mechanisms for each 
particle is directly dependent on its size, shape and chemical composi
tion [2,14]. The size distribution, surface states, surface coverage, and 
surrounding environment of these nanoparticles influence the band
width, peak height and position of the absorption maximum [13,15,16], 
making them ideal for photosensitization of semiconductors [17]. 
Hence, to predict the results across a macroscopic sample it is imperative 
to control the size distribution and shape of the particles. The combi
nation of plasmonic MNPs and the semiconductor, forming a 
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heterojunction, affects the photoconversion by introducing four 
different effects: (i) strong light absorption, (ii) intensive far-field light 
scattering, (iii) abundant hot carrier generation, and (iv) plasmonic 
heating effects [2,9,12,13,17]. The short lifetime of the excited intra
band transitions remains a challenge for the effective utilization of the 
plasmonic energy of MNPs [2]. 

We have recently presented a new synthesis method for supported, 
well-adhered MNPs [18] and here we extend our method to thin films 
and A-site excess defective perovskite oxides. We wanted to generalize 
the concept of exsolution beyond A-site deficient and stoichiometric 
perovskite by utilizing A-site excess perovskites. A-site excess perov
skites typically have Ruddlesden-Popper (RP) interlayers to accommo
date the excess A-site ions. In contrast to A-site deficient perovskites 
there are no inherent A-site vacancies and lower amounts or most likely 
non-existent oxygen vacancies in the perovskite-like blocks on the RP 
phase. This creates a host matrix in which metal exsolution is potentially 
less thermodynamically driven by evolution towards a stoichiometric 
variant compared to A-site deficient structures [19]. However, A-site 
excess perovskite might bring kinetic improvements owing to improved 
ion diffusion in the interlayer region, potentially leading to better con
trol over particle distribution and their socketing depth in the surface of 
the host semiconductor. Exsolving gold (Au) on A-site excess strontium 
(STO, Sr1+xTi1−xNixO3) is considered unfeasible due to the difficulty of 
dissolving Au in an ionic state in a host perovskite oxide due to the 
size-coordination preference of Au ions compared to those of typical A or 
B ions. Meanwhile, the exsolution of nickel (Ni) particles has been 
studied extensively [20–22], but Ni does not have significant plasmonic 
activity [14]. However, plasmonically active Au particles can be intro
duced by a galvanic replacement reaction (GRR) where Ni particles 
serve as template for Au. 

Our method can introduce well-adhered and distributed Au MNPs by 
galvanically replacing existing MNPs of Ni, formed through exsolution, 
that are socketed in the surface of the host perovskite material. This 
electroless process utilizes Ni as the sacrificial template, which is 
oxidized by a solution containing Au ions. The latter are reduced and 
deposited on the surface of the template, replacing the original, socketed 
Ni particles [23–26]. The major advantage is that Au MNPs can by this 
method be embedded in the perovskite surface, a process that is other
wise very difficult. Partially embedded Au MNPs on glass substrates 
through a melting procedure have previously been reported to show 
enhanced stability, while still being able to create charge carriers where 
they are needed, mainly near the oxide surface, in order to drive 
chemical reactions [27,28]. We have studied the latter by means of 
Finite-Difference Time-Domain (FDTD) and our result indicate a strong 
relation between light absorption efficiency and depth of the socketed 
Au MNPs in the surface of A-site excess SrTiO3 thin films. 

2. Experimental 

A pellet of Ni-doped, A-site excess strontium titanate (Sr1.07Ti0.93

Ni0.07O3-δ, STO(Ni)) was prepared by the solid-state reaction method. 
The appropriate amounts of precursor powders (SrCO3 99%, (1% Ba) 
Johnson Matthey GmbH, CAS: 1633–05–2; TiO2, anatase, Sigma 
Aldrich, CAS: 1317–70–0; and Ni(NO3)20.6 H2O, 99.999%, Sigma 
Aldrich, CAS: 13478–00–7) were weighed to obtain 2.5 g of STO(Ni), 
powder. The precursors were crushed and ball milled in an agate jar with 
agate balls for 3 h at 300 rpm in de-ionized water (DI H2O), dried under 
stirring and subsequently calcined at 450 ℃ for 4 h. The calcined 
powder was crushed and again ball milled in DI H2O, dried, pressed to a 
pellet of 20 mm in diameter, and finally sintered at 1100 ℃ for 12 h. 

The pellet was used as target to deposit STO(Ni) films on silicon (Si) 
wafers by pulsed laser deposition (PLD, Surface-Tec system, laser: 
Coherent COMPex Pro 205F, KrF, wavelength: 248 nm) at 600 ℃ sub
strate temperature. The chamber was evacuated, and oxygen gas was 
used to reach a pressure of 0.005 mbar throughout the process. The 
target was irradiated with 3.0 J cm−2 at a repetition rate of 10 Hz with 

the distance between the target and substrate being 9 cm. A total of 
20,000 shots were applied. 

The deposited thin films were then placed in a ProboStat™ sample 
holder cell (NorECs AS, Norway) in a hydrogen/argon mix (5% H2, 95% 
Ar, HArmix) atmosphere. After an initial flushing for 15 min at room 
temperature, the temperature was raised to 800 ℃, with a ramp rate of 5 
℃ min−1 and kept at 800 ℃ for 30 min before it was cooled down to 
room temperature with 5 ℃ min−1. The described procedure leads to 
samples with the highest Ni metal signal in XPS (see Fig. S1a). Unless 
otherwise stated this procedure was followed and the reduced thin films 
with Ni MNPs will be referred to as STONi. 

While the sample was cooling, a solution of 1 mM HAuCl4 in 1 mM 
HCl was heated to 77 ℃ in a double jacketed beaker connected to a 
thermostated water bath. The STONi samples were then immediately 
transferred from the ProboStat™ to the solution, and kept there for 5 s, 
30 s and 90 s, thereafter denoted as samples STONiAu5s, STONiAu30s, 
and STONiAu90s, respectively. Subsequently, each sample was removed 
for the replacement solution, rinsed with DI H2O, dried in air, and stored 
under ambient conditions for analysis. 

The analysis consisted of electron microscopy (scanning electron 
microscopy (SEM) and scanning transmission electron microscopy 
(STEM), Fei Tecnai-G2 60–300 instrument), including the Energy- 
Dispersive X-ray Spectroscopy (EDS) and Electron Energy Loss Spec
troscopy (EELS), X-ray Photoelectron Spectroscopy (XPS, Kratos Axis 
Ultra DLD, monochromated A1 Kα), X-ray Diffraction (XRD, Bruker D8 
Discover, Cu Kα1, Bragg-Brentano), and photoelectrochemical (PEC) 
measurements (the sample architecture and experimental setup are 
shown in Fig. S2, while the supplementary note 1 and 2 contains addi
tional details for the STEM, SEM and XPS analyses). PEC measurements 
were performed with an Ivium Vertex potentiostat/galvanostat in a 
standard three-electrode set up (Fig. S2a) in 0.5 M Na2SO4 (pH = 7.5) as 
the electrolyte, a saturated calomel electrode (SCE) and a platinum foil 
as the reference and counter electrodes, respectively. Details for the 
preparation of the working electrodes can be found in Fig. S2b. All PEC 
tests were performed under 1 sun simulated solar light, supplied by a 
Newport Oriel® LCS-100 solar simulator, equipped with a 100 W ozone- 
free xenon lamp and an AM 1.5 G filter. The light intensity was regularly 
calibrated by a monocrystalline Si PV reference cell (Newport 91150 V- 
KG5). All potentials were corrected against the reversible hydrogen 
electrode (RHE) according to Eq. 1: 

ERHE = Emeas. + 0.059 × pH + 0.242 V (1) 

The FDTD calculations were performed in the Ansys Lumerical FDTD 
Solutions software [29] using the total-field/scattered-field (TFSF) 
source. A mesh size between 0.2 and 0.8 nm was used, depending on the 
size and depth of the nanoparticle, in a mesh override region covering 
the TFSF source region. The number was chosen to be smaller for smaller 
particles and particles with a smaller depth since these result in 
geometrical details of small sizes. A non-uniform mesh with a mesh 
accuracy of 4 was used for the rest of the simulation region, which 
spanned 1000 nm in every direction. Perfectly matched layers with 8 
layers were used as boundary conditions together with two symmetry 
planes to decrease the computed region. Also, conformal variant 1 was 
used. The absorption was calculated from a square box of monitors 
positioned around the MNP, which implies that the absorption includes 
the STO encapsulated by the box near the MNP surface. Two different 
permittivity data were used to model both Au [30,31], and Ni [32,33] 
which are all from Lumerical’s Material Database [34] that has the data 
from CRC Handbook of Chemistry & Physics, Handbook of optical 
Constants of Solids I – III by E. Palik and Johnson and Christy. Two 
different permittivity data were also employed for STO; one was 
extracted from ab initio calculations, i.e., Duan et al. [35] with the help 
of WebPlotDigitizer [36], and the other was from Dodge [37]. 
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3. Results and Discussion 

The structure of the resulting thin films was studied before and after 
the GRR step by STEM, XRD and SEM. Fig. 1 shows multiple bright field 
STEM (BF-STEM) images combined with EDS maps, where the Si sub
strate is at the bottom of each image. In Fig. 1a, a bright field (BF) image 
overlayed with Ni EDS of STO(Ni) is shown. No columnar growth of the 
film is seen – the film appears nanocrystalline – and no Ni-rich areas are 
visible, implying high homogeneity. The XRD measurement of a non- 
exsolved thin film (Fig. 2a, black line) also shows no distinct peaks 
beyond the ones attributed to the substrate (Si). Fig. 1(b-e) show the BF 
overlayed with Ni and Au EDS of STONi, STONiAu90s, STONiAu30s, 
and STONiAu5s samples, respectively. Here, a columnar structure of the 
thin film and Ni particles in all the thin films are clearly visible (see also 
Fig. S3–S5). Au particles are on top, or located in macro-pores, where the 
Au solution was able to penetrate the thin film during GRR. The longer 
the galvanic replacement reaction, the larger the Au MNPs were. The 
diameters of the original Ni particles were less than 25 nm, while the Au 
MNPs in the studied areas were 10 – 25 nm, 20 – 50 nm and > 40 nm in 
diameter, for the STONiAu5s, STONiAu30s and STONiAu90s samples, 
respectively. Moreover, for the longest replacement time the particles 
took a non-spherical shape (Fig. 1c), yielding multiple absorption peaks 
in the low-loss spectra of the EELS data, depending on the location of the 
beam as we will show later. Backscatter electron (BSE), top-view SEM 
images (Fig. S6) indicate the presence of Au in the STONiAu5s, STO
NiAu30s and STONiAu90s samples (bright nanoparticles). They also 
indicate an increase in the MNPs’ density and average size from the 
STONiAu5s to the STONiAu30s, while no significant increase in their 
density is seen in the STONiAu90s. This agrees well with the shape 
change of the MNPs in this sample, indicating that most, if not all of the 
initially exsolved Ni MNPs were replaced by Au already in the 

STONiAu30s sample and further grown in STONiAu90s. 
The XRD patterns in Fig. 2a show the diffraction patterns of the as- 

deposited, exsolved and galvanically replaced STNOAu5s, 
STNOAu30s, STNOAu90s thin films. The absence of any peak but the 
substrate peaks in the non-exsolved sample indicates either a nano
crystalline or amorphous sample. The BF-STEM images in Fig. 1(a-e) 
confirm that non-exsolved and exsolved samples are different in that the 
columnar structure appears only in samples exsolved at 800 ℃, but not 
in the non-exsolved specimen (see also Fig. S8–S13). The noticeable 
exceptions are peaks attributed to the Si substrate, see Fig. S8. All the 
exsolved patterns show a multitude of peaks, including peaks of SrTiO3 
(PDF 01–070–8508), with secondary phases identified as 3SrO⋅SiO2 
(PDF 00–010–0026), the RP phase Sr2TiO4 (PDF 00–039–1471), TiO2 
(PDF 01–070–8501), and naturally the Si substrate (PDF 01–078–6300). 
The secondary phases may form locally due to favorable interaction with 
the substrate (3SrO⋅SiO2), or local stoichiometry (Sr2TiO4, TiO2). STO 
peaks are present and are the most dominant ones after the Si peaks in all 
the samples. Their relative height and the absence of various peaks from 
different patterns indicate that the growth of crystal domains is only 
experiencing a weak templating effect by the substrate. In summary, the 
XRD and STEM images show exsolution in all thin films, independently 
of the different crystal orientations and phases present. 

In Fig. 2b, the XPS measurements of a STO(Ni) and STONi exsolved 
in HArmix for 30 min are presented. The XPS results are indicative of the 
formation of metallic Ni (853 eV) in the reduced sample when compared 
to the as deposited one, in which no metallic Ni was detected. As ex
pected, the metallic Ni peak is decreasing in intensity (Fig. 2b) while the 
Au 4f double peak is increasing (Fig. 2c) with increasing immersion 
times during GRR, in good agreement with the increase in the Au par
ticle size. The Au 4f peaks shift to higher binding energies for increasing 
Au particle size. The shapes of the peaks are similar and hence do not 

Fig. 1. BF-STEM cross sectional images with overlayed Si, Ni and Au EDS of (a) STO(Ni), (b) STONi, (c) STONiAu90s, (d) STONiAu30s and (e) STONiAu5s. 
Additional high resolution STEM images of STONiAu5s can be found in Fig. S7 in the SI. 
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suggest that the shift is caused by chemical phase changes. Differential 
effects of charge compensation on the Au MNPs and the STO substrate 
could be an explanation (see details of the measurements in supple
mentary note 2). More work is needed to determine the physical sig
nificance of the observed shift in the Au 4f peaks relative to the STO 
peaks. 

The PEC performances of the different samples were studied by 
linear sweep voltammetry (LSV) in 0.5 M Na2SO4 (pH=7.5) and the 
results are shown in Fig. 3. While the STO(Ni) thin film exhibits a clear 
generation of photocurrent, as is expected for STO, the photocurrent 
density of samples with Ni and Au particles varies. For the STNOAu5s 
sample (Fig. 3c) the photoresponse is hardly noticeable, with the 
photocurrent being much lower than the STO(Ni). The STNOAu30s 
sample (Fig. 3a), on the other hand, has a large photocurrent generation. 
The STNOAu90s sample (Fig. 3d) exhibits prominent recombination 
spikes, like STO(Ni) (Fig. S14) and STONi (Fig. 3b), indicating a strong 
charge carrier recombination. While these increased recombination 
spikes can be an indication of a thermal decay of the plasmons and 
provide direct evidence of larger PEC capacity, i.e., larger light ab
sorption properties of the plasmonically active samples, their appear
ance in STO(Ni), STONi and STONiAu90s suggests that they are a 
property of the deposited film. 

The steady state PEC responses at 0.785 V versus RHE (Table S1) of 
the different samples suggest that the reduction of STO during exsolu
tion decreases the PEC response. The generally low photocurrent den
sities are attributed to the non-conducting nature of the substrate and 
the millimeter range that the charge carriers must move in order to reach 
the Ag contact. The results show that small Au MNPs increase the steady 
state response compared to the just exsolved sample (Table S1, samples 
STONi and STONiAu5s), while larger Au MNPs did not have the same 
effect (Table S1, samples STONi and STONiAu90s). Thus, intermediate 
Au MNPs size (20–50 nm) as found in the STONiAu30s showed the best 

performance among all samples, indicating the importance in the size of 
the plasmonically active MNPs. The higher PEC response suggests that a 
measurable portion of the photogenerated surface plasmons decay by 
creating an electron hole pair that can be separated. Chronoampero
metric measurements at 0.8 and 1.0 V versus RHE (Fig. S15) are in good 
agreement with the LSV curves, further showcasing the superiority of 
the STONiAu30s sample. It is noted that these performances correspond 
to a duplicate series of these five samples. 

To further investigate the size effects of Au MNPs, EELS studies have 
been performed on individual particles and their surroundings [38].  
Fig. 4 and Fig. S16 include particles from STONiAu5s, STONiAu30s, and 
STONiAu90s. The shape of the particles can be seen in the STEM images. 
EELS maps with selected energy ranges are shown in the EELS map 
column. The energy ranges are 1.505–1.520 eV for the STONiAu90s, 
2.35–2.40 eV for the STONiAu30s and STONiAu5s. They were selected 
based on the most dominant peak in the given map. EELS spectra of 
selected pixels, indicated with colored frames in the maps are presented 
in the EELS graph column. These graphs reiterate that the peak around 
1.5 eV dominates the spectra for the STONiAu90s sample, with minor 
peaks between 1.9 eV and 2.4 eV. On the other hand, for the STO
NiAu30s and STONiAu5s samples, which showed improved PEC activity 
the spectra exhibit one peak at 2.4 eV, which is the expected peak for the 
plasmonic activity of Au MNPs [14]. 

The position of the peaks in all samples suggest that the major 
mechanism for charge carrier transfer between the plasmonically active 
MNPs and the STO is hot charge carrier transfer. The spectral overlap 
between Au MNPs and STO determines the PIRET response [2], which is 
very limited as our calculations indicate in Fig. S17, while scattering/
trapping would only increase the chances of exciting an electron-hole 
pair by photons with an energy larger than the band gap of STO. 
Additionally, the positions of the EELS peaks in all samples suggest that 
the major mechanism by which the plasmonic energy is utilized is either 

Fig. 2. (a) XRD for the STO(Ni), STONi, STONiAu5s, 
STONiAu30s, and STONiAu90s. The lines on top mark Si 
(substrate, black, PDF 01–078–6300), SrTiO3 (red, PDF 
01–070–8508), 3SrO⋅SiO2 (green, PDF 00–0390–1471), 
Sr2TiO4 (dark blue PDF 00–039–1371), and TiO2 (yellow, 
PDF 01–070–8501). Peaks of unknown phases are marked 
with dotted black lines. (b) XPS spectra of Ni 2p for STO 
(Ni), STONi, STONiAu5s, STONiAu30s, and STONiAu90s. 
(c) XPS spectra of Au 4 f of STONiAu5s, STONiAu30s, and 
STONiAu90s.   

K.G. Both et al.                                                                                                                                                                                                                                  



Catalysis Today xxx (xxxx) xxx

5

local heating or hot charge carrier transfer between the plasmonically 
active MNPs and the STO. The hot charge carrier transfer is then sug
gested as the main mechanism for energy transfer between the plas
monic MNPs and STO, although a combination of hot charge carriers 
and local heating cannot be conclusively excluded. 

4. Calculations 

Computational studies in the form of FDTD calculations [29] of Au 
and Ni MNPs with randomly selected diameters between 10 nm and 
30 nm were performed to study the effect of embedding the MNPs. In 
these calculations, the centers of the spheres were placed at different 
depths compared to the surface of STO (Fig. 5a). The study revealed two 
important findings: First, Au particles showed enhanced absorption in 
comparison to Ni particles located at the same depth (Fig. 5b). Second, 
particles with their center buried in STO have increased absorption 
compared to the particles with their center at or above the STO surface 
(Fig. 5c, and total absorptions given in Fig. S18). We believe the 
increased absorption is due to a red-shift of the peak (Fig. S19), bringing 
it away from interband transitions (at 2.4 eV [14]) that lead to damping. 
Consequently, we predict that partially buried particles as a result of 
exsolution and GRR, show an enhanced absorption cross section 
compared to deposited particles (physical deposition, photodeposition 
and other such methods). Moreover, we also calculated absorption cross 
sections of deposited particles compared to embedded particles, i.e. 
‘dome particles (Fig. 5b). Dome particles were defined as spherical 
MNPs with a flat interface with STO (Fig. 5a). Here, the depth refers to 
the position of the flat interface and the results show that the absorption 
is similar for the dome particles and the spherical particles (particles 
with 0% in Fig. 5a). Finally, burying a particle deeper inside the surface 

also increases the interface area between the MNP and the STO, which 
has been shown to increase the probability of hot charge carrier injec
tion [39]. Metal exsolution is an appropriate method for controlling the 
socketing depth of a particle and control over this process will be of great 
importance for the design of highly efficient, plasmonically active 
photocatalysts. 

5. Conclusions 

Our methodology enables the formation of well-socketed Au MNPs of 
various sizes and shapes created by galvanic replacement of exsolved Ni 
by Au ions on A-site excess STO thin films. We demonstrated that the 
shape and size of the particles lead to differences in EELS mapping. 
Specifically, large non-spherical particles as observed in sample STO
NiAu90s exhibit multiple peaks that ultimately decrease the PEC ac
tivity, while spherical particles as in STONiAu5s and STONiAu30s have 
a singular peak around 2.4 eV, and improved PEC activity. This suggests 
that an intermediate size distribution of Au MNPs allows the dominant 
energy transfer mechanism from MNP to STO that is found to occur 
through hot charge carrier transfer. Our FDTD calculations highlighted 
that embedded particles can heavily improve the absorption cross sec
tion, more than particles on the surface of the photocatalyst, reflecting 
the need to create well-socketed, plasmonically active particles not only 
to improve their stability, but also their plasmonic response. This is now 
possible through our method of metal exsolution and galvanic replace
ment and efforts to gain control over particles’ socketing depth, size and 
distribution will open the way for the next generation of photocatalytic 
materials. 

Fig. 3. (a) LSV curves of all samples under chopped illumination conditions in 0.5 M Na2SO4. LSVs from (a) but at narrower potentials for (b) STONi, (c) STONiAu5s, 
and (d) STONiAu90s. Scan rate 5 mV s−1. 
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Fig. 4. STEM HAADF images of Au particles on STONiAu5s, STONiAu30s, and STONiAu90s samples, with the corresponding EELS map and EEL spectra from the 
selected pixels in each image. 

Fig. 5. (a) Illustration of the sphere placements 
for the calculations. (b) Absorption cross sec
tions normalized with the geometrical cross 
section for Ni and Au particles on STO located 
at different depths. (c) Maximum absorption 
cross section per volume against the depth of 
the particle both for Ni and Au. The marker-size 
reflects the size of the nanoparticle in the 
particular simulation. Additional calculations of 
dome-type Au particles are shown as light blue 
crosses. The error bars show the spread of the 
peak height with different permittivity data for 
the metal and STO (see also Fig. S20). The 
spread is so small for Ni that the error bars are 
smaller than the marker.   
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