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Summary

In this work, plasmonic metal nanoparticles (MNPs) are utilized to improve the

photoelectrochemical (PEC) response of strontium titanate (STO). These MNPs

were introduced by either direct exsolution, i.e., nickel (Ni), copper (Cu), iron

(Fe), ruthenium (Ru), and silver (Ag), or by galvanically replacing exsolved less

noble MNPs, i.e., Ni by Gold (Au), or Cu for Ag. Au, Ag, and Cu were the

materials chosen with significant plasmonic activity; Fe, Ru, Pt, and Ni were

used to make MNPs with minimal plasmonic response.

Two different stoichiometries of STO were synthesized. One, La-doped A-site

deficient STO (La0.6Sr0.2Ti0.9Ni0.1O3–x), was exclusively doped with Ni and

utilized as powder samples. The other stoichiometry was A-site excess STO

(Sr1.07Ti0.93M0.07O3±δ, where M is the dopant) was doped with various metals.

These excess perovskites were studied in thin film and powder forms.

A-site excess STO thin films were deposited by pulsed laser deposition on

silicon substrates. The as-deposited thin films appeared nanocrystalline or

amorphous until the exsolution process was engaged. The exsolution step was

studied explicitly for these A-site excess STO thin films where the formation

of MNPs occurred not only at or near the thin film surface but also on grain

interfaces and in bulk. Moreover, the dopant diffused significantly during the

process.

While the size of the template particles depended on the exsolution conditions,

the galvanic replacement reaction determined the shapes and sizes of the newly

formed MNPs. The replacement time and the form (thin film/powder) of STO
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Summary

influenced the results, both completely replaced particles and partially replaced

particles with complex structures were obtained. Additionally, more prolonged

galvanic replacement reactions lead to larger particles. In turn, the specific shape

of the plasmonic MNPs determined the localized surface plasmon resonance

band shape and peak position.

Overall, exsolution leads to well-socketed MNPs, a property seemingly

inherited by the MNPs created by galvanic replacement. Well-socketed MNPs

are extremely difficult to obtain by any other technique and have a favorable

localized surface plasmon resonance peak shift. The PEC response revealed

that reducing STO first decreases the material’s response. Reducing it further,

however, increases the PEC response significantly. Au MNPs increase the PEC

performance until the MNPs reach a specific size and subsequently decrease

the PEC performance when growing more prominent. This work highlights the

ease by which well-socketed plasmonic MNPs can be created, some impossible

to synthesize by another technique, and how different reaction conditions can

change the shape and size of the MNPs, ultimately tuning the localized surface

plasmon resonance band shape and peak position. The method of exsolution

and galvanic replacement reaction was generalized by utilizing different elements,

implying that the tuning of catalytic activity depends on the choice of elements

and reaction conditions.
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Chapter 1

Introduction

The Holocene, the name given to the last 11’700 years, marks the era when planet

earth moved from a nature-governed environment to a human-dominated one

[1–3]. With most of the cultural and technological development occurring within

the Holocene, it is arguably the most crucial period in the history of humanity

[1, 2]. Over the same period, the global population and productivity can be

closely correlated to global energy consumption [2]. It is not surprising that the

industrial revolution of the 19th century and the utilization of atomic energy

accelerated the growth of population, productivity, and energy consumption

noticeably [2]. Simultaneously, humanity learned to utilize new forms of energy,

enabling these and other revolutions [1]. Renewable energies have attracted

enormous interest both in research and in everyday life. The unique advantage

of renewable energy sources is, as the name suggests, the ability to sustainably

utilize them without running into supply issues or contributing to climate change

[4].

Despite their advantage, renewable energy sources also have drawbacks. An

example of such a drawback is the day-night cycle for solar-powered devices,

limiting their usage to hours with sunlight. Moreover, clouds can significantly

decrease the efficiency of devices [5]. Similar drawbacks can be found for

other renewable energy sources [6]. While adjusting the energy consumption to

the hours when energy can be produced is a, theoretically, potential solution;

practically, renewable energy sources should be coupled to effective energy

storage to produce energy whenever possible and have it readily available at
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1. Introduction

times convenient to the consumers [6, 7]. Photocatalytic devices offer the solution

to store energy in chemical bonds and are a valid alternative to conventional

batteries [8, 9].

A photocatalyst is a semiconducting material with a band gap where an

electron-hole pair can be excited by light. Driving a chemical reaction via

photocatalyst results in particular requirements for the photocatalyst and the

incoming photon [8]. The reaction’s activation energy is the minimum energy

necessary to perform it. However, in a real system, energy losses often lead to

significantly higher energy demands than just the activation energy [8, 9]. To

facilitate the demand, the band gap energy of a viable photocatalyst needs to be

as large as the sum of activation energy and energy losses. This, in turn, poses

a prerequisite for any photon interacting with the photocatalyst. The photon

energy must be at least as large as the band gap energy [8–10].

An additional demand for a potential photocatalyst is its stability in

reaction conditions. The water-splitting reaction exemplifies how the different

requirements significantly raise the energy of the incoming photon. Splitting

water, the reaction shown in equation (1.1) requires 237.2 kJ mol−1, resulting, via

the Nernst equation, in a requirement of ∆E◦ = 1.23 V per electron transferred

(or a band gap of at least 1.23 eV) [9].

H2O H2 + 1
2 O2 (1.1)

However, due to these losses, a realistic device requires 1.6 - 2.4 eV [8, 9].

Unfortunately, narrow band gap materials are usually unstable during the

photocatalytic reaction [9]. Wide band gap materials such as strontium titanate

(SrTiO3, STO), with a band gap of 3.2 eV, would be stable but require a higher

energetic photon, diminishing their efficiency [11, 12]. The efficiency can be

increased by either decreasing the band gap energy or introducing new particles
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The Solar Spectrum

enabling the energy absorption from photons with lower energy than the band

gap energy. The latter will be further discussed in this thesis.

1.1 The Solar Spectrum

The sun, or rather, its surface temperature, determines the energy distribution

of photons released into space. Some of these make their way to the earth’s

surface. The initial energy distribution approximately obeys the black body

radiation distribution described by Planck’s radiation law, given in equation (1.2)

in wavelength form, and is displayed as a graph in figure 1.1 [13, 14]. While the

actual spectrum just outside the earth’s atmosphere deviates slightly from this

ideal distribution [15], one can observe that the majority of photons have an

energy of less than 3.2 eV.

Sλ = 8πhc
λ5

1
exp

(
hc

λkT

)
− 1

(1.2)

Figure 1.1: The black body radiation of a system with T = 5772 K, like the
sun’s photosphere (also referred to as the surface) [16].
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1. Introduction

Unfortunately, by far, not all photons emitted by the sun reach the

earth’s surface. Specifically, while the sun’s radiation without any atmospheric

interaction can be described as black body radiation, the interaction with the

atmosphere near earth absorbs a significant part of the spectrum, resulting in

daily changes at the same location [17]. The interaction of light with atoms and

chemical species can be utilized in a plethora of different scientific areas and

techniques, i.e., spectroscopy techniques [18, 19], sensors [20], or creating gauge

potentials [21]; however, the loss due to atmospheric interaction is detrimental

for photocatalysis because many high energy photons are not reaching the

photocatalytic devices [17].

1.2 Photocatalysts

The sun can be regarded as a photon emitter, and, as discussed in section 1.1,

both the sun and the requirement for photons to travel through the atmosphere

to reach a photocatalyst on the surface of the earth lead to a particular energy

distribution of the incoming photons [17]. Similarly, the photocatalyst can be

viewed as a photon receiver because every photon reaching the material interacts

with it. These interactions can be useful by exciting an electron-hole pair able

to perform in a chemical reaction, or the photon can heat the device, resulting

in no catalytic activity [22].

The inspiration for photocatalysis is nature itself. Photosynthesis, used by

nature for millions of years, is a two-step process leading to the oxidation of

H2O to O2 and the reduction of NADP+ to NADPH. NADPH and the proton

gradient, created during the reaction, fuel the Calvin cycle essential to fixate

carbon in nature [22].

In contrast to nature, humanity has been driving chemical reactions by

sunlight next to no time. The first to discover the photoelectric effect was
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Photocatalysts

Edmond Becquerel in 1839 [23]. The field of modern photoelectrochemistry

eventually developed from this discovery, evolving into a multidisciplinary field

[24]. As part of photoelectrochemistry, photocatalysis benefited from pioneering

works by Boddy, Honda, and Fujishima, among others, advancing the field

substantially [25, 26]. Moreover, the recent public interest in renewable energy

technology boosted the field further [10, 22].

Strictly speaking, a system that drives a chemical reaction thermodynamically

uphill (change in Gibbs free energy, ∆G > 0) performs photosynthesis [9, 27–

29]. On the other hand, a system that drives a thermodynamically downhill

reaction (∆G < 0) by enabling kinetically faster reaction pathways is performing

photocatalysis [27, 30, 31]. However, due to the similarity in materials properties

and mechanisms, such as light absorption, charge separation, and charge transfer

of photosynthesis and photocatalysis, the definition of the International Union

of Pure and Applied Chemistry (IUPAC) will be used in this thesis [32].

IUPAC Definition: Photocatalyst [32]
"Catalyst able to produce, upon absorption of light, chemical transfor-

mations of the reaction partners. The excited state of the photocatalyst

repeatedly interacts with the reaction partners forming reaction interme-

diates and regenerates itself after each cycle of such interactions."

Most photocatalysts stable under reaction conditions have large band gaps,

as introduced at the beginning of this chapter and elaborated in section 2.4,

significantly limiting the number of photons with enough energy to excite

an electron-hole pair. Efforts are being made to stabilize narrow band gap

photocatalysts during operation conditions to increase the number of photons

able to participate in an electron-hole generation [33, 34]. Another way to increase

the number of photons participating is by introducing metal nanoparticles (MNPs)

with plasmonic activity [8].
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1. Introduction

1.3 Plasmonics

Introducing MNPs to a photocatalytic system creates heterojunctions between the

MNPs and the semiconductor photocatalyst [8]. These heterojunctions between

plasmonically active MNPs and the semiconductor can enhance the activity

of the photocatalyst by transferring and consequently utilizing the plasmonic

energy from the metal to the semiconductor [35]. By illuminating metals like gold

(Au), silver (Ag), copper (Cu), and aluminum (Al), localized surface plasmon

resonance (LSPR) modes are excited [8, 36]. In theory, light absorption can be

tuned across the visible light spectrum [37, 38]. Consequently, the MNPs can

act as tunable light antennas for the photocatalyst. Several mechanisms allow

plasmonically active MNPs to transfer energy to the semiconductor [8, 35, 39].

Among them are light scattering/trapping, plasmon-induced resonance energy

transfer (PIRET), and hot charge carrier injection [8].
Definition: Plasmonics (as found in [40])

"Plasmonics may be defined as the study of the interaction between

electromagnetic radiation and free electrons in a metal and all the

accompanying collective phenomena [41]."

Humanity has utilized plasmonics for more than two millennia. In ancient

Rome, gold and silver MNPs were used to color objects [42]. While the mechanism

behind the color was not clear at the time, it did not prevent the manufacturing

of astonishing objects, such as the Lycurgus cup in 400 AD. The Lycurgus cup

is covered in Au and Ag MNPs and changes color when exposed to different

lighting conditions, as seen in figure 1.2 [43]. One and a half millennia later,

in 1908, Gustav Mie published his famous paper "Beiträge zur Optik trüber

Medien, speziell kolloidaler Metallösungen" (Engl. "Contributions to the optics

of turbid media, particularly of colloidal metal solutions" [44]) describing the

interaction of electromagnetic waves with MNPs and explicitly solving Maxwell’s
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equations for perfectly spherical particles [45]. Since then, Endriz and Spicer

reported photoemission peaks at energies near the surface plasma frequency

of a roughed surface aluminum film, with the intensity dependent on the

surface roughness [46]. Kostecki and Augustynski presented plasmon-induced

photoelectrochemical activity by a rough Ag film electrode in the early 1990s

[47, 48]. Many publications have focused on describing the absorption or energy

transfer mechanisms in plasmonic photocatalytic systems [8].

Figure 1.2: The Lycurgus Cup under different lighting conditions. (a) The cup
is lit from the front (reflective light), appearing jade green. In (b), the cup
is illuminated from the back (transmitted light), changing the color to ruby.
The figure was reproduced from [43] under the Creative Commons Attribution
Noncommercial License.

Plasmonic MNPs, together with photocatalysts or photoelectrodes, can

exhibit different effects, namely (i) strong light absorption, (ii) intensive far-field

light scattering, (iii) abundant hot carrier generation, and (iv) plasmonic heating
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effects [8]. Each decay mechanism exhibits a system-dependent occurrence

probability, expressed by dividing the number of charge carriers generated

by a particular process by the total number of charge carriers generated [49].

Moreover, the enhancement mechanisms depend on the balance of near-field

dipole-dipole interactions, light scattering, and hot carrier responses to incident

light. Consequently, the plasmon’s dephasing time, determined by the radiative

and non-radiative damping mechanisms, directly influences which step of the

plasmon evolution is dominant [8].

1.4 Aim and Content

This work aims to introduce and study a way to create well-socketed plasmonically

active MNPs. Particularly, the synthesis method requires minimal engineering

and low amounts of precious metal. The synthesis route also aims at going beyond

the state of the art, synthesizing nanomaterials difficult or tedious to obtain.

It is hypothesized that these nanomaterials and their unique placement in the

surface and subsurface of the supporting materials improve their photocatalytic

properties. Furthermore, the exsolution behavior within a thin film is examined

to deepen the understanding of the formation process. Here we suggest that

exsolution occurs not only at the surface but also at internal surfaces, i.e., grain

boundaries, etc., and in bulk, which can be of interest when designing and

realizing tunable functional materials utilizing exsolution.

This work will discuss various aspects of photocatalysis and plasmonics to

create a foundation for the papers presented in chapter 4. First, the perovskite

structure, with STO as a representative, is introduced in section 2.1. Exsolution,

an elegant process to introduce MNPs into a perovskite structure, is covered

in section 2.2. Not every plasmonically active metal can be exsolved, but the

galvanic replacement reaction offers the ability to introduce the plasmonically
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active element into the appropriate host material (see section 2.3). In section 2.4,

a closer look at photocatalysis is taken, followed by a discussion of plasmonics

(section 2.5).

The methodology used in the experiments conducted is described in chapter 3.

A selection of publications concerned with the main topic of this thesis is

introduced and reprinted in chapter 4. Additional publications are found in the

appendices. In chapter 5, more results of experiments relevant to the thesis but

not published in the publications presented can be found, and a summarizing

discussion is given. The conclusion of all results presented in the main part of

this thesis can be found in chapter 6 before an outlook is given in chapter 7.
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Chapter 2

Theory and Literature Review

The work presented in the subsequent chapters builds on various subfields of

both physics and chemistry. Here, the theory and literature of this thesis’s

most important topics are reviewed. First, the perovskite structure (section 2.1),

serving as substrate for the metal nanoparticles (MNPs), is introduced, followed

by exsolution and galvanic replacement (section 2.2 and section 2.3), describing

the state of the art of processes used to create MNPs. Photocatalysis (section 2.4)

and plasmonics (section 2.5) summarize the energy transfer mechanisms utilized

during the experiments.

2.1 Perovskites: Structure, Substitution, and Properties

Many perovskite structures have been studied since the name first appeared in

1839, describing the mineral CaTiO3 [1]. Since then, perovskite evolved from

describing a specific mineral in 1839 to the general name given to compounds

with the formula ABX3 today [1, 2]. In this work, perovskite generally refers to

perovskite oxides ABO3. Strontium titanate (SrTiO3, STO) is an example of a

perovskite often studied in its A-site deficient or reduced form. The properties of

interest cover a wide range, from superconductivity, ferroelectric and piezoelectric

properties to phase transitions, i.e., from cubic to tetragonal phase [2, 3]. At

least since the 1970s, STO, a wide band gap semiconductor (band gap: 3.2 eV

[4]), has also been considered a photocatalyst [5]. In this work, STO was not only

used as the photocatalyst but also as a substrate for different metal nanoparticles
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2. Theory and Literature Review

(MNPs) and will serve as a prototype of the perovskite structure in this section.

Like any ideal perovskite oxide with the stoichiometry ABO3, STO consists

of a large cation (Sr on the A-site), a smaller cation (Ti on the B-site), and three

oxygen ions [1]. STO has a cubic perovskite structure (space group Pm3̄m) with

lattice parameter a = 0.3905 nm [6, 7]. It has a melting point of 2080 ◦C and

consists of abundant elements [8]. The B-site cation is in 6-fold coordination,

occupying the corners of the cube, and the A-site cation is located in the center

of the cube with 12-fold coordination. The oxygen ions are positioned in the

middle of the edges [2]. The two structures in figure 2.1 represent two different

ways to display the perovskite structure, focusing on slightly different properties.

It is evident from (b) that the BO6 simultaneously has an important structural

role and is more connected than the A-site cations. The octahedral network can

be distorted or disconnected to accommodate defects and dopants, resulting in

different properties [9, 10].

rA + rO

rB + rO

(a) (b)

Figure 2.1: Two different ways of presenting the perovskite structure. In both,
the A-site is the central site. In (a), the focus is on the unit cell and the
coordination of the cations. The B-site is at the corners, and the large oxygen
ions are located in the middle of the cube’s edges. In (b), the corner-sharing
network of TiO2 is emphasized. The B-site is not visible; only the octahedra
with the oxygen corners can be seen. The figure is reproduced from [2] with
permission.
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STO has a rich and diverse defect chemistry, originating from various

factors such as the variety and number of defects that the perovskite structure

can accommodate, the corresponding formation and migration energies, the

resulting equilibrium, and the response of this equilibrium to external stimuli

[2, 11–14]. This results in a manifold of different possible structures based

on the elemental constituents of the perovskite and environmental conditions

surrounding the perovskite structure [2, 15–24]. Moreover, introducing dopants,

such as Lanthanum (La) for Sr, results in further defect formations due to the

electro-neutrality condition [2, 13]. As a result, STO is well suited to host a

variety of dopants but may also be used to expel these dopants from the original

structure [25].

2.1.1 Excess and Deficiency

Typically, two different excess and deficiencies are considered: the A-site, or Sr,

excess and deficiency, and the oxygen excess and deficiency [13]. Alternatively,

super-stoichiometric or substoichiometric can describe excess and deficiency,

respectively. While theoretically, any non-stoichiometry of the three sites can

occur [15], B-site non-stoichiometry will not be considered directly. Rather, they

will be considered by discussing the Ruddlesden-Popper (RP) phases (AO +

ABO3) [15]. Figure 2.4 shows examples of potential structures obtained with

non-stoichiometric STO. An excess of oxygen and Sr results in the RP phase,

i.e., intergrowths of SrO [16, 17], which has a rock-salt structure [26]. The

number of perovskite, or SrTiO3, layers per SrO layer is typically given by

the number of layers n. Three different structures for n = 1, 2, and 3, are

shown in figure 2.3, resulting in Sr2TiO4, Sr3Ti2O7, and Sr4Ti3O10, respectively,

with the general formula of Srn+1TinO3n+1 [26]. It should be noted that while

super-stoichiometry is used in literature and this work, perovskites cannot
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accommodate any interstitial ions but rather either contain intergrown layers,

such as the Ruddlesden-Popper structure or have substoichiometry of the other

sites (ABO3+δ is, in fact, A1–γB1–γO3) [15].

Figure 2.2: Examples of potential stoichiometries observed by a perovskite are
shown here. The x-axis describes the O-stoichiometry, and the y-axis represents
the A-site stoichiometry, with the origin being the ideal structure. The red
zones symbolize stoichiometries that are unlikely. A0.6BO3, an example of A-site
substoichiometry, is a tungsten bronze structure. The figure was adopted from
[27].

Similarly, A-site and oxygen deficiencies can prevail simultaneously in the

material, leading to A1–xBO3–x. Moreover, A-site excess or deficiency with

a stoichiometric amount of oxygen, or oxygen deficiency and excess with a

stoichiometric amount of A can also be observed. A deficiency of either A-site

or oxygen ions and simultaneous excess of the other is unlikely without cation

substitution [27].

The excess or deficiency of A-site cations or oxygen anions can be controlled
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by subjecting the material to different conditions (i.e., T or pO2 changes) or

mixing the material with a non-stoichiometric amount of A-site cations. In

addition, partially substituting either the A-site cation or B-site cation can also

lead to excess or deficiencies. Briefly, substituting the A-site cation, such as Sr2+,

with a cation with a higher charge cation, i.e., La3+, can be compensated by

oxygen excess, for example, by LaxSr1–xTiO3+x/2 [2]. Conversely, substituting

the B-site cations, such as Ti4+, with a cation Mm+ of lower or higher charge leads

to non-stoichiometric oxygen given by SrTi1–xMxO3–(4–m)x/2 or a combination

of both LaxSr1–3x/2Ti1–yMyO3–(4–m)y/2 [2].

Figure 2.3: A representation of the Ruddlesden-Popper type perovskite
An+1BnO3n+1 with n = 1, 2, and 3, respectively. It can be observed that
n represents the number of perovskite layers between the rock salt AO interlayer.
The figure was reproduced from [26] under open access Creative Common CC
BY license.
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As mentioned above, the oxygen partial pressure of the surrounding

significantly impacts the sample’s stoichiometry. For example, reducing

conditions (low pO2, i.e., achieved by H2 atmosphere) at high temperature

led to oxygen vacancy formation in the material [2, 25, 28]. An example of this

effect is given in equation (2.1).

2 Ti×Ti + O×
O 2 Ti′Ti + VO + 1

2 O2 (2.1)

Figure 2.4: Sub- and superstoichiometries of general perovskites with examples.
The figure was inspired by [2].

It should be noted that most B-site cations in the perovskite can support at

least two oxidation states [2, 29]. This allows the control of the oxygen content

in the perovskite and hence the ability to move along the x-axis in figure 2.2, as

shown in equation (2.2). In fact, as seen in figure 2.4, including substitutions,

excess and deficiencies, perovskites, and, as an example, STO, show a wide range
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of possible obtainable stoichiometries [2, 12–16].

ABO3+γ

Red.
ABO3+γ–δ︸ ︷︷ ︸

δ < γ
(excess)

Red.
ABO3+γ–δ︸ ︷︷ ︸

δ = γ
(stoichiometric)

Red.
ABO3+γ–δ︸ ︷︷ ︸

δ > γ
(deficient)

(2.2)

2.1.2 Cation Substitution

Above, the effect of cation substitution on excess and deficiency of oxygen has

already been discussed. Here, the accommodation of the substituents is examined

more closely. Generally, the size and charge of the substituent (Mm+) relative to

the cation being replaced determines the manner of incorporation [2, 30, 31]. The

size determines which site (A or B) the cation Mm+ can replace. Substituents

for A-site cations are typically large, with a high coordination number, usually

between 8 and 12 [32].

On the other hand, the substituents for the B-site are smaller and require

a coordination number of 6, in some cases even 5 or 4 [32]. Figure 2.5 shows

the ionic radii-coordination number requirements for both sites, A (red) and B

(green). The potential cations to substitute the A-site and the B-site do not

overlap. The lack of overlap also allows for predicting which cation occupies

which site in the perovskite system. This is in contrast to other systems like the

spinel system, where inversion between sites can occur easily due to the similar

sizes [33].

At this point, the Goldschmidt tolerance factor τ has to be introduced. The

tolerance factor describes the mismatch between the A − O and B − O bond

lengths, measuring how close the perovskite structure is to the perfect cubic cell,

and is given in equation (2.3) [34]. The Goldschmidt factor can be derived from

the geometry of the unit cell of perovskites. The empirical ionic radii (rA, rB,

and rO), obtained from X-ray diffraction at room temperature and atmospheric
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pressure, are utilized to calculate the tolerance factor.

τ = rA + rO√
2(rB + rO)

(2.3)

Figure 2.5: The ionic radii in Ångstrom versus the coordination number of
commonly used ions. The two boxes mark regions where A-site (red) and B-site
(green) cations would fulfill a Goldschmidt tolerance factor of 0.78 < τ < 1, for
La0.6Sr0.1TiO3. Ni2+, Fe3+, and Cu2+ fit easily into the B-site, while Au has to
be in oxidation state +3 and fourfold coordinated. The figure is inspired by [2],
and the atomic radii and coordination numbers used are from Shannon [29].

The average ionic radius of cations occupying the same site is used upon

introducing additional cations. For STO, the radii of Sr2+ and Ti4+ have just

the proper ratio to create the cubic lattice with τ ≈ 1 [29]. In contrast, if

the perovskite observes a τ > 1, the A-site cation is too large, forcing the

TiO6 octahedra to stretch slightly to accommodate the A-site ion. If the size

mismatch is significant, the hexagonal polytype is observed [2, 35]. Moreover,
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the elongation of the TiO6 octahedra can lead to the Ti ion being located

slightly off the symmetry center of the octahedral, resulting in a potential rise of

ferroelectricity, as in the case of BaTiO6 [36].

Figure 2.6: Three plots depicting the average bond length of A − O (a), B − O (b),
and the measured tolerance factor (c) as a function of temperature, respectively,
for the Sr1–xCaxMnO3 perovskite. The x-values represent the amount of Ca in
the structure. Comparing (a) and (b) shows that the A − O bond length expands
more than the B − O bond length. Furthermore, in (c), solid horizontal lines
divide between the stability ranges of cubic (c), tetragonal (T), and orthorhombic
structure (O) for the system. The figure was taken from [37] with permission.

In the case where τ < 1, such as when the A-site is substituted by a smaller

cation (La3+ or Ce4+/3+ for Sr2+) or the B-site is substituted by a larger cation

(Fe3+ for Ti4+), the A-site cation is undersized. The cuboctahedral cavity
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is too large, preventing the A-site ion from contacting all 12 oxide ions. To

accommodate this, the octahedra cooperatively rotate while retaining their

regularity and corner-sharing. This process allows some of the oxide ions to be

in touch with the A-site cations and is called octahedral tilting [38–42]. Two

different kinds are observed. First, they can tilt in the same direction, known as

in-phase tilting, and second, they can tilt in the opposite direction, known as

out-of-phase tilting, with respect to all three crystallographic directions.

The tilting of the octahedra has two further consequences. The first is that

the angle between the Ti − O − Ti bond decreases from the ideal 180◦ by a small

angle Φ. Typically, this small angle is never larger than 15◦, but the change

of bond angle leads to a change in the Ti − O interaction (i.e., orbital overlap,

inter-atomic distances, etc.), impacting the properties of the material, such as

the width of the conduction band, band gap, or even Ti − O bond strength

directly [43, 44]. The second consequence is that, as mentioned before, the

A-site cation is undercoordinated, typically with a coordination number of 8 - 10

instead of 12 [39]. This may result in changes in the diffusion pathways or cause

further splitting of the degeneracy [45]. Elevated temperatures (500 - 1500 ◦C)

can minimize or even reverse these trends, as reported in [19, 20, 46–51], possibly

because the A − O bond length expands more than the B − O bond length [37]

(see figure 2.6). While the cause for the tilting is probably due to the desire

to increase the covalent interactions between cations and anions rather than

steric causes, the tilting allows the perovskite to host a variety of substituents,

regardless of the actual mechanism. The tilting can allow the system to host

cations that change the tolerance factor such that 0.78 < τ < 1 holds true. A

lower tolerance factor typically describes a system where the ilmenite structure

becomes more stable [52–55]. Doping levels of the perovskite can also affect the

ordering of the structure. Typically, a small number of dopants will be randomly
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distributed, and ordering is unfavorable. However, by increasing the doping level,

the formation of ordered structures can become more favorable over random

distribution, leading to a plethora of A or B-site ordered perovskites [39, 56].

Deficiency Accommodation

A lack or deficiency of an ion is commonly described as a vacancy of the

corresponding ion, i.e., VA, if the A-site is deficient. The octahedral BO6 retains

its corner-sharing connectivity despite A- and/or O-site vacancies. Frequently,

vacancies lead to tilting of the octahedra, likely due to the vacancies acting as

dopants of different sizes [27]. A-site vacancies can be illustrated using a La-doped

STO, LaxSr1–3x/2TiO3. Until a doping level of roughly x ∼ 0.4, corresponding

to an A-site deficiency of 0.2, the vacancies are randomly distributed, sometimes

appearing in pairs but only slightly distorting the overall perovskite structure

[19, 21, 22]. Upon raising the doping level to x ∼ 0.6, the perovskite rearranges

to a repetitive arrangement with tilted TiO6 octahedra. The A-site vacancies are

ordered such that full planes alternate with planes that are only ∼ 1
3 occupied

[27]. The octahedral tilting occurs only around the x-axis, which is perpendicular

to the direction of the cation-vacancy. Using the La-doped STO with a doping

level of x = 0.4, Ti can be substituted by Ni on the B-site, with accompanying

oxygen vacancies, resulting in LaxSr1–3x/2Ti1–yNiyO3–y, which does not lead to

significant changes in the perovskite lattice, or show any order, but the tilting of

the BO6 octahedra with respect to all three axes persists [27, 57]. An overview

of ten different tilting orientations with corresponding Glazer notation can be

found in figure 2.7 [58, 59].

Oxygen vacancies alone can alter the structure of the perovskite significantly.

Considering an AnBnO3n–1 perovskite for (n ≥ 2) with oxygen vacancies, it

follows that not all BO6 octahedra are complete [60, 61]. Different cations on

the B-site favor different coordination geometries, leading to different BOz (4
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≤ z ≤ 6) geometries depending on the B cation. For example, B = Mn, Fe,

and Ni can be used. For Mn ions, oxygen vacancies can be accommodated until

0.5 oxygen vacancies per unit cell by removing one oxygen from each MnO6

octahedra, effectively forming a network of corner-sharing square pyramids [62].

The oxygen deficiency in Fe-containing structures is accommodated by combining

FeO6 octahedra and FeO4 tetrahedral units, known as brownmillerite [63–65].

Ni, on the other hand, utilizes NiO6 octahedra alternating with NiO4 square

planar units [66].

Figure 2.7: Ten different tilting of the octahedra, with the corresponding Glazer
notation [58] on the right side of each rotation. The four leftmost rotations
consist of three tilts, the middle three rotations consist of two simultaneous tilts,
the top two on the right side are comprised of one tilt, and finally, the bottom
rotation on the right shows no tilt. The figure was reproduced from [59] with
permission.

Excess Accommodation

The incorporation of excess oxygen into the perovskite structure is heavily

discussed in the literature [15, 16, 67]. Accommodating oxygen interstitially

into a cubic close-packed arrangement is hard to imagine [15]. Furthermore,

compensation through cation vacancies has also been eliminated as a potential
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mechanism to accommodate oxygen excess [67]. However, intergrowths of oxygen

can alternate with the ordinary crystal structure, essentially breaking the corner-

sharing between octahedra of adjacent slabs [16].

Ruddlesden-Popper phases, as previously mentioned, can accommodate A-

site excess by rock-salt intergrowths between n-layer thick perovskite blocks [16,

17]. Furthermore, similarly Aurivillius phases (i.e., [Bi2O2]+ alternating with

(An–1BnO3n–1)– blocks) [68, 69], or Dion-Jacobson structures, perovskite blocks

intergrown with halides, also achieve the accommodation of A-site excess [69].

Another well-studied group of perovskites is the AnBnO3n+2 (n ≥ 4) structures,

suggesting that the slabs of {110} perovskite are joined by crystallographic

shearing along the cubic [001] direction [18, 67, 70]. As an example, La4Ti4O14

consists of four-layer thick perovskite blocks, offset towards each other by a

crystallographic shear. At the crystallographic shear, the octahedra edges are

no longer connected. It is also the location of the excess oxygen. Moreover, the

octahedra are more distorted the closer to the shear they are. Finally, the A-site

cations are displaced significantly the closer to the shear they are [70, 71].

2.1.3 Electronic Structure of Perovskites

The discussion above viewed the ions as spheres with rigid ionic radii, simplifying

the geometric discussion, but not accurately describing the electronic state of the

ions. The resulting interactions between the ions are incomplete, where, i.e., the

structural differences in perovskite with B = Mn, Fe, and Ni cannot be explained

entirely by the geometric picture alone [57, 65]. A more complete picture follows

if the electronic structure and the change of the electronic structure on an ion

occupying a particular site are also considered. This includes the combination

of the influence of the electrostatic field exerted by the neighboring ions and

the geometrical arrangement of the ions around the site. In addition, with the
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octahedral coordination, B-site ions have their five-fold degenerated d states

split into two subgroups [72].

Figure 2.8: The orbitals of a general ABO3 perovskite, including electrostatic
potential effects, are shown. The bracket indicates the degeneracy, while the
colored dots represent the corresponding nuclei. The figure was taken from [27].

Looking at the orbitals of a general ABO3 perovskite, including the effect

of electrostatic potentials on the ion states, reveals that the lowest unoccupied

state of the A ions, an s state, experiences no splitting due to the non-degenerate

spherical charge distribution of the A-site in the cubic symmetry [45, 73]. The d

orbitals of the B-site ions have orbitals in a doubly degenerated level, and one
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three-fold degenerated level, namely the eg and t2g, respectively. The eg groups

consist of orbitals with dx2−y2 and dz2 symmetry, while the t2g group entails

the dxy, dyz, and dxz symmetries. Finally, the 2p orbitals of the oxygen ions are

split into a doubly degenerated level p⊥ and a non-degenerated level p∥. The p⊥

consists of px and py symmetries oriented perpendicular to a B − O axis and

the p∥ consists of the px symmetry, oriented parallel to a B − O axis [45, 73].

Figure 2.8 graphically represents the effect of the electrostatic potentials.

Ordinarily, the p states are filled completely, while the electronic configuration

of the B-site ions determines the occupation level of the d states. For most

perovskites, the s states remain empty due to the high energy level of these states

compared to other states [73, 74]. Consequently, the s states play a minor role in

describing the electronic properties and are usually omitted from calculations and

interpretations of such properties [73]. It, in terms, leads to the situation where

the electronic properties of the perovskite can be described by only considering

the BO3 part of ABO3, specifically, the BO6 octahedra mentioned previously [73,

74]. The A-site cation still affects the electronic properties, but it is expressed

mainly through the electrostatic potential exerted on the other energy states and

through the tilting of the BO6 octahedra previously described [38, 39, 44, 45].

Further complicating the determination of the electronic properties is the

non-negligible influence of covalent bonds between the transition metal ions and

the oxygen ions. The overlap of orbitals leading to p − d hybridizations affects

various properties. Here, σ bonding occurs between the eg and p∥ states, while

π bonding occurs between t2g and p⊥ states [73, 75, 76]. Consequently, the d

orbitals still split into the eg and t2g levels; for simplicity, they are now labeled

3eg and 2t2g, but the energy separation between them is much more significant.

In addition, 3eg and 2t2g are now a mixture of p and d orbitals, consisting of

wavefunctions where the d orbitals combine out of phase with the p orbitals [73,
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75, 76]. Hence, they are a representation of antibonding states. Bonding states

are present, called eg and 1t2g, consisting of roughly 30% d character and 70% p

character [76]. Finally, states not contributing to the B − O bonding, so-called

non-bonding states, are combinations of p orbitals located on the oxygen ion [73,

75, 76]. The energy splitting of the BO6 octahedra with covalent interactions is

given in figure 2.9.

Figure 2.9: The energy levels of the BO6 octahedra due to covalent interactions,
where the dashed lines symbolize the energy levels due to the electrostatic
splitting model. The figure was taken from [27].

2.1.4 Conductivity in Perovskites

Electronic conductivity in perovskites originates from the underlying electronic

structure described above. As such BO6 octahedra are again at the center of

attention, and the partial covalent behavior of the B − O bonds allows the
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electrons to be transferred back and forth between the ions and between B-site

cations of adjacent octahedra via the shared oxygen anions [73, 74]. The electron

delocalization leads to the formation of energy bands.

Metallic perovskites have partially filled d states and commonly only a single

electron in the t2g state. More electrons in the t2g state may lead to a preference

for localized electrons [77]. Perovskites with a small band gap also tend to have

a partially filled d state, while wide band gap semiconductors, such as STO,

have filled p states but empty d states [77]. Reducing STO leads to a narrowing

of the band gap because oxygen ions are removed while they leave behind their

electrons. The additional electrons can be expressed by reducing the Ti4+ to

Ti3+, as stated in equation (2.1). The electrons on Ti3+ preferentially delocalize

to the neighboring Ti+4, enabling the visualization of electronic conductivity as

electron hopping between Ti3+ and Ti4+ ions. At very low temperatures (0.3 K),

STO doped with electrons in such a manner can become superconductive [78].

Macroscopically speaking, the concentration of (free) charge carriers (n),

their charge Z, and their mobility µe define the conductivity, as seen in

equation (2.4) [79]. In STO, the concentration of free charge carriers depends

on the concentration of Ti3+. If the electrons are delocalized, hence free charge

carriers, then [e′] = [Ti3+]. This is usually true in a system with only Ti3+/Ti4+ on

the B-site. The mobility of electrons depends mainly on the crystal composition,

nature, and geometry of the Ti − O − Ti bond (i.e., the orbital overlap) and the

microstructure (i.e., polycrystallinity, etc.) [27]. As outlined above, the tilting,

cell size, and nature of A-site cation influence the nature of the Ti − O − Ti

bond by, i.e., changing the degree of overlap between the orbitals.

σe = n · Z · e · µe (2.4)

Oxygen vacancies are a prerequisite for ionic conduction in perovskites.
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Oxygen ions can hop to an adjacent vacancy, resulting in diffusion and bulk

ionic conductivity at elevated temperatures [80–83]. Oxide ion diffusion is

studied extensively in La1–xSrxGa1–yMgyO3–(x+y)/2 (LSGM) [47, 80, 84, 85].

Mathematically, the diffusion of oxide ions can be expressed by equation (2.5)

[27, 86–88]. The expression describes a thermally activated process proportional

to the concentration of mobile vacancies [VO ] and the cell parameter a squared

[88]. In addition, three main processes and their associated thermal effects or

energies, formation ∆Hf , migration ∆Hm, and association ∆Ha factor into the

diffusion expression. R and T are the Boltzmann constant and temperature in

Kelvin, respectively.

DO2 ∝ [VO ] · a2 · exp
(∆Hf + ∆Hm + ∆Ha

RT

)
(2.5)

For a given oxygen ion to diffuse, it has to break its bonds. The A − O bond

is significantly longer than the B − O bond, as seen in figure 2.10, and thus the

former is weaker. Consequently, the A − O bonds only play a limited role in

determining the diffusion rate, as shown in figure 2.10 (b) [88]. Breaking the

B − O bond leads to undercoordinated B-sites, i.e., lowering of coordination

number from 6 to 5. Again, the nature of the B-site ions is crucial. Most B-site

ions tend to favor 6-fold coordination, forming very strong bonds between B − O,

ultimately resulting in a high energy for the formation of vacancies ∆Hf [88].

Titanium is exemplary for this, where the Ti − O bond is strong, leading to

reduced promotion of oxide ion diffusion but remarkable stability of SrTiO3 [27].

Conversely, cations stable with different coordination numbers can be used to

design materials that promote oxide ion mobility. Examples of cations promoting

oxygen diffusion are Mn2+/3+, Co2+/3+, Fe2+/3+, and Ga3+, among others [13,

30, 88, 89]. Upon breaking one of the B − O bonds, the oxide ion moves between

two A-site cations, with a constant distance to the B-site ion still bonded to the
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oxygen, leading to a curved path. Previous studies identified this step as the

most energy-intensive and consequently limiting step [37, 90–92]. The nature of

the A-site cation and the distortion of the lattice are other important factors

determining the diffusion rate. Overall, the energy required to form a vacancy

remains higher than the migration energy [88, 91].

Figure 2.10: (a) Shows the unit cell of the perovskite with A-, B-, and O-site.
(b) Represents the schematic view of the electronic conduction in perovskites,
where the oxygen lattice is omitted for clarity. (c) The oxygen ion diffusion is
illustrated. It is evident that the B − O bond length is a

2 , and the A − O bond
length is a√

2 , where a is the unit cell side length. The figure was taken from [88]
with permission.

Additionally, the number of defects has to be considered. With low

concentrations of defects, the interaction between them is negligible. However,

if many defects are present, defect-defect interactions occur, and their energy

can become the dominant factor in the requirement for ion diffusion [93]. These

defect associations can occur locally or over extended distances, potentially

leading to an increase in association energy ∆Ha, or a significant decrease in

mobile vacancies. A random distribution of oxygen vacancies has been shown

to maximize the ionic conductivity [93]. The considerations of oxygen ion

diffusion, and the connected vacancy diffusion, are also of concern when reducing
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a perovskite. While the ionic conductivity during the process is unimportant,

the associated changes in structure and electronic structure are.

Figure 2.11: The Arrhenius plots of lattice conductivity for (A) Ba3In2ZrO8, (B)
Ba3In2CeO8, (C) Ba3In2HfO8, and (D) Ba2In2O8, where the random distribution
of the B-site dopant was found to introduce random distribution of the oxygen
vacancy distribution [93]. The figure was taken from [93] with permission.

2.1.5 Reduction of Perovskite Titanate

Reduction of a perovskite is generally achieved by exposing the material to

reducing conditions (i.e., low pO2) at elevated temperatures (500 - 1400 ◦Cor

use different means of reduction, i.e., applied potentials [94]. However, the

latter will not be considered further in this work. A range of low pO2 can be

achieved by utilizing a variety of different gases, ranging from inert gases (e.g.,

Ar, N2), reducing gases (e.g., HArmix (5% H2 + 95%Ar), H2), to mixtures

of both. As equation (2.1) describes, a reaction occurs upon exposing the

material to these conditions. Formally, a perovskite, ABO3, is reduced to

ABO3–δ, where δ represents the oxygen lost during the reduction process. From

equation (2.1), it follows that δ ∝ [VO ] and 2δ ∝ [Ti′Ti]. As shown in the

discussion above, δ plays an essential role in describing the structure-property

relationship in perovskites because it correlates with a range of properties,
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including electronic conductivity, catalytic activity, the transition temperature

of oxide superconductors, or magnetic ordering [78, 95–99].

In literature, reducing polycrystalline titanates is considered slow and a

thermally activated process [100–103]. The same B-site cations that allow fast

oxide ion mobility can enhance the kinetics and extent of exsolution, similar to

A-site vacancies and unordered defects [13, 30, 89, 100, 104].

2.2 Exsolution of Metallic Nanoparticles

The utilization of MNPs has soared to new heights in recent years, with various

applications stretching across the fields of catalysis, electrochemical energy

devices, electronics, optics, and photocatalysis [105–111]. MNPs are extensively

researched, and have industrial applications, for example, in automotive exhaust

catalysts [105, 112–115]. Keeping MNPs secure and stable is challenging,

especially under reaction conditions; however, heterogeneous composites can be

employed, utilizing a support material to immobilize MNPs. Creating MNPs on

a supporting material is achievable by a top-down approach, with techniques

like impregnations, electro(less) deposition, or chemical vapor deposition (CVD).

The disadvantage of these top-down approaches is that the particles tend to

agglomerate and coarsen during experimental conditions, resulting in degrading

performance [105, 116, 117]. Alternatively, exsolution has been used to create

MNPs on solid oxide supports [25, 28]. MNPs created by exsolution are more

stable than their top-down counterparts [105, 118]. Exsolved particles also

tend to have better interaction with the support, are known to influence the

activity, selectivity, and stability of MNPs, and are more resistant to coking

(the accumulation of carbon on the metal in a hydrocarbon environment) [119].

Exsolution can be viewed as decomposition with phase separation, where the

process is controlled such that MNPs in bulk and well anchored on the surface
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result [120].

Perovskites are commonly used to exsolve MNPs because of their flexibility

to exhibit different stoichiometries [118]. As discussed in section 2.1, perovskites

have the remarkable ability to host several dopants and can accommodate oxygen

deficiency, too. In addition to perovskites, exsolution can be achieved using

spinel- and fluorite-type oxides such as Y-doped ZrO2 and CeO2 [121–124].

However, these structures are beyond the scope of this thesis. Independent of

which structure provides the framework of exsolution, macroscopically, the origin

of the thermodynamic driving force of exsolution is the reducibility of exsolved

cations dissolved in the lattice [125].

In perovskites, after substituting part of the cations, usually the B-site,

with the ions of the desired MNPs, the structure can exsolve MNPs [25, 28,

105]. Redox exsolution can be triggered by thermal or electrical reduction,

creating MNPs on the surface and bulk of the perovskite [125]. Particles emerge

epitaxially and are at least partially socketed [28, 126].

2.2.1 Cation Selection

Selecting a suitable substitute metal for one of the perovskite cation sites

is crucial. A primary requirement is the size of a potential substituent, being

evaluated within the frame of the tolerance factor (see equation (2.3)), introduced

in section 2.1. Typically, a tolerance factor below 0.78 leads to the ilmenite

structure, while for τ > 1, the unit cell takes a hexagonal form [2, 35, 52,

127]. Furthermore, the coordination number of the cations is an additional

requirement, as also outlined in section 2.1. Here potential substituents are

evaluated based on these two criteria. Table 2.1 shows the tolerance factor of

a given perovskite, while figure 2.5, shown above, gives the ionic radii versus

the coordination number. Two boxes mark configurations of ions that would be
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suitable for A-site (red, figure 2.5) and B-site (green, figure 2.5) substitution

while fulfilling a Goldschmidt tolerance factor of 0.78 < τ < 1. A-site and B-site

cations form distinct regions, allowing the specific doping of one of the sites.

The τ of less than one indicates that all the presented perovskites can host ions

with a smaller radius than Ti+4 on the B-site while simultaneously still having

some freedom to accommodate smaller ions on the A-site, too. Smaller radii on

the B-site increase τ , while smaller radii on the A-site decrease it. Examples of

different tolerance factors are given in table 2.1.

Table 2.1: The Goldschmidt tolerance factor for different stoichiometries is given,
combined with some details.

Stoichiometry τ Details
Ba4Ti3O10 1.062 RP phase (n = 3)
Sr3Ti2O7 1.002 RP phase (n = 2)
SrTiO3 1.002 Perovskite
La0.4Sr0.6TiO3 0.990 La-doped
La0.4Sr0.4TiO3 0.889 La-doped, A-site deficient
La0.4Sr0.4Ti0.9Ni0.1O3 0.885 La-doped, A-site deficient, Ni-

doped

Naturally, the size requirements change based on the structural size

distribution. As stated above, to calculate the tolerance factor for a La-doped

strontium titanate, the A-site ionic radius is defined by the ionic radius of La

and Sr, multiplied by their respective stoichiometry (without the RP phase),

and added together. Typically, the resulting radius is slightly smaller than the

Sr2+ radius because La+3 has a smaller ionic radius [29]. Similarly, the resulting

radius for the B-site is the combination of the radius of the Ti+4 multiplied by

its stoichiometry and the substituent multiplied by its stoichiometry.

Determining the correct stoichiometry is crucial for for calculating of

the correct Goldschmidt tolerance factor and creating stable charge-neutral

perovskites. Generally, charge neutrality needs to be kept [105, 128]. It is

essential to realize that, to exsolve the B-site substituent, the initial substitution
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should always occur in oxidizing conditions. This thesis considers two base

stoichiometries: A-site excess and La-doped A-site deficiency. In the former case,

equation (2.6) describes the system without any B-site doping, resulting in the

formation of Ruddlesden-Popper interlayers, as discussed above. In the latter

situation, shown in equation (2.7), the correct initial stoichiometry of La and

Sr results in no need for B-site or oxygen ion changes. The perovskite is stable,

without additional phases, despite the A-site deficiency.

Sr1+xTiO3+x x·SrO + SrTiO3 (2.6)
x

2 La2O3 + (1 − 3x

2
)SrO + TiO2 LaxSr1– 3x

2
TiO3 (2.7)

However, introducing the B-site substituent into the materials given in

equation (2.6) and equation (2.7) leads to charge compensation requirements.

Selecting, without limiting the generality of this example, 7% substitution of

the B-site by Ni in the A-site excess structure and substituting 10% of the

B-site by Ni in the A-site deficient sample, leads to two different behaviors.

In the case of the A-site excess sample a hypothetical charge compensating

mechanism is shown in equation (2.8). The stoichiometry of the A-site excess

sample will experience a slight change, namely from its original Sr1+xTiO3+x

to Sr1+xTi1–xNixO3 if the Sr excess is chosen to be equal to the amount of Ni

and x is small. Most notably, there would be no need for oxygen excess, and

Ruddlesden-Popper phases would not be present. However, as discussed above,

perovskites cannot accommodate interstitial ions. In fact, by incorporating

both Ni//
Ti and VO defects in combination with a Ruddlesden-Popper phase, the

perovskite can take the structure given in equation (2.9), mainly an oxygen-

deficient perovskite phase with some Ruddlesden-Popper interlayers. For the

A-site deficient case, the Ni//
Ti can be compensated by adding an equal amount of

Sr and Ni to the initial structure, changing its stoichiometry to equation (2.10).
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Again, no oxygen excess is required to maintain charge neutrality.

Sri + Ni//
Ti 0 (2.8)

Sr1.07Ti0.93Ni0.07O3±γ SrTi0.93Ni0.07O3–δ + 0.07 SrO (2.9)
x

2 La2O3 + (1 − 3x
2 + y)SrO + (1 − y)TiO2 + yNiO LaxSr1– 3x

2 +yTi1–yNiyO3

(2.10)

2.2.2 Mechanism and Defect Chemistry

The precise mechanism of exsolution is still a heavily debated topic in literature.

Nonetheless, there is consensus that four steps are involved. These steps are:

(i) cation diffusion, (ii) cation reduction, (iii) nucleation, and (iv) particle

growth [129]. Exposing the material to a reductive environment leads to an

oxygen gradient within the structure. The oxygen ions can move towards

the lower oxygen content, creating more oxygen vacancies throughout the

structure. Equation (2.11) shows the defect chemistry equation for oxygen

vacancy formation, where oxygen ions diffuse to the surface, are released from

the lattice as oxygen gas, and leave behind effectively positively charged vacancies

with compensating electrons [28, 125].

O–2 VO + 2 e– + 1
2 O2(g) (2.11)

It destabilizes the perovskite structure, and the average oxidation state of

reducible ions declines gradually. This continues until these ions reach a metallic

state. In other words, a sufficiently high oxygen vacancy concentration leads

to metallic species within the structure. Subsequently, these metal atoms can

nucleate and form particles, growing in size as the reduction of the materials

continues [125]. The reducibility of each species can be determined to a first

approximation by considering the Gibbs free energy of the reduction reaction,
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where simple oxides with alkaline earth metals have a positive ∆G when reducing.

In contrast, simple oxides of transition metals tend to have a negative ∆G at

temperatures above 600 ◦C [125, 130]. The reduction of a simple oxide is given in

equation (2.12), while the reduction of a perovskite is stated in equation (2.13).

Comparing equation (2.12) and equation (2.13) shows that only one metallic

species is reduced in both cases. In the first case, there is only one metallic

species. However, in this case, the change in Gibbs free energy for the B-site in

equation (2.13) is more favorable than the change in Gibbs free energy for the

A-site, leading to reduction and ultimately exsolution of the B-site. Considering

the Gibbs free energy of simple oxides and drawing conclusions for the reduction

in perovskite is helpful, but it should be regarded as a coarse model guiding an

initial screening of potential candidates. Iron (Fe) can be a prime example of

an exception. Fe can be exsolved, despite the positive ∆G of its simple oxide

under reducing conditions indicating it should not be [125]. Nonetheless, for the

most part, transition metals and precious metals with negative ∆G are primarily

shown to exsolve [125].

1
x

MxOy + y

x
H2(g) M + y

x
H2O(g) (2.12)

ABO3 + xH2(g) AB1–yO3– x
2

+ yB + xH2O(g) (2.13)

Another factor in the ability to exsolve an element is the lattice mismatch

between the ion to be exsolved and the native cation occupying the site in the

perovskite. This can be exemplified by taking Ni2+ (rion = 0.69 Å) and Fe3+

(rion = 0.645 Å) and trying to exsolve them from La0.4Sr0.4M0.06Ti0.94O3–γ–δ,

where the oxygen non-stoichiometry is dependent on the oxidation state of the

metal M (indicated by γ) and the A-site substitution and deficiency (indicated

by δ). As described by Tsekouras et al., Ni exsolves easier because it has a bigger

size mismatch than Fe compared to Ti4+ (rion = 0.609 Å) [131].
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Advancements in surface imaging techniques have allowed the study of the

surface while exsolution was occurring. Oh et al. in [132] applied temporal

resolved atomic force microscopy (AFM) to study the surface morphology

evolution during exsolution. They reported the appearance of a pit or hole

on the surface before the formation of the MNP, and the MNP subsequently

nucleated below the surface. Finally, the MNP then gradually emerged from

the pit. TEM observations of exsolution revealed the emergence of the MNP

through the pit ending up well socketed [132]. The facet of the perovskite

influences the degree of exsolution, and MNPs generally grow epitaxially to the

perovskite substrate [133]. The variety and sometimes contradictory observations

of the exsolution behavior lead to the conclusion that the mechanism is highly

system-dependent [125].

The observation of emerging particles close to the surface can be explained

using strain field modeling, as shown in [132]. A spherical metal nucleus, formed

within the bulk, can reduce its elastic energy by emerging to the surface because

the surrounding oxide matrix no longer constrains the surface of the particle.

Simultaneously, the surface energy of the particle increases. The total energy

is still lowered if the MNP is sufficiently large because the elastic energy scales

with the volume, while the surface energy only scales with the surface. The

pit formation is driven by a free energy decrease, as stated by the same study.

However, it is only the case if the depth d of the particle and the radius of the

particle R have a ratio smaller than 3, i.e., d
R < 3 [132]. The socketing of the

surface particles has been confirmed by HNO3 etching, leaving behind pits with

the same density number and size as the previous particles, as shown by AFM

in [25]. The same publications showed that samples with conventionally grown

MNPs on the surface treated similarly to the exsolved samples, including HNO3,

showed little to no embedding of the particles when observed by AFM. This
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morphological difference is changing the catalytic properties of the MNPs, and

in the case of plasmonically active MNPs, the plasmonic response may change

severely [134].

Socketing stabilizes the particles during catalysis and prevents the coalescence

of particles during exsolution. Again, [25] showed that during an aging test,

roughly 90% of the initial particles remained on the surface during the test.

While the test was conducted, the particles grew in size, suggesting continued

exsolution fed the growth. Furthermore, the interaction between the substrate

and the MNPs also prevents the uplifting of the Ni particles by carbon fibers,

typically grown by small Ni MNPs in a hydrocarbon environment, called coking.

If the carbon-fiber growth occurs in exsolved samples, the length of the fibers is

shorter than the length of fibers grown in conventional samples. These stability

improvements generally do not come at the trade-off of reduced activity [25,

125].

The formation of MNPs can also be explained by classical nucleation theory.

It accounts for particles near the surface that have an additional drive to form

and emerge due to different energies, as above, and also for potential particles

formed in bulk far from the surface. Utilizing the classical nucleation theory of

particles in solution as a starting point, the critical size, describing a size where

further growth no longer requires energy but releases energy, can be introduced.

To state it clearly, particles below the critical size require energy to increase

their size, while growth for particles of larger size releases energy [135]. The

radius at which the change occurs is called the critical radius, r∗ [135]. The

nucleation rate per unit volume of such particles, N(T (t)) in the classical theory

of nucleation is given by equation (2.14), where cnuc is the density of suitable

nucleation sites, and ω is the characteristic frequency factor [136].
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N(T (t)) = cnucω exp
[

− ∆G∗(T (t)) +QN
RT (t)

]
(2.14)

∆Gr = 4πr2γ + 4
3πr

3∆GV = 4πr2γ − 4
3πr

3RT lnS
Vm

(2.15)

S = [A]s
[A]eq

(2.16)

The exponent of equation (2.14) contains the Boltzmann constant R, and the

time-dependent temperature T (t), the critical free energy of nucleus formation

∆G∗, and finally, the activation energy required for an atom to jump through

the matrix-particle interface, QN [135, 136]. The critical free energy of nucleus

formation ∆G∗ is associated with the critical radius r∗. The Gibbs free energy

associated with the nucleation process is often used in classical nucleation theory

[135], and the excess free energy ∆Gr, given in equation (2.15), reaches its

maximum when the particle reaches the critical radius. The excess free energy

consists of two terms, the first describing changes in surface free energies and

the second describing bulk free energies [135]. Equation (2.15) consists of the

radius r of the particle, the surface free energy per unit area γ, and the change

in free energy between solute atoms in solution and bulk crystal per unit volume

∆GV. As shown, the second term can be expressed with the ideal gas constant

R, and as a function of the temperature T , the molar volume of bulk crystal Vm,

and the ratio S given by equation (2.16), where [A]s is the solute concentration

under saturation conditions and [A]eq the solute concentration under equilibrium

conditions [135]. It should be noted that changes in enthalpy ∆HV are not

considered in the relation between ∆GV and S.

While equation (2.14) yields an impression of the nucleation rate, it does

not give a measure of the number of clusters per size. This, in turn, can be

obtained by utilizing equation (2.15) and the Boltzmann distribution, resulting

in equation (2.17). In equation (2.17), N0 is the total number of free solute
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atoms per unit volume in the system, and NA is the Avogadro constant, in

addition to the previously introduced variables and constants. It can be seen

that the number of clusters increases linearly with a higher number of free solute

atoms per unit volume in the system and decreases exponentially with increasing

∆Gr [135].

Nr = N0 exp
(

− ∆Gr
RT

)
= NA[A]eqS exp

(
− ∆Gr

RT

)
(2.17)

Equation (2.15) is positive if the solute is undersaturated, i.e., if S ≤ 1.

Moreover, increased particle sizes increase ∆Gr further. Therefore, nucleation is

not favorable. However, if the system is supersaturated, i.e., S > 1, an increased

cluster radius leads to a decreased ∆Gr, stabilizing clusters through growth. This

can be further exemplified by figure 2.12, where ∆Gr and the average number

of particles N are plotted as a function of radius for a supersaturated system.

The free energy increases for particles with a radius below r∗. Consequently,

the system reduces energy by dissolving small clusters, while new clusters form

by random collisions. This leads to a Boltzmann distribution of the number of

particles for a given size, as shown in figure 2.12 (b).

Determining the critical radius can be achieved by taking the derivative with

regards to r of equation (2.15) and determining when d∆Gr
dr = 0. Solving the

resulting equation for r results in the critical radius, given in equation (2.18).

Additionally, the critical radius can be used to find the maximum excess

free energy ∆G∗ (see equation (2.20)), the number of particles reaching the

critical radius Nr∗ (see equation (2.20)), and the nucleation rate dNr∗
dt (see

equation (2.21)). In equation (2.21), the f0 is introduced, consisting of a factor

of stable nuclei over the total number of nuclei, and a function with variables

like vibration frequency of atoms, the activation energy of diffusion, and surface

area of critical nuclei.
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Figure 2.12: (a) The ∆Gr plotted versus the particle radius. The increase in
∆Gr for particles smaller than the critical radius is visible. (b) The average
number of particles N as a function of particle radius. The figure was taken
from [135], with permission.

The parameters described in equations (2.18) to (2.21) can be used to describe

nucleation processes. They depend on essentially three variables, including the

surface free energy (γ), reaction temperature (T ), and degree of supersaturation

(S). In experiments, the temperature, as well as the surface free energy, remain

fixed, leaving the degree of supersaturation as the only variable. In colloidal

synthesis the solute concentration changes during the reaction [135], similarly

in exsolution. Nucleation and growth steps are separated to achieve a uniform

particle size in colloidal synthesis [135]. Similarly, polydispersed nanoparticles

form if growth and nucleation steps are not separated in exsolution.

r∗ = − 2γ
∆GV

= 2γVm
RT lnS (2.18)

∆G∗ = 16πγ3

3∆G2
V

= 16πγ3V 2
m

3(RT lnS)2 (2.19)
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Nr∗ = NA[A]eqS exp
(

− ∆G∗

RT

)
= NA[A]eqS exp

(
− 16πγ3V 2

m
3(RT )3(lnS)2

)
(2.20)

dNr∗

dt = f0NA[A]eqS exp
(

− ∆G∗

RT

)
= f0NA[A]eqS exp

(
− 16πγ3V 2

m
3(RT )3(lnS)2

)

(2.21)

Unlike in colloidal synthesis and the above described classical nucleation

theory, the change in free energy ∆Gr not only depends on ∆GV but also on the

elastic strain energy ∆GS and the relaxation of the misfit-strain energy ∆Gms

[137]. Consequently, equation (2.15) has to be amended with these variables,

as shown in equation (2.22). Correspondingly, equations (2.17) to (2.21) will

include these additional terms to determine the parameters for a system with

exsolved particles [137].

∆Gr, exsolution = 4πr2γ + 4
3πr

3(∆GV + ∆GS + ∆Gms) (2.22)

2.2.3 Single Perovskite Exsolution

Stoichiometric perovskites were the initial candidates studied in combination with

reducible cations, including Ni2+, Rh4+, Ru2+, Pd4+, and Pt4+, to synthesize

the corresponding MNPs [138]. Nishihata et al. described a system with

in situ grown catalysts with LaFe0.57Co0.38Pd0.38O3 where the catalyst was

stable over 100 h under engine exhaust atmosphere [139]. Furthermore, Hamada

et al. described the probable mechanism of self-creation of Pd particles by

DFT study in the LaFe1–xPdxO3 system [130]. Co-exsolution of Fe0 and Pd0

has also been demonstrated for the La0.8Sr0.2Fe0.9Nb0.1Pd0.04O3–δ system [140].

While the enhancement was not very high, the system La1–xSrxCr1–yNiyO3–δ

showed catalytic improvements after Ni MNPs were exsolved [141]. Finally,

La0.5Sr0.5Ti1–xNixO3–δ was also examined for Ni exsolution [142]. Gao et

al. demonstrated that Ni prefers to move to the (100)-oriented and SrTiO-

terminated surfaces [143]. Nanocatalysts consisting of alloys have been
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exsolved from La0.6Sr0.4Fe0.8Ni0.2O3–δ, resulting in Fe-Ni alloy MNPs [144] and

SrFe0.8Cu0.1Nb0.1O3–δ creating Fe-Cu alloy MNPs [145].

A-site deficient perovskites have the advantage of ending in a steady cation

defect-free ABO3–δ′ stoichiometry after exsolution. It can be shown by adjusting

equation (2.13) to reflect the A-site deficiency in the starting structure resulting

in equation (2.23) [105]. In addition, the exsolution of harder-to-reduce cations

is possible in some cases, i.e., stable Ti cations in La0.4Sr0.4TiO3 compositions

were exsolved as TiO2 or a reduced titanium oxide [146].

A1–xBO3–δ + yH2(g) (1 x)ABO3–δ′ + xB + yH2O(g) (2.23)

Neagu et al. described the effect of A-site deficiency on exsolution, stating that

the creation of the oxygen vacancies leads to spontaneous B-site cation exsolution

and locally regaining stoichiometry [28]. Gao et al. reported on an Sc-based

A-site deficient perovskite system for Ni exsolution which exhibits good catalytic

activity [129]. Recently, considerable efforts have been dedicated to the exsolution

for room temperature electrocatalysis [147–152]. Zhu et al. described a system

with catalytically active Ni MNPs on La0.4Sr0.4Ti0.9Ni0.1O3–δ composition for

hydrogen evolution reaction (HER) [153]. Li et al. presented an effective titanate

system for CO2 electrolysis with Ni and Mn co-doping [154]. Additionally, Cu has

been utilized instead of Ni, i.e., (La0.75Sr0.25)0.9(Cr0.5Mn0.5)0.9Cu0.1O3–δ with

metallic Cu on the surface characteristically effective for CO2 electrolysis [155].

Notably, for this work, it has been previously reported that A-site excess can be

detrimental to the exsolution process [156].

The termination of the oxide, i.e., the surface, plays a significant role in

exsolution. Faceted surfaces create spatial inhomogeneity, resulting in preferential

particle growth upon reduction. Nominal surfaces, such as those created by

cleaving or polishing a surface, also lead to more uniform exsolution [25].

In addition to non-stoichiometry, the influence of lattice strain, electrical
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polarization, and the gaseous environment have been studied [157]. Han et al.

showed that lattice strain could result in a high degree of MNPs exsolution [158].

As shown by Myung et al., MNPs can be created within a few seconds at 900 ◦C

by applying a voltage; hence a potential can be used for exsolution [159].

2.2.4 Double Perovskite Exsolution

The double perovskites A2B2O6 exhibit desirable catalytical properties due to

fast surface oxygen exchange kinetics, fast oxygen ion flow, and good electrical

conductivity [160]. Sengodan et al. published a study on PrBaMn2O5+δ double

perovskite prepared by a two-step procedure and utilized as an anode for solid

oxide fuel cells (SOFCs) [113]. Moreover, Kwon et al. examined the influence

of different transition metals on exsolution on PrBaMn1.7T0.3O5+δ (T = Mn,

Co, Ni, and Fe), where, i.e., Co, Ni, and Mn exsolution occurred, but no Fe

exsolution did [161]. It was explained by considering the co-segregation energies

of the corresponding metals and oxygen vacancies [161].

2.2.5 Current Development

In 2002, one of the earlier works on exsolution, studying the LaFe0.57Co0.38Pd0.05O3

(LFCP) for treating automotive exhaust gas, was published [139]. Early exso-

lution was used in the treatment of automotive exhaust gas. In both SOFCs

and solid oxide electrolysis cells (SOECs), exsolution electrodes created by

the reduction in gas atmospheres have been utilized [159, 162]. The Irvine

group presented electrochemically driven exsolution with a similar mechanism

as the thermochemically driven exsolution but on a smaller time scale [159].

Moreover, the question of where exsolution occurs was answered both by in

situ experiments and calculations. MNPs nucleate inside and migrate to the

surface due to asymmetric strain. The MNPs exhibit a strong interaction with
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the substrate, attributed to the instantaneous construction of a socket inside the

host oxide and nucleation of the unconfined particle [133, 143].

While, initially, the exsolution technique was not used outside academic

works, Barnett et al. showed electrodes prepared by exsolution from strontium

titanate have similar current densities to NiO/YSZ and consequently are

industrially relevant [156, 163]. SOFCs’ fuel elasticity and the capacity to

work with non-precious metal catalysts are essential advantages, e.g., while

coking can hinder the system’s durability, making them industrially unsuitable,

exsolved catalysts showed coking resistance because of the socketed nature, which

mechanically blocks the tip-growth mechanisms [164]. Additionally, recently

exsolution was used for H2O and CO2 electrolysis and the co-production of

vital products like CH4, CO, and H2 [165]. Also, the exsolution of Ru in

La0.43Ca0.37Rh0.06Ti0.94O3 composition shows activity for co-electrolysis and co-

generation [166]. Finally, it should be mentioned that Gao et al. reported A-site

exsolution of Au nanoparticles [167] from Sr0.995Au0.005TiO3–δ [167]. Moreover,

Syed et al. described the bulk and surface exsolution of different Fe-rich and

Fe-depleted ellipsoidal nanostructures from La0.6Sr0.4FeO3 thin films [168]. In

their work they describe four configurations of particles: surface core-shell, bulk

core-shell, adjacent, and independent particles, where the core-shell structures

have a metallic Fe core and a LaxFeyO3–δ shell. Adjacent particles describe

situations where the Fe particle is next to a Fe-depleted LaxFeyO3–δ particle,

and independent Fe particles have a very thin (∼ 1 - 2 nm) LaxFeyO3–δ shell,

but no larger particles nearby [168].

2.3 Galvanic Replacement Reaction

Galvanic replacement reaction (GRR), otherwise also known as immersion plating

[169], can be used to create a plethora of structures, where ultrathin films and
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nanoparticles are only two to mention [170]. Consequently, it is not surprising

that the technique has been studied extensively over the past decades. Here,

a short overview of the technique is given by first introducing a historical

context, followed by the description of two distinct behaviors, the influence

of the substrate, before ending the section with thermodynamic and kinetic

considerations.

2.3.1 GRR in historical context

Printed circuit board technology and the metal finishing industry utilized GRR

extensively, mainly using the name immersion plating [170, 171]. Studies involved

not only tin/lead immersion coatings on Cu [172] but metals such as Au immersion

coatings on Cu combined with Ni electroless plating [173] and Ag immersion

coatings with potassium cyanide [174]. Moreover, hydrometallurgy, the retrieving

of metals from a solution, has been performed and observed [175, 176].

Surface limited redox replacement (SLRR) describes a process where ultrathin

epitaxial metal layers can be formed by GRR [177, 178]. The reaction involves a

first step, where a monolayer of metal, hydrogen, sulfur, or iodine atoms is formed

by reductive or oxidative deposition at more positive or negative potentials,

respectively, than required for bulk depositions, known as underpotential

deposition (upd) [179]. Subsequently, these upd layers are galvanically replaced

by a more noble metal [170]. Semiconductor compounds were among the first

applications for this process due to the electrochemical atomic layer epitaxy

(ECALE) technique developed by Stickney and co-workers [180–183].

MNPs have been created by GRR, too. Generally, bimetallic MNPs with

favorable optical, magnetic, and/or catalytic properties are formed [184]. Again,

noble metals like Au, Pt, or Pd are replacing less noble metals, e.g., Cu or Ag,

in these efforts [185–187]. The bimetallic MNPs have also been used in fuel cells
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and/or other energy applications [185, 188–190]. Additionally, carbon-supported

MNP catalysts have been created utilizing GRR [191–194].

2.3.2 Underpotential Deposition Growth and Electrochemical

Etching

Works within the field of GRR fall mainly into two categories: a complete

replacement of Cu, Pb, or H upd monolayer by more noble metals or a partial

replacement of a metal M by layers of the more noble metal Mnoble catalyst [170].

These two approaches are represented in figure 2.13, (A) and (B), respectively. In

both cases, the noble metal in the solution is assumed to have the same valency

as the metal it replaces, leading to a one-for-one substitution [170].

Figure 2.13: Two different mechanisms for GRR are shown. (A) shows the
deposition of a Cu upd monolayer on top of a structure consisting of two different
metals (M/

noble and Mother). The GRR replaces the Cu upd layer with a third
metal(M++

noble), resulting in a core-shell structure, where the latter forms the
shell. (B) shows the GRR of a metal (M) by a more noble metal, Mnoble.
Effectively, this electrochemical etching process results in a plethora of different
structures ranging from complete replacement to alloyed structures depending
on the reaction conditions. The figure was taken from [170], under the Creative
Commons Attribution License.

The first method has two slightly different growth mechanisms. Both start

with a sacrificial upd layer; however, the replacement of this layer can occur
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slightly differently. The first growth mechanism reflects the ideal case and

leads to monolayer or sub-monolayer thick deposits of noble metals [178]. It is

called the direct exchange growth mechanism and involves the direct one-for-one

substitution of upd-layer atoms by the more noble metal atoms in the solution,

reflecting the ideal case [178]. The second kind of growth mechanism in the

upd-based method is the local cell growth mechanism. In contrast to the first,

noble metals can deposit on each other while upd atoms dissolve from nearby

locations. This results in thicker and incomplete layers [178]. Nonetheless, both

upd-based growth mechanisms produce thin films of noble metals [178].

The second growth mechanism not only results in a top layer of noble metals

but in an intimate mixture of noble and less noble metals below the surface.

In fact, replacing atoms frequently occurs, allowing the formation of different

morphologies, ranging from fully replaced structures to core-shell and alloy-type

structures. The difference between the upd-based method and this method is

that the GRR can replace not just the top layer but, theoretically, the entirety

of the reactive metal substrate [170].

2.3.3 Support Type

(Photo)electrocatalysts are generally supported by a substrate, independent

of whether said substrate exists in the form of another NP or a solid block

[170]. However, whether the substrate is present during the GRR or not can

influence the reaction. Most basic research studies utilize well-characterized

smooth electrode substrates combined with upd monolayers. Figure 2.14 shows

the substrate, i.e., glassy carbon (GC), with an upd-layer of metal M on top

in orange, and a layer of Pt in gray, replacing parts of the metal M [170, 195,

196]. As is visible, a thin Pt layer is created in the situation on top while the

bottom situation shows more replacement of the Pt inside the bulk. A difference
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in standard potential between the two metals used for the upd-layers can explain

the different behavior of the GRR. This will be further discussed in section 2.3.4,

but generally, a more significant difference in standard potential between the

metal M and the noble metal, i.e., Pt, leads to a quicker replacement and a

thinner, more continuous film [195, 196].

Figure 2.14: The substrate, in this case, glassy carbon (GC) covered by a layer
of M. The top part depicts a substrate with a continuous M layer, where a more
noble metal, i.e., Pt, replaces the top of the M-layer quickly, forming a thin
Pt-film. Below a particulate layer was formed, where deposition occurred slowly,
and the noble metal, i.e., Pt, penetrated the bulk. The figure was taken from
[170], under the Creative Commons Attribution License.

In addition to the influence of the upd layer, the substrate on which the upd

layer is deposited on can influence the deposition. Again, Pt deposition with a

sacrificial metal M can be used as an example, where M is deposited as islands

on carbon. While Pt partially replaces the M, as is expected, the nature of the

carbon substrate, being an electronic conductor, leads to the deposition of Pt

directly on carbon [197–200]. This is possible because the dissolution of nearby

M releases electrons that can travel to the Pt deposition location and reduce Pt

to allow metallic Pt deposits. It can be expected that this deposition seizes if

the support of M is an insulator or semiconductor or if no support is present

during the GRR [201–204].
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2.3.4 Thermodynamic and Kinetic Considerations

Experimentally, immersing a metal (M) into a solution of a more noble metal

(Mnoble) can lead to a spontaneous reaction given in equation (2.24). Naturally,

certain conditions need to be met, such as the ionic form of M needs to be stable

in solution under the experimental conditions (i.e., temperature, pH, complexing

agents, etc.). The GRR is driven by the difference in standard electrochemical

potentials between M (E0) and Mnoble (E0
noble), E0

noble − E0 > 0 [170]. The

reaction can be split into two half-reactions, each focusing on one of the metals,

as shown in equation (2.25) and equation (2.26) for Mnoble and M, respectively

[205].

Mn+
noble(aq) + n

m
M(s) Mnoble(s) + n

m
Mm+(aq) (2.24)

Mn+
noble(aq) + ne– Mnoble(s) (E0

noble) (2.25)

Mm+(aq) +me– M(s) (E0) (2.26)

Examples of standard electrochemical potentials of half reactions can be

found in table 2.2. It is important to note that the larger the difference between

the two potentials (E0
noble and E0), the more favorable the reaction is [170, 205].

Moreover, for each reaction, the actual species should be considered carefully, as

the experimental conditions may allow a metal only to be present in oxide or

hydroxide form [170].

Metals present as oxides, i.e., M2Om, or hydroxides, e.g., M(OH))m, result

in a decoupling of the noble metal deposition and dissolution of the metal.

Instead, the deposition of the noble metal goes hand in hand with further growth

of the oxides or hydroxides [170]. This results in a new reaction, given in

equation (2.27).

52



Galvanic Replacement Reaction

Table 2.2: The standard electrochemical potential of selected elements relevant
to this work. Data were obtained from [206] (original data from [207–209]).

Reaction E◦ [V]
Ag2+ + e– Ag+ 1.980
Au2+ + e– Au+ 1.8
Au+ + e– Au 1.692
NiO2 + 4 H+ + 2 e– Ni2+ + 2 H2O 1.678
Au3+ + 3 e– Au 1.498
Au3+ + 2 e– Au+ 1.401
RuO4 + 6 H+ + 4 e– Ru(OH)2+

2 + 2 H2O 1.40
Pt2+ + 2 e– Pt 1.18
RuO2 + 4 H+ + 2 e– Ru2+ + 2 H2O 1.120
RuO4 + 8 H+ + 8 e– Ru + 4 H2O 1.038
AuCl–4 + 3 e– Au + 4 Cl– 1.002
RuO4 + e– RuO–

4 1.00
Ag+ + e– Ag 0.7996
[PtCl4]2– + 2 e– Pt + 4 Cl– 0.755
[PtCl6]2– + 2 e– [PtCl4]2– + 2 Cl– 0.68
Ag(ac) + e– Ag + (ac)– 0.643
RuO–

4 + e– RuO2+
4 0.59

Cu+ + e– Cu 0.521
Ru2+ + 2 e– Ru 0.455
Cu2+ + 2 e– Cu 0.3419
Ru3+ + e– Ru2+ 0.2487
Cu2+ + e– Cu+ 0.153
2 H+ + 2 e– H2 0.000
2 Cu(OH)2 + 2 e– Cu2O + 2 OH– + H2O -0.080
Cu(OH)2 + 2 e– Cu + 2 OH– -0.222
Ni2+ + 2 e– Ni -0.257
Cu2O + H2O + 2 e– Cu + 2 OH– -0.360
NiO2 + 2 H2O + 2 e– Ni(OH)2 + 2 OH– -0.490
Ni(OH)2 + 2 e– Ni + 2 OH– -0.72

Mn+
noble + n

m
M + n2 H2O Mnoble + 2 n

2mM2Om + nH+ (2.27)

Finally, the discussion above illustrates that there are a few essential factors

to be considered in GRR. First, the phase of the metal M has to be considered

[170]. Usually, consulting a Pourbaix diagram can help determine the phase.

An example of a Pourbaix diagram for nickel can be seen in figure 2.15. With
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the phase of the metal M determined, the second factor is the consideration

of the standard potentials. The standard potentials must be corrected to their

equilibrium values, meaning their exact metal ion concentration should be

considered [170]. Finally, metal complexation due to ligands present in the

solution has to be considered [170].

Figure 2.15: The Pourbaix diagram of Ni for 25 ◦C, 100 ◦C, 200 ◦C, and 300 ◦C.
The neutral pH is indicated by a dashed line and labeled npH. The figure was
taken from [210], with permission.

While thermodynamics determines whether the reaction happens, the above
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considerations need to be extended by kinetic consideration to determine the

speed of the reaction. There are only a handful of publications considering the

speed of GRR [211–215]; however, Papaderakis et al. proposed a description

analogous to corrosion kinetics [170]. They argue that GRR can essentially

be viewed as corrosion, and a galvanic current density, jgalv can be defined

in analogy to the corrosion current density, jcorr. The resulting expression is

given in equation (2.28), where the exchange current densities for the noble

metal (equation (2.25)) and metal (equation (2.26)) are given by j0,Mnoble, and

j0,M, respectively, the β1 and β2 are the Tafel slopes of the same reactions,

and EMnoble
e EMnoble

e and EM
e are the equilibrium potentials. Finally, βMnoble and

βM are defined by equation (2.29) and equation (2.30) [170]. Equation (2.28)

suggests that in addition to the thermodynamics also, the kinetics depend on

the difference in potential of the two species.

jgalv = (j0,Mnoble)
β1(j0,M)β2 exp

[
2.3

(
EMnoble

e − EM
e

)

βMnoble + βM

]
(2.28)

β1 = βMnoble

βMnoble + βM
(2.29)

β2 = βM
βMnoble + βM

(2.30)

2.4 Photocatalysis

The enormous interest in photocatalysts originates in humanity’s need for more

energy and the realization that renewable energy sources must be utilized for

sustainable energy production. The current renewable energy mix consists

mainly of solar, wind, and hydro energy, mainly producing electricity [216].

The challenge these technologies face is energy storage, where the storage of

electricity on a large scale is inefficient. Photocatalysts offer a unique solution to

the problem by converting the energy of incoming photons emitted by the sun

into chemical energy, for example, in the form of H2 [217]. Like in section 2.1
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and section 2.2, STO will again serve as an example material, in this case, as a

photocatalyst.

Producing H2 can be achieved using different methods, including electrolysis

[218], thermolysis [219], photolysis [220], and biolysis [221]. Below, the generation

of H2 by photocatalysis will serve as an example of a photocatalytic reaction.

To generate H2 from water, i.e., drive the decomposition of water, also called

water splitting, requires high energy input [222]. The energy released by water

formation (equation (2.31) [222]) indicates the minimum required energy to split

water.

O2(g) + H2(g) H2O(l) (∆G◦ = −237.14 kJ mol−1) (2.31)

Hence, 237.14 kJ mol−1 are required to split two H2O molecules, resulting in a

roughly 1.23 eV per H2O molecule. Naturally, these numbers do not take any

losses into account. Utilizing UV light to split water by photoelectrochemical

means was first reported by Fujishima and Honda in 1972 [223]. The most

promising method of solar water splitting involves semiconductors, such as STO,

and redox reactions, where the semiconductor absorbs light (equation (2.32))

and generates electrons and holes needed in the reactions (equation (2.33) and

equation (2.34)).

Semiconductor + hν −→ Semiconductor(h+ + e–) (2.32)

Reduction: 4 H+ + 4 e– 2 H2(g)(in acidic environment) (2.33)

Oxidation: H2O(l) + 4 h+ O2(g) + 4 H+(in acidic environment)

(2.34)

The target efficiency of water splitting is 10% solart to hydrogen conversion

efficiency under visible light and can be reached by devices (i.e., [224]), but despite

the 50 years since the publication of Fujishima and Honda, the stability while

performing with such high efficiency is relatively poor [222, 224]. In addition to
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the target efficiency, essential requirements for a semiconductor considered for

photoelectrochemical measurements have been established. These three main

criteria are (i) the stability towards photocorrosion in an aqueous medium, (ii)

the light sensitivity, and finally, (iii) a more electronegative conduction band

(CB) related to the level of H2 reduction and a more positive valence band related

to H2O/O2 as well as good reaction kinetics.

Hydrogen generated by low-emission processes accounted for less than 1% of

the total hydrogen production in the last three years [225]. The vast majority

(more than 99%) is hydrogen production based on fossil fuels, where steam

reforming of natural gas contributed with 70% and coal gasification with 30%

[225]. In 2021 specifically, the vast majority of the low-emission production

originates from fossil fuels with carbon capture, utilization and storage, and some

from water electrolyzers (35 kt H2 out of 1 Mt) [226]. In total, electricity and

biomass technologies barely met 0.2% of the total energy demand for hydrogen

production in 2021 [225]. Hence, we must increase the share of low-emission

methods and a very suitable one is photocatalysis because, in principle, the only

energy input is in the shape of photons.

Two principal methods can be used to generate hydrogen through photocatal-

ysis: (i) photocatalytic water splitting [227] and (ii) photocatalytic reforming

of organics [228]. The latter is again beyond the scope of this thesis. Within

the former, two different approaches are established: (i.a) photoelectrolysis in

PEC cells like Fujishima and Honda in 1972 [223], or (i.b) photolysis using a

colloid suspension of powdered catalysts, e.g., TiO2 [229, 230] and other ceramic

powders [231]. PEC cells have the advantage of spatially isolated e– and h+

leading to better efficiencies by significantly reducing recombination [222]. O2

and H2 are also produced in different locations, reducing back reactions [232].

Alternatively, powdered photocatalysts in electrolyte can be used [233, 234].
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Photoelectrochemical water splitting is a three-step process where (i) the

photoabsorption occurs, leading to the generation of excited e– and h+ with

sufficient energy to drive the reaction. (ii) The charge carriers have to be

separated and migrate to the reaction sites on the surface, and, finally, (iii)

reaction centers appear for both reactions [235, 236]. It should be noted that

the suppression of recombination can be viewed as its own step, and the photon

absorption and generation of excited e– and h+ can be described as two steps.

2.4.1 Band Gap Considerations

The band gap determines the energy available for the reaction and the minimum

energy required by the photon to excite the electron-hole pair. Moreover, the

location of the valence band edge and conduction band edge relative to the

potentials of the reactions occurring must be considered [236], as stated above.

In figure 2.16, the placement of multiple semiconductors can be seen relative to

the redox potential of the water-splitting reaction.

Additionally, the nature of the band gap, whether the material has a direct

or indirect band gap, influences the absorption of photons by the material [237].

This is exemplified when considering equation (2.35), where α is the absorption,

h is Planck’s constant, ν is the frequency, EGap is the band gap energy, and p

is an index depending on the electronic transition responsible for the reflection

[237, 238]. The value of p can be 1
2 for dipole-allowed transitions occurring at a

direct band gap, 2 for dipole-allowed transitions near an indirect band gap, 3
2 for

dipole-forbidden transitions near a direct band gap, and 3 for dipole-forbidden

transitions near indirect band gaps. The latter two have suppressed dipolar

transitions [237].

α = A(hν − EGap)p

hν
(2.35)
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Figure 2.16: The placement of the conduction band edges (CB) and the valence
band edges (VB) of multiple semiconductors relative to the reduction potential
of H2/H+ and the oxidation potential of O2/H2O with respect to the normal
hydrogen electrode (NHE) and the vacuum (vac). In (a), all band gaps enclose
both reduction and oxidation, whereas in (b), the conduction band is too low.
The figure was taken [239], with permission.

There is an apparent difference between direct and indirect band gaps; the

former has conduction band edge and valence band edge at the same k-vector

and the latter at different k-vectors [79]. Incoming photons carry almost no

momentum; hence, the semiconductor has to provide the required momentum to

allow an indirect band gap transition. Phonons provide the required momentum.

Increasing the thickness of the indirect band gap semiconductor ensures that

phonons and photons can interact and create an electron-hole pair [79, 240].
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2.4.2 Thermodynamic Considerations

A photocatalyst in its ground state, i.e., non-illuminated, remains in a quasi-

equilibrium state, where the electrons and holes have a chemical potential given

by equation (2.36) and equation (2.37), respectively [241, 242]. Here, the chemical

potentials are given by µn and µp, Ec and Ev are the conduction band bottom

and the valence band top, respectively, kB is the Boltzmann constant, T is the

temperature, n and p are the concentrations of electrons and holes, and Nc and

Nv are the effective densities of states at the conduction band bottom and valence

band top, respectively [242]. Equation (2.38) describes the thermal-induced

electrons and holes in non-degenerated semiconductors. They follow a Boltzmann

distribution, and their product is constant [242].

µn = Ec + kBT ln
( n

Nc

)
(2.36)

µp = Ev − kBT ln
( p

Nv

)
(2.37)

n0p0 = NcNv exp
(−EGap

kBT

)
(2.38)

∆G = Glight-off −Glight-on = −
∣∣∣µn − µp

∣∣∣ = −Egap − kBT ln
( np

NcNv

)
(2.39)

Thermodynamically speaking, the ∆G is defined by equation (2.39), where

Glight-on is the Gibbs energy of the semiconductor under illumination, and

Glight-off is the Gibbs free energy of the same semiconductor in the dark [241–243].

The difference in Gibbs free energy ∆G, can be seen in figure 2.17. Furthermore,

an initial surge is shown in the Gibbs free energy, eventually settling on the

Glight-on level [241]. In a heterogeneous photocatalytic water splitting cycle

that is perturbed, i.e., any imperfection of the photocatalyst, recombinations

of electron-hole pairs occur, which are undesirable [242]. The recombination

reaction can be described by equation (2.40) and the recombination rate by

equation (2.41). The equation for the recombination rate also introduces the
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recombination constant, krecombination, which follows the Arrhenius equation

shown in equation (2.42) [242, 243]. In equation (2.42), A is the pre-exponential

factor, and EA is the activation energy of interfacial electron transfer, as shown

in figure 2.17 [241].

Figure 2.17: The Gibbs free energy of a photocatalyst, where Glight-on, Glight-off,
and ∆G are shown. Additionally, the activation energy of the interfacial electron
transfer is shown. The figure was taken from [241], with permission.

e–
CB + h+

VB energy loss (2.40)

rrecombination = krecombination[e–
CB][h+

VB] (2.41)

krecombination = A exp
(

− EA
kBT

)
(2.42)

It is evident from equation (2.39) that the difference in electrochemical

potential |µn − µp| and with it, the difference in densities of electrons and holes

are proportional to the driving force of the reaction. When the photocatalyst

absorbs a photon, energy equal to the band gap energy (EGap)is available;

however, as previously elaborated, not all of it can be utilized due to inevitable

losses. The entropy loss from the charges transferring is an intrinsic loss from

both the conduction band electron and valence band hole and can be expressed

by a total energy loss according to equation (2.43) [241, 243]. Consequently, the

maximal available energy to drive the reaction is the difference between the band

gap energy and the total energy loss, given by equation (2.44). This difference is

also the negative of equation (2.39) [241–243].
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T∆Smix = kBT
(

ln NC

n
+ ln NV

p

)
= kBT ln NcNV

np
(2.43)

EGap − T∆Smix = EGap − kBT ln NcNv

np
= −∆G (2.44)

The opposing sign of ∆G for photoexcitation (equation (2.39)) and photo-

redox reaction (equation (2.44)) indicate that the former is a non-spontaneous

reaction and the latter is spontaneous at an excited state [241]. Consequently,

photons with energy at least as large as the band gap, i.e., hν ≤ EGap, can

excite the electron-hole pair. If the difference between losses and the band gap

energy (equation (2.44)) is larger than the minimum energy required to catalyze

the reaction, e.g., 1.23 eV for water splitting, the reaction will be spontaneously

driven by the excited photocatalyst [241].

2.4.3 Semiconductor-Electrolyte Interface

An essential part of any photocatalyst is its interface with the electrolyte. An

initial electric current flows across the junction between the electrolyte and the

semiconductor upon their initial contact. The electric current seizes to flow when

the Fermi energy of the electrons in the solid, EF, and the redox potential of the

electrolyte, Eredox, are equal, i.e., the system is in equilibrium [244]. However,

due to the flow of electric current, a region on each side of the junction exhibits

a charge distribution different from the bulk charge distribution, known as the

space-charge layer [244].

1
C2

SC
= 2∆ϕSCRT

F

1
ε0ε1N

(2.45)
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Figure 2.18: The figure shows different situations with the same n-type
semiconductor, i.e., with mobile electrons, and electrolytes in contact, with
different equilibration scenarios, where the upper figure shows the charge
distribution and the lower the band bending. (a) The flat band potential,
no charge accumulation is visible, and no band bending occurs. (b) The
accumulation layer shows excess electrons on the semiconductor side and a
positive charge on the electrolyte side. The bands show a downward bending
towards the interface on the semiconductor side. (c) The depletion layer exhibits
a lack of electrons on the semiconductor side. The bands are bent upwards
towards the interface. (d) The inversion layer describes the situation where
electrons have depleted below the intrinsic level, further increasing the upward
band bending, leaving the semiconductor p-type at the surface. The figure was
taken from [244] with permission.

The two sides of the space-charge layer, e.g., the electrolyte and the
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semiconductor side, differ in their build-up. The electrolyte side consists of

a double layer, where a compact (Helmholtz) layer is followed by a diffuse

(Gouy-Chapman) layer [244]. While the nature of the semiconductor, i.e., p-

or n-type, determines the mobile charge carrier, the Fermi level determines

the band bending. Focusing on n-type semiconductors with mobile electrons,

such as STO, a Fermi level of the electrode equal to the flat-band potential,

no excess charge accumulates, and the bands are flat (see figure 2.18 (a)). In

figure 2.18 (b), electrons accumulate on the semiconductor, and the bands bend

down, whereas in (c), the space-charge layer is depleted of electrons, and the

band bends upwards. Taking it to the extreme, an inversion layer can be formed,

where the surface of the semiconductor is p-type while the bulk remains n-type

[244]. Analogous arguments can be made for p-type photoconductors.

The energetic positions of the valence and conduction band edge can

be determined by the flat band potential [244]. The capacitance of the

semiconductor-electrolyte junction has to be considered to determine them.

The differential capacity is established as a function of the applied voltage when

a reverse bias is applied to the semiconductor. The capacity of the space-charge

of the semiconductor (CSC) is in series with the Helmholtz capacity layer (CH)

[244]. The space-charge capacitance can be measured using the depletion regime,

where CH > CSC. Utilizing the Mott-Schottky equation allows the determination

of the space-charge capacity as a function of applied bias by equation (2.45).

The Mott-Schottky is describes the ideal situation, where an ideal semiconductor

with no surface states and no Fermi level pinning is considered.Here the voltage

drop in the space-charge layers is given by ∆ϕSC = V −Vfb, R is the gas constant,

F is Faraday’s number, ε represents the dielectric constant of the semiconductor,

ϵ0 is the permittivity of vacuum, and 1N represents the ionized donor dopant

concentration.
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2.5 Plasmonics

Photocatalysts, as introduced in section 2.4, are considered for various

applications, for example, solar-to-fuel conversion, environmental remediation,

organic compound formation, and synthesis of multiple compounds [245].

However, a single photocatalyst can encounter severe limitations due to,

e.g., insufficient light absorption, inefficient charge separation, high charge

recombination rates, and high costs, effectively preventing it from reaching

commercial benchmarks [245, 246]. An alternative is to form heterostructures

of two different materials, where one acts as (photo)catalyst, and the other as

photosensitizer and/or light antenna. Specifically, a stable photocatalyst, such

as STO, whose band gap is far wider than the ideal band gap of a photocatalyst

but has high thermal stability and is resistant to photocorrosion [247], can be

combined with MNPs exhibiting localized surface plasmon resonance (LSPR) to

improve the photocatalytic performance [245, 248].

The surface plasmon effect has been implicitly utilized by humanity for

millennia [134, 249]; however, Gustav Mie solved Maxwell’s equations for spherical

MNPs relatively recently in comparison [250]. After several decades of limited

research, the phenomenon has steadily grown in popularity among researchers,

at least in part because of its potential application in photocatalysis and

photovoltaics. Today, plasmonics is widely used in research, and computational

methods have been employed to tackle geometrically complex particles and the

interaction between a MNP with LSPR and a semiconductor. In addition, Mie’s

formalism, solving Maxwell’s equation for small spherical particles, has been

rewritten and is barely recognizable anymore. It remains, however, the only exact

solution of Maxwell’s equation for any shape of MNPs. As a note, plasmonic

MNPs can act as photocatalysts, too. However, with the exception of treating it

as a competing mechanism to energy transfer to the semiconductor, it is beyond
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the scope of this thesis.

MNPs and their optical properties have been utilized since the Roman times,

e.g., the Lycurgus Cup made in the 4th century AD with colloidal Au [134, 251].

The unusual optical properties have been studied over the course of centuries,

among others by Michael Faraday [252], forming the basis of modern colloidal

science [249]. More recently, the realization that the description of the surface

plasmon absorption band structure in metals may contribute to grasping the

development of the band structure in metals led to an abundance of scientific

reports on the size-dependent optical properties of MNPs [249, 253–262]. It

soon became clear that, while progress was made on determining the effects of

defects, grain boundaries, crystallinity and polydispersity on the optical response

of MNPs, the effect of surface chemical interactions was not clear [263].

2.5.1 Surface Plasmons

Experiments conducted halfway through the 20th century by, among others,

Ruthemann, were concerned with the bombardment of thin metallic films by fast

electrons [264]. However, only the realizations of Pines and Bohm, connecting

the electron density oscillation observed in electric discharges in gases and

collective plasma oscillations in metals caused by long-range Coulomb interaction

of valence electrons as similar, enabled an explanation of these experiments

[265, 266]. The following year, Ritchie predicted the existence of self-sustained

collective excitations at metal surfaces when considering characteristic energy

losses of fast electrons passing through thin metal films [267]. He attributed the

boundary effect to cause the appearance of a lowered loss due to the excitation

of surface collective oscillations [267]. Following this, Powell and Swan showed

the presence of these collective excitations in a series of electron energy loss

experiments [268], and Stern and Ferrell named the quanta of these collective
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excitations surface plasmons [269]. Subsequently, a plethora of studies within

physics, but also in different fields, has been published. Condensed matter

physics and surface physics discussed surface plasmons in a wide variety of

circumstances, including the nature of Van der Waals forces [270–272], classical

image potential acting between a point classical charge and a metal [273–276],

the energy transfer in gas-surface interactions [277], surface energies [278–282],

damping of surface vibrational modes [283, 284], the energy loss of charged

particles moving outside a metal surface [285, 286], and de-excitation of adsorbed

molecules [287]. Meanwhile, surface plasmons have also been topics in fields

like electrochemistry [288], wetting and biosensing [289–292], scanning tunneling

microscope [293], the ejection of ions from surfaces [294], nanoparticle growth

[295, 296], surface plasmon microscopy [297, 298], and surface-plasmon resonance

technology [299–305].

Bohm and Pines determined the quantum energy of collective plasma

oscillation of a free electron gas with equilibrium density n to be ℏωp = ℏ
( 4πne2

me

)2,

where ωp symbolizes the plasmon frequency, e and me are the electron charge

and mass, respectively. If a planar boundary is near, a new mode, the surface

plasmon mode, appears, with a frequency equal to Ritchie’s frequency (in the

non-retarded region, i.e., the speed of light is large) ωs = ωp√
2 for a wave vector q

in the range ωs
c ≪ q ≪ qF, where qF is the magnitude of the Fermi wave vector.

With increasing wave vector, the frequency experiences some dispersion [306].

However, in the retarded region, i.e., where the phase velocity ωs
q is comparable

to the speed of light, the surface plasmons couple with the free electromagnetic

field.

Surface Resonance

Numerous approaches can be taken to derive meaningful equations describing

plasmonic behavior. Pitarke et al. published an extensive paper discussing
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the surface plasmon polaritons and localized surface plasmons in a theoretical

environment, while providing experimental context showing the importance of

these results [306]. Here, an abbreviated collection of the most important points

mainly taken from Pitark et al. [306] will be presented.

Surface Plasmon Polaritons: Maxwell’s equations for a material with

dielectric function εi are given by equations (2.46) to (2.49), if no external

field is present. Two semi-infinite media, forming an interface at z = 0, with

dielectric functions ε1 and ε2, respectively, can have two sets of general solutions

of equations (2.46) to (2.49), one containing s-polarized modes, and one containing

p-polarized electromagnetic modes [306, 307]. The first mode restricts the electric

field E to be parallel to the interface. The second one, on the other hand, contains

the modes where the magnetic field is parallel to the interface. Utilizing an

ideal surface and considering waves that propagate along the surface, s-polarized

surface oscillations cannot exist, and the solution for the traveling wave must

be a p-polarized electromagnetic mode. Without limitation, the x-axis can be

chosen as propagation direction, and the E and H fields are then defined by

equation (2.50) and equation (2.51).

∇ × Hi = εi
1
c

∂

∂t
Ei (2.46)

∇ · (εiEi) = 0 (2.47)

∇ × Ei = −1
c

∂

∂t
Hi (2.48)

∇ · Hi = 0 (2.49)

Ei = (Eix , 0, Eiz ) exp
(

− κi|z|
)

exp
[
i
(
qix− ωt

)]
(2.50)

Hi = (0, Hiy
, 0) exp

(
− κi|z|

)
exp

[
i
(
qix− ωt

)]
(2.51)

In equations (2.46) to (2.51), the i is the index for the media, either 1 for

z < 0, or 2 for z > 0. In equation (2.50) and equation (2.51), the qi represents

the magnitude of a wave vector parallel to the interface. Utilizing equation (2.50)

and equation (2.51) in equations (2.46) to (2.49) yields equations (2.52) to (2.54).
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Moreover, the boundary conditions demand that the electric and magnetic fields

parallel to the surface must be continuous, ultimately yielding equations (2.55)

to (2.58) when using equation (2.52) and equation (2.53) [306].

iκ1H1,y = ω

c
ε1E1x (2.52) iκ2H2,y = ω

c
ε2E2x (2.53)

κ1 =
√
q2

i − εiω2

c2 (2.54)

Equation (2.57) is known as the surface-plasmon condition. A direct consequence

of the surface-plasmon condition is the continuity of the 2D wave vector q, where

q1 = q2 = q, leading to equation (2.58), where ω
c describes the magnitude of

the light wave vector. Imagining the first semi-infinite medium as a metal,

and the second one as a dielectric, characterized by ε2, yields a solution with

slope of c√
ε2

at q = 0, that is monotonically increasing for increasing q [306].

κ1
ε1
H1,y + κ2

ε2
H2,y = 0 (2.55) H1,y −H2,y = 0 (2.56)

ε1
κ1

+ ε2
κ2

= 0 (2.57) q(ω) = ω

c

√
ε1ε2
ε1 + ε2

(2.58)
The solution is always smaller than cq√

ε2
, and is asymptotic to the value given

by equation (2.59) for large q [306]. Equation (2.59) is called the non-retarded

surface-plasmon condition, with κ1 = κ2 = q substituted in equation (2.57).

This is only valid as long as the phase velocity ω
q ≪ c.

ε1 + ε2 = 0 (2.59)

If the system is a Drude semi-infinite metal in vacuum, then ε2 = 1, and,

according to Ashcroft, equation (2.59) follows [308]. In equation (2.60), η is

a positive infinitesimal. Utilizing equation (2.60) in equation (2.58), results

in equation (2.61). The surface-plasmon polariton frequency, expressed with

the plasmon frequency, is then given by equation (2.62), where the retarded

region, defined by q < ωs
c , couples with the free electromagnetic field, and the
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non-retarded limit, defined by q ≫ ωs
c , yields the classical nondispersive surface

plasmon frequency ωs = ωp√
2 [306].

ε1 = 1 − ω2
p

ω(ω + iη) (2.60) q(ω) = ω

c

√
ω2 − ω2

p

2ω2 + ω2
p

(2.61)

ω2(q) = ωp
2 + c2q2 −

√
ω4

p
4 + c4q4 (2.62)

Spatially, the electromagnetic field is characterized by the surface-plasmon decay

constant κi perpendicular to the surface and the attenuation length li = 1
κi

. The

decay constant is defined by equation (2.63), and the latter describes the length

after which the electromagnetic field falls to 1
e [306].

κi = ω

c

√
− ε2

i
ε1 + ε2

(2.63)

Non-retarded Surface Plasmon: In the retarded region, where q < ωs
c (with

ωs
c ≪ qF, where qF is the magnitude of the Fermi wave vector), nonlocal effects

can usually be ignored [306]. However, in the non-retarded regime, where ωs
c < q,

and without any external source, the ω-components of the time-dependent

electric and displacement fields associated with collective oscillations at a metal

surface satisfy the quasi-static Maxwell’s equation given in equation (2.64) or,

equivalently, equation (2.65) and equation (2.66) [306]. Here, δn(r, ω) is the

fluctuating electron density associated with the surface plasmon, and ϕ(r, ω) is

the ω component of the time-dependent scalar potential.

∇ · E(r, ω) = −4πrδn(r, ω) (2.64)

∇ϕ2(r, ω) = 4πδ(r, ω) (2.65)

∇ · D(r, ω) = 0 (2.66)
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Localized Surface Plasmon: Instead of semi-infinite bodies, geometries of any

kind can support charge density oscillations the like of surface plasmons of planar

interfaces [306]. In the long-wavelength limit, an interface separating two media

with local, frequency-dependent dielectric functions ε1 and ε2, equation (2.67) is

valid, where i again is the index for the media [306]. Simple geometrical shapes,

such as spheres or cylinders, allow the explicit solution of equations (2.64)

to (2.66) by utilizing equation (2.67) [306].

Di(r, ω) = εiEεi(r, ω) (2.67)

lε1 + (l + 1)ε2 = 0 with l = 1, 2, 3, . . . (2.68)

ωl = ωp

√
l

2l + 1 (2.69)

For spherical shapes, where medium 1 is the sphere and medium 2 the

matrix, the planar surface-plasmon condition of equation (2.59) is replaced by

equation (2.67), where l is the l-th resonance, which in turn yields, for a Drude

metal sphere (ε1 defined by equation (2.60)) in vacuum, the Mie plasmons at

frequencies given in equation (2.69) [306]. If only the dipolar symmetries are

considered (l = 1), then equation (2.69) is the well-known resonance frequency

ωl = ωp√
3 .

2.5.2 Mie Theory

Gustav Mie solved Maxwell’s equation for spherical nanoparticles in a uniform

medium in 1908 [250] (Engl. [309]). The input parameters were only the

particle size and the optical functions of the particle and surrounding medium.

Dividing the problem into two parts, Mie treated the electromagnetic part

of it from first principles and circumvented the material part by introducing

phenomenological dielectric functions ε(ω,R), limiting the theory by giving no
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physical insights into the materials properties [134]. Only decades later was

Mie absorption interpreted in accordance with the modern concept of collective

plasmon oscillations of different multipole orders [134, 310, 311].

The optical properties of a MNP are commonly expressed by absorption

and scattering cross sections, σabs and σsca. These cross-sections can be used

to determine the intensity loss (∆I) of a parallel beam of incident light due

to absorption and elastic scattering, and, utilizing the Beer-Lambert law, one

can obtain the intensity loss for purely absorbing or scattering particles, see

equation (2.70) and equation (2.71) [134]. Here, the # describes the number

density of MNPs.

∆Iabs(z) = I0(1 − exp
(

− #σabsz
)
) (2.70)

∆Isca(z) = I0(1 − exp
(

− #σscaz
)
) (2.71)

σext = σabs + σsca (2.72)

γe = #σext (2.73)

Realistic particles, however, exhibit absorption and scattering contributions

simultaneously, simplified by determining the extinction cross section (see

equation (2.72)), which in turn can be related to the extinction constant γ2 by

equation (2.73) [134]. These cross sections can be expressed via series expansions

by equations (2.74) to (2.76) where L is the order of the partial wave (L = 1:

dipole, L = 2: quadrupole, etc.), k is the wavevector, and aL and bL are defined

by equation (2.77) and equation (2.78), respectively [134].

σext = 2π
|k|2

∞∑

L=1

(
2L+ 1

)
ℜ

(
aL + bL

)
(2.74)

σsca = 2π
|k|2

∞∑

L=1

(
2L+ 1

)(
|aL|2 + |bL|2

)
(2.75)
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σabs = σext − σsca (2.76)

In equation (2.77) and equation (2.78), L represents again the order of the partial

wave, the size parameter is x = |k|R with R the radius of the particle, and

m = nm

n , where n is the complex refractive index of the particle, and nm the

real refractive index of the surrounding medium [134, 312, 313]. ψL and ηL are

the Riccati-Bessel functions of first and third kind, respectively, and ψ′
L and η′

L

their derivative with respect to the argument in the bracket [134, 312, 313].

aL = mψL(mx)ψ′
L(x) − ψ′

L(mx)ψL(x)
mψL(mx)η′

L(x) − ψ′
L(mx)ηL(x) (2.77)

bL = ψL(mx)ψ′
L(x) −mψ′

L(mx)ψL(x)
ψL(mx)η′

L(x) −mψ′
L(mx)ηL(x) (2.78)

In the quasi-static regime (i.e., R ≪ λ), phase retardation and higher

multipole effects can be ignored, and the Mie formula is simplified. The factors

aL and bL in equation (2.77) and equation (2.78) are proportional to |k|R2L+1,

and with |k| = ω
c the lowest order term of equation (2.74) is then given by

equation (2.79). Here, V0 represents the particle volume, ω is the angular

frequency, c is the speed of light, and εm, ε1 and ε2 are the dielectric constant

of the surrounding medium and the real and imaginary dielectric function of the

MNP, respectively [134, 314].

σext(ω) = 9ω
c
ε

3
2
mV0

ε2(ω)
[
ε1(ω) + 2εm

]2 + ε2(ω2)
(2.79)

2.5.3 Surface Plasmon Absorption Band (SPAB)

The surface plasmon absorption band (SPAB), the MNPs ultraviolet-visible

spectrum, is the result of the movement of conduction electrons due to the

incident electric field, resulting in the displacement of the negative and positive

charges [315]. Considering equation (2.79), the SPAB can be found when

ε1(ω) = 2εm. Elements such as Al, Mg, In, and Ga reveal strong LSPR in
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the UV region, while Au, Ag, and Cu have well defined LSPR peaks in the

visible region [314, 316, 317]. Ni, on the other hand, has only weak plasmonic

resonance [314, 317], making Au, Ag, and Cu the preferred elements for plasmonic

experiments [316, 318–322].

Figure 2.19: Left: The number density of solvated electrons in solutions (solid
circles) at t = 0 is displayed. Furthermore, the absorbance at 532 nm (open
circles) of 3 × 10−4 M gold nanoparticles in a 3 × 10−2 M aqueous solution, both
as function of the average diameter of the Au MNPs. The inset depicts the
absorption spectra of the Au MNPs with different average diameters. Middle:
Pairs of Au MNPs with different distances between the two. Between pairs, there
are 800 nm in the parallel direction of the pair axis and 400 nm in perpendicular
direction. The dot heights were 30 nm. The distance between the two particles
is indicated, where 0 nm indicates toughing particles, and their transmittance
is plotted as a function of the wavelength. Right: Similar structures as in the
Middle, but the distance is further reduced, widening the interconnected neck
between them. Again the transmittance is plotted as a function of the wavelength
for three different configurations. Figure taken from [323] (left) and [324] (middle
and right), with permission.

In addition to the intrinsic materials properties like the dielectric functions

of MNPs, the shape of the LSPR band depends on the size, shape, interparticle

distance, etc. of the MNPs. To exemplify this, Au MNPs are considered,

demonstrating the size and interparticle distance with two examples. The

LSPR peak for particles with a diameter of 4.5 nm is clearly visible, increasing

with increasing diameter. However, it is completely absent once the particle

diameter is decreased to 3 nm, as seen in figure 2.19 (left) [323]. Furthermore,

the transmittance of samples consisting of pairs of Au MNPs separated from each
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other is shown in figure 2.19 (middle and right). By moving them closer together,

the peak position shifts more than 100 nm depending on the configuration, while

the peak splits in two once they form an interconnected neck [324].

Finally, it has also been shown that rod-shaped Au nanostructures have a

transverse resonance band and a longitudinal resonance band [325]. The peak

position of the former is around 520 nm, similar to that of spherical MNPs. The

longitudinal resonance band position, however, is depends on the aspect ratio

(length/width) [325].

2.5.4 Decay-Mechanisms in Plasmonic Metal Nanostructures

The decay of an LSPR can occur radiatively or non-radiatively [326]; an

overview of four energy transfer mechanisms from a plasmonic MNP to an

n-type semiconductor can be seen in figure 2.20. The decay or dephasing of the

plasmon occurs rapidly, and T2 will be used to represent the dephasing time

and is defined in equation (2.80). Here, Γhom is the homogeneous line width

of the surface plasmon resonance, and ℏ is the reduced Planck’s constant. The

dephasing time can be coupled to the lifetime of a plasmon, τSP, by T2 = 2τSP

[327, 328].

T2 = 2ℏ
Γhom

(2.80)

Γhom = Γrad + Γnonrad (2.81)

Because both radiative and non-radiative decay can occur, the Γhom for

LSPR is defined by equation (2.81), where Γrad and Γnonrad are the radiative and

non-radiative decay line width, respectively [329, 330]. In general, the former

increases for a larger number of electrons, i.e., a larger size of the MNP leads

to more light scattering [331]. In equation (2.82), an upper limit for Γrad is
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established, where V is the volume of the structure, λ is the wavelength of the

incident light, and ε1 and ε2 are the real and imaginary parts of the complex

dielectric constant of the MNP [329]. The non-radiative decay is only dependent

on the optical properties, as shown in equation (2.83), where ε′
1 is the derivative

of the real part of the dielectric constant of the MNP [326, 329].

Γrad ≤ 4π2V

3λ
((ε1 − 1)2 − ε2)

ε2
Γnonrad (2.82)

Γnonrad ≈ 2ε2
ε′

1
(2.83)

Figure 2.20: Four possible energy transfer mechanisms from a plasmonic MNP to
an n-type semiconductor are displayed. (A) is light scattering, (B) is hot electron
injection, (C) is light concentration, and (D) is PIRET. (A) and (C) are radiative
decay mechanisms, and (B) and (D) are non-radiative ones. OBGE represents
the optical band gap energy of the semiconductor, EC is the conduction band
energy, EF the Fermi energy, and EV the valence band energy. The figure was
taken from [332] with permission from the Royal Society of Chemistry.
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An example of a non-radiative dissipation of plasmon energy, hot carriers

can be created via Landau damping (i.e., intra- and interband transition of

electrons in metal due to the electric field induced by the plasmon resonance)

within femtoseconds (1 to 100 fs) [333]. However, hot charge carriers are not the

only decay mechanism.

Scattering Effects

The characteristics of scattering are dependent on the particle geometry [331,

334]. The principle behind utilizing the scattering mechanism to improve the

efficiency is to optimize the incident power density by illuminating light normal

to the surface and the insufficient absorption due to transmission [335]. If an

incoming photon is scattered on the surface, it inevitably has to travel longer

through the materials than otherwise needed. Spherical particles can scatter

in both the forward direction (particles with small radii) or backward direction

(particles with large radii), also known as reflection [336]. These two different

scattering behaviors can be used to design devices [337–339]. Independent of the

actual design, multiple scattering events are considered to improve the apparent

quantum efficiency. Often the scattering effect is also referred to as light trapping

or far field effect [331].

Near-Field Enhancement

LSPR occurs at a highly curved or kinked surface of a plasmonic noble metal.

These surface plasmons cannot propagate, i.e., they are confined to the particle,

unlike surface plasmon polariton and instead result in highly energetic local

fields at the MNP surface. The degree of confinement is geometry dependent

[340].

In particular, the incident wavevector and the particle dimensions determine

on which surface near-field excitations occur [341]. The geometry dependency
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can be further emphasized by considering that the LSPR maxima redshifts with

increasing particle size, and multiple peaks emerge from complex structures

[342, 343]. The proximity of two clusters can also amplify the broadband and

create "hot spots" [344, 345]. The strong electromagnetic field enhances the

formation rate of charge carriers, where the highly localized electric field (near

field) causes interband excitation in the neighboring semiconductor, and affects

the generation of electron-hole pairs [340, 346–349].

Non-radiative Transfer Mechanisms

As mentioned above, hot charge carriers can be formed by the non-radiative

decay of a plasmon. In addition, plasmon-induced resonance energy transfer

(PIRET, also known as PRET and RET [331]) describes a mechanism where near-

field energy is non-radiatively transferred to a semiconductor via dipole-dipole

interaction [350, 351].

Hot electrons, as an example of hot charge carriers, are generated through

electron-electron scattering, leading to intra- and inter-band excitation of the

conduction electrons [352]. Subsequently, the hot electrons from the MNP are

injected into the conduction band of the semiconductor [353]. In figure 2.21, the

excitation of hot electrons is shown in (b), and the injection of hot electrons

in (c). As shown, only hot electrons with an energy large enough to overcome

the Schottky barrier, φSB, or, with a much lower probability, electrons able to

tunnel through the barrier, can be injected [354]. The Schottky barrier is defined

by equation (2.84) where φM is the work function of the metal and χS is the

electron affinity of the semiconductor [351, 354].

φSB = φM − χS (2.84)
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Figure 2.21: (a) LSPR decays radiatively or non-radiatively. (b) Electrons are
excited above the Fermi level during non-radiative excitation. (c) Injection of
hot electrons into the semiconductor if electrons have an energy high enough to
cross the Schottky barrier. The figure was taken from [354], with permission.

The geometry of the MNPs affects on the energy of the hot electrons. Namely,

smaller MNPs (i.e., smaller than 20 nm) typically lead to hot electrons with

energy (EH) ranging from EF < EH < EF + ℏω, whereas larger particles lead to

hot electrons with energies closer to the EF [355]. If the energy of the generated

hot electrons is higher than the Schottky barrier, they will be injected into the

conduction band [348, 355–360]. In addition to the energy requirement, the hot

electron must reach the MNP surface before to relaxation [354]. Considerable

emphasis has been laid on studying the timescales of generation and injection

mechanisms of hot electrons [354, 361].

PIRET improves the absorption ability of the semiconductor photocatalysts

below its optical band gap energy but only occurs in regions with spectral overlap

between the semiconductor and MNP [350, 362, 363]. However, in contrast to hot

electrons, the PIRET mechanism can occur even in the presence of an insulating

layer around the MNP [350].

2.6 Concluding Remarks

Photocatalysts may not be commercially viable yet; however, Domen et al. have

shown that at least scalability can already be achieved [364]. They showcased a
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100 m2 photocatalytic area operating over a time period of 8 months utilizing, like

in this work, STO as a photocatalyst. Domen et al. doped their photocatalyst

with aluminium. STO is a wide band gap material, and they did not engineer it

to absorb visible light. However, the material absorbs well in the UV range, and

the quantum efficiency in the UV range was almost 100%, i.e., almost all photons

were converted into products. In addition, their work showed that continuous

operation of such a large scale setup can work while separating oxygen and

hydrogen. Paired with the abundance of the elements within strontium titanate,

STO shows great promise of up-scaling.

Scalability and efficiency are the main concern when it comes to commercial

photocatalysis. The initial cost of creating the photocatalyst, as well as the

running cost of the device, are determining factors. The theory introduces

above can be combined into a unique synthesis route to create more efficient

photocatalysts with embedded MNPs. Exsolution creates well-socketed MNPs in

the bulk and on the surface, while subsequent galvanic replacement introduces

a more noble, and usually considerably more scarce, metal but limited to the

surface. Choosing the metal correctly to gain effects from LSPR can enhance

the photoelectrochemical response of the system.
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Chapter 3

Methodology

In this work, powder and thin film samples are presented. The synthesis of the

powders is briefly summarized in section 3.1. The manufacturing of thin film

samples with well-socketed plasmonically active MNPs will be described below.

The workflow will be represented by order of appearance of the different sections.

3.1 Powder Synthesis: Nanoparticles on Particles

Appropriate precursor powders were utilized, e.g., lanthanum oxide (La2O3,

Sigma Aldrich, CAS: 1312-81-8), strontium carbonate (SrCO3, 99 % + 1% Ba,

Johnson Matthey GmbH, CAS: 1633-05-2), titanium dioxide (TiO2, anatase,

Sigma Aldrich, CAS:1317-70-0), and nickel nitrate hexahydrate (99.999%, Sigma

Aldrich, CAS: 13478-00-7) for Ni-doped LSTO. Powders prepared for Paper I

were mixed with acetone and ultrasonicated. Subsequently, the acetone was

evaporated and pressed into a pellet. The pellet was calcined at 1000 ◦C for

12 h and afterwards crushed, and ball milled at 250 rpm for 2 h in isopropanol.

The isopropanol was evaporated before the powder was pressed into a pellet and

sintered at 1100 ◦C for 12 h before the crushing and ball-milling were repeated,

and the dried powder was pressed into a pellet and calcined for a third time at

1200 ◦C. The subsequent exsolution occurred either in a ProboStatTM (NorECs

AS, Norway) under continuous H2 flow or in combination with CaH2. The

temperature and time varied for exsolution in H2. The CaH2 and sample

were mixed and pressed into a loose pellet (minimal pressure in the coldpress
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(Atlas Manual Hydraulic Press 15T, Specac)) before being sealed inside an

ampule. Exsolution occurred by keeping the ampule at 600 ◦C for 72 h. The

CaO and remaining CaH2 were removed by washing the powder in a methanolic

solution containing 0.1 M NH4Cl. Galvanic replacement occurred in a solution

of 1 × 10−3 M HCl, 1 × 10−3 MHAuCl4, and 1 × 10−3 M polyvinylpyrrolidone

(PVP) at 80 ◦C.

Powders presented in chapter 5, however, were mixed in isopropanol and ball

milled for 3 h at 300 rpm in an agate jar with agate balls instead of ultrasonicated.

The isopropanol was evaporated, and the powder was calcined in a crucible at

900 ◦C for 5 h. Subsequently, the powders were ball milled again for 3 h at 300

rpm in isopropanol and dried. The powder was pressed in a pellet and sintered

at 1000 - 1100 ◦C for 12 h. The pellet was crushed, and ball milled for a final

time for 3 h at 300 rpm in isopropanol, and dried. Exsolution was performed

in a ProboStatTM (NorECs AS, Norway) at 800 - 900 ◦C for 10 - 12 h under a

continuous flow of H2. The higher temperature and longer duration were chosen

because the number of particles incrased. Subsequent galvanic replacement

typically occurred in a solution with 1 × 10−3 M of an appropriate metal complex

and 0.1 M perchloric acid (HClO4), typically at 80 ◦C.

3.2 Thin Film Synthesis: From Pellet to Thin Films with

Particles

The pellet serving as the target in the pulsed laser deposition (PLD) determines

the stoichiometry of the thin film. Thus, local variations in stoichiometry within

the pellet can have a significant influence on the stoichiometry of the thin film,

while the density and diameter determine how many depositions can be run

with the same pellet. Creating a pellet starts by weighing the correct amount

of precursor powders. For A-site excess N, -doped pellets typically strontium
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carbonate (SrCO3, 99 % + 1% Ba, Johnson Matthey GmbH, CAS 1633-05-2),

titanium dioxide (TiO2, anatase, Sigma Aldrich, CAS:1317-70-0), and nickel

nitrate hexahydrate (99.999%, Sigma Aldrich, CAS: 13478-00-7) were used. The

powders were mixed and ball-milled in an agate jar with agate balls for 3 h at

300 rpm in H2O.

The ball milled samples were dried in a heating cabinet at 120 ◦C before

being calcined at 450 ◦C for 4 h. The resulting powder was mixed with binder

(B60/B709, mixed with ethyl acetate type, 17 drops per gram of powder) by

mortar and pestle, and a dye of 20 mm was used to press the powder into a pellet.

13.26 N m−2 of pressure was applied by a coldpress (Atlas Manual Hydraulic

Press 15T, Specac). The green body was placed on sacrificial powder inside an

alumina crucible and covered with sacrificial powder. Subsequently, the pellet

was sintered at 1100 ◦C for 12 h. The resulting pellets had a uniform color

indicating a uniform stoichiometry across the entire pellets.

3.2.1 Thin Film Deposition

PLD has many degrees of freedom to deposit a thin film successfully. The key

advantages of the PLD technique for this work are stoichiometric transfer of

the material, the ability to grow adherent and epitaxial films at lower substrate

temperatures than other methods, and the ease with which the desired targets

can be synthesized [1, 2]. The targets utilized were made based on the desired

stoichiometry of the thin film. The substrates to deposit the films on were

unless otherwise indicated, Si (001) n-type wafers (Si, N<100>, 2”, Si-mat).

The strength of the laser and position of the focusing lens were set such that

the plasma plume grazed the substrate. The particular machine (Surface-Tec

system, laser: Coherent COMPex Pro 205F, KrF, wavelength: 248 nm) utilized

during this work allowed up to four targets simultaneously in the deposition
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chamber. Moreover, four substrate positions can be chosen. However, when

depositing multiple samples simultaneously, cross-deposition will occur.

The distance between the substrate and the target was kept at 9 cm. This

allowed for the most uniform thickness but, unfortunately, also the most cross-

deposition. In figure 3.1, a Si-wafer with a Sr1.07Ti0.93Ni0.07O3±δ thin film is

shown, where four times 10’000 shots were deposited. The alignment of the

PLD creates circular areas of uniform thickness, where the difference in the

colors visible in the figure indicates slightly different thicknesses. The substrate

temperature was set to be 600 ◦C, a temperature stable during deposition and

generally allowing for crystalline growth. A film thickness of 500-1000 nm was

achieved by depositing a total of 20’000 laser pulses with a repetition rate of 5

to 10 Hz. The targets were rotated with 5 rpm during the deposition. Individual

targets were used for multiple depositions, where the surface before to every

deposition was flattened by mechanically grinding the target until the surface

was flat.

Figure 3.1: A Si wafer covered with a thin film of Sr1.07Ti0.93Ni0.07O3±δ before
exsolution. The diameter of the wafer is 2”. The color difference indicates a
thickness difference.
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3.2.2 Post-Deposition Annealing and Exsolution

Some thin films were post-annealed after deposition. The annealing typically

occurred before exsolution and was conducted at 900 ◦C in ambient pressure and

atmosphere. The purpose of post-deposition annealing was to homogenize the

thin films before exsolution. These samples are mainly considered in Paper III.

Exsolution of thin films was conducted in the ProboStatTM (NorECs AS,

Norway) at 800 ◦C. The reducing atmosphere was either a continuous flow of

HArmix (5 % H2 and 95 % Ar) or pure H2. For safety reasons, the system

was flushed by Ar for 15 minutes before starting exsolution and similarly for

15 minutes after the furnace reached room temperature. Additionally, multiple

exsolution times, referring to the time the sample was kept at 800 ◦C, were

studied. The heating and cooling rates were ± 5 ◦C min−1. However, the furnace

could not follow the cooling rate below temperatures of ∼ 250 ◦C, leading to a

slower cooling rate. Subsequently, the freshly exsolved thin films were used in

GRR as quickly as possible or stored in ambient conditions.

3.2.3 Galvanic Replacement

The GRR of nanoparticles in thin films was conducted in a double-jacketed glass

connected to a thermostated water bath. The temperature set was at 80 ◦C, with

the replacement solution reaching 77 ◦C. The appropriate replacement solution

contained Pt, Ag, or Au based on the desired experiment. In contrast to the

powder samples previously discussed by X. Kang [3], much shorter replacement

times were used for thin films, ranging from 5 s to 90 s. After GRR, the samples

were rinsed with de-ionized H2O, dried in air, and stored in ambient conditions

for analysis.
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3.3 Electron Energy Loss Spectroscopy (EELS)

Electron energy loss spectroscopy is a technique frequently utilized to study

LSPRs of MNPs [4]. LSPR has been introduced above, but for its characterization,

especially with regard to photons and electrons, it is important to mention that

certain modes are optically dark while others are bright. Optically dark modes

typically cannot radiate into the far field and have longer lifetimes than bright

modes [5–7]. In literature, however, the definition is not always applied. In the

quasistatic regime, only modes with a non-zero dipole moment are bright modes

and coupled to the farfield and scatter [4, 8]. In contrast, if the particle size

increases and becomes comparable to the wavelength, higher-order modes can

couple the MNP to the far field without a dipole mode present [4]. Importantly,

optical dark modes can be excited by electrons and by altered far-field sources,

e.g., dipole sources [9], evanescent excitation [10], radially polarized light [11],

non-normal incidence [12] or retardation effects [13].

Two different techniques can be utilized to study LSP of MNPs. They both

include EELS and are called energy filtered transmission electron microscopy

(EFTEM) and spectrum image (SI) mode in STEM [4]. The former results

in images with high spatial resolution and fast acquisition times, while the

latter yields high-energy resolution maps [4]. In SI STEM, an EEL spectrum

can be acquired for every pixel in a region of interest, and a hyperspectral

cube consisting of the energy loss probability Γ(E, x, y) can be assembled [14].

Selecting an energy range and creating an image results in an energy-filtered SI,

also known as EELS map [4]. While this is similar to EFTEM data, in this work

EELS map is exclusively used for energy-filtered SI, and EFTEM will not be

discussed further.

The first EELS maps of plasmonic MNPs were reported in 2007 [15], and

relatively quickly, these maps have become routine results in LSPR mapping
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today [4]. The acceleration voltage set during the experiment ranges typically

from 60 - 300 kV resulting in relativistic electrons with de Broglie wavelengths on

the picometer scale [4]. The electron beam is usually monochromated and focused

by electromagnetic lenses resulting in a subnanometer monochromatic probe

[16, 17]. Aberration correctors typically allow the formation of sub-angstrom

probes [18, 19]. The zero-loss peak (ZLP) consisting of unscattered or elastically

scattered electrons influences the quality of the EELS map. The full width

at half-maximum (FWHM) is a typical measure of the quality of the ZLP [4].

Additionally, while performing the EELS experiments for every pixel, a high angle

annular dark-field detector (HAADF) is usually utilized to collect structural

information [4].

3.3.1 Post Experimental Data Analysis

SI STEM experiments result in a wealth of data. Analyzing the data is a critical

step to gain understand the system [4]. In the following essential steps are

illustrated that are used during the analysis. It is assumed that all ZLPs are

well aligned.

Normalization of the Spectra

An EELS ZLP of a spectrum obtained in vacuum and one from a pixel on the

material result in different heights of the ZLP (as seen in figure 3.2 (a)). The

cause is the scattering of the electrons by the material to positions outside the

EEL spectrometer aperture [4]. By normalizing the individual EEL spectra, the

data becomes interpretable due to the proportionality to the EEL probability.

The probability is the number of electrons divided by the total number of incident

electrons. Treating an experimental EEL spectrum, the ZLP height serves as the

denominator, while the EEL spectrum is the numerator. Figure 3.2 (d) shows
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the difference in resulting EELS maps.

Figure 3.2: (a) The Ag particle examined in the rest of the figure is shown with
the SI region of interest. Moreover, two non-normalized raw spectra and two
normalized spectra are compared. (b) Three different fitting models were used
where the top panel shows the reflected-tail model, the middle panel displays
the logarithmic fitting of a section of the ZLP, and the bottom panel shows the
use of a reference spectrum. (c) shows the fitting of the resulting normalized
and background subtracted spectra with a Lorentzian for the dipole, quadrupole,
and quasiplanar mode. (d) The HAADF image, as obtained EELS map and
normalized EELS map of the region of interest. The figure was taken from [4],
with permission.

Background Removal

The LSPR signal can be masked by a variety of different signals, including the

tail of the ZLP, bulk plasmons, Cherenkov radiation, transition radiation, and

inter- and intraband transitions [14, 17, 20]. Cherenkov radiation was avoided

by performing the measurements at 60 kV acceleration voltage. Analyzing the

LSPR peak properly requires the removal of the background caused by these

additional signals. This can be achieved by using models reflecting, i.e., the

ZLP shape like the reflected-tail (seen in figure 3.2 (b), top panel), Gaussian, or

combined Gaussian and Lorentzian models. These models may not remove the
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background completely because the ZLP is not symmetric, and contributions

from the sample may not be accounted for [4]. Alternatively, a model dealing

with just the tail can be used (as seen in figure 3.2 (b), middle panel), where a

logarithmic function was fitted to a region (0.9 - 1.5 eV) and subtracted. Finally,

EEL spectra obtained from different regions of the sample, so-called "blank"

spectra, are used to subtract the background as seen in figure 3.2 (b), bottom

panel. [4, 21–24].

Peak Analysis

Extracting the individual peaks can be both challenging and significant. If LSPR

modes are confined to small energy ranges, peak fitting must be used, while

direct measurements of energy, amplitude, and line width are achievable for

other modes [4]. A fitting with a Lorentzian is shown in figure 3.2 (c), where

the quasiplanar (QP) mode represents multiple higher-order modes appearing as

a single peak due to line-width broadening and peak aggregation [22, 25, 26].

Scripts utilized in this thesis can be found in [27].

3.4 Additional Characterization

The characterization of the thin films was achieved by a plethora of techniques.

Among them are electron microscopy, X-ray diffraction (XRD), X-ray photo-

electron spectroscopy (XPS), photoelectrochemical (PEC) measurements, and

scanning electron microscopy (SEM).

The electron microscope used was a FEI Titan G2 60-300 instrument, able

to perform STEM and high-resolution EELS. The instrument is equipped

with a CEOS DCOR corrector for the probe forming lenses, a Wien-filter

monochromator, a Gatan 965 Quantum EELS spectrometer, and the FEI Super-

X EDS detector. Typically, structural and chemical characterization of samples
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were carried out at an acceleration voltage of 300 kV, with a probe convergence

semi-angle of 21 mrad. The inner collection semi-angle of the HAADF, DF4, and

DF2 detector were 101, 22, and 9 mrad, respectively. Surface plasmon mapping

was conducted at an acceleration voltage of 60 kV, with varying energy resolution.

The analysis of the electron microscopy data was conducted utilizing the

Velox software by Thermo Fisher ScientificTM, the DigitalMicrograph Software

by Gatan, and custom-made python codes utilizing, among other packages,

hyperspy [28].

The XRD measurements were performed on a Bruker D8 (Cu Kα1 , Bragg-

Brentano), typically measuring from 10 or 20◦ to 90◦. Diffrac.Eva by Bruker

was used to analyze the XRD data if not stated otherwise. The SEM images

were obtained utilizing two SEMs. The first was the Hitachi SU8230 ultra-high

resolution cold-field emission SEM, equipped with a secondary electron (SE)

detector under an acceleration voltage of 5 kV). The second was a FEI QUanta

200 FEG SEM, equipped with a SE detector and backscatter detector at a gun

acceleration voltage of 20 kV.

An Ivium Vertex potentiostat/galvanostat in a standard three-electrode set-

up was used to perform the photoelectrochemical measurements if not stated

otherwise. The electrolyte, reference and counter electrode are indicated for

each measurement, but in general a Pt sheet was used as the counter electrode

and a saturated calomel electrode (SCE) as the reference. All measurements

were performed under one sun illumination by a Newport Oriel® LCS-100 solar

simulator. The solar simulator used a 100 W ozone-free xenon lamp and an AM

1.5G filter. The intensity was regularly calibrated by a monocrystalline Si PV

reference cell (Newport 91150V-KG5). The potentials were corrected against

the appropriate electrode (see individual measurements).
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Chapter 4

Introduction to Papers

Following this chapter, the main papers of this work are presented. In Paper I

the growing need to control and tune metal nanoparticles (MNPs) to increase

their stability and effectiveness, especially for photo- and electrochemical

energy conversion applications, are addressed. As introduced in section 2.2,

exsolved particles remain in their initial location and structural arrangement

even when being re-shaped because they are well anchored. In Paper I, the

galvanic replacement method is utilized, allowing the manufacturing of a wealth

of new hybrid nanostructures with a potentially high degree of tailorability

while being simpler and safer than most other methods. The resulting NiAu

bimetallic nanostructures were supported on the LaSrTiO3 and showed enhanced

activity in plasmon-assisted photoelectrochemical water oxidation reactions. The

photoelectrochemical performance increased starting from Ni-doped LaSrTiO3

to exsolved LaSrTiO3, and finally, with the best performance of Au MNPs

introduced by GRR. The particles were observed by scanning transmission

electron microscopy (STEM), where in situ experiments were used to visualize

the structural evolution of the bimetallic structures. Computational simulations

provided mechanistic insights and correlated the surface plasmon resonance

effects with structural features. To showcase the generality of the approach,

NiPt bimetallic nanoparticles were created with a low Pt loading on highly

reduced LaSrTiO3. The Pt-powders exhibited good stability under galvanostatic

operation at −10 mA cm−2, and an overpotential of −320 mV versus RHE at

−10 mA cm−2, representing a high electrocatalytic activity toward the hydrogen
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evolution reaction, while utilizing 40 times less platinum than commercially

available Pt-C.

In Paper II, the focus is on plasmonically active nanoparticles on an A-site

excess SrTiO3 thin film. The absorption range of photocatalysts can be extended

by utilizing plasmonically active nanoparticles. These particles do not need to be

catalytically active themselves; instead, they introduce the possibility to absorb

photons with lower energies in wide band gap photocatalysts. In Paper II the

focus is on A-site SrTiO3 doped with Ni in the form of thin films. The Ni was

exsolved, and the surface Ni MNPs were replaced by Au by means of GRR. In

comparison to Paper I, exsolution occurred at lower times and in less reducing

atmospheres, i.e., HArmix. Moreover, the GRR times decreased significantly

from 10 min to somewhere between 5 to 90 s while replacing the nickel completely.

The resulting structures showed well-socketed Au nanoparticles of variable sizes

on the surface. Replacing Ni with Au had a positive effect for the intermediate

reaction time lengths and resulting medium particle sizes while being detrimental

for the short and long replacement times. Again STEM was utilized to determine

the structures of the thin films, and EELS mapping is presented. Complementary

computational results are presented additionally. The main mechanism of the

samples is suggested as hot electron injection based on the plasmon peak position.

Paper III focuses on exsolution in thin films. Exsolution becomes an

increasingly attractive technique to form MNPs embedded in a matrix. However,

the phenomenon is predominantly studied in A-site deficient and stoichiometric

perovskite powders. A-site excess Ni-doped SrTiO3 thin films are studied. These

thin films, while all deposited in an oxygen-rich atmosphere, have different

thicknesses. Some samples were annealed at 900 ◦C before exsolution, while

the others were not, to study the impact of pre-annealing on exsolution. Like

in Paper II, exsolution was carried out at 800 ◦C but the length at the target
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temperature, as well as the reduction gas, e.g., H2 or HArmix, were varied. All

samples showed exsolution, even within the bulk. In Paper II, the less reducing

atmosphere led to more metallic Ni XPS peaks, and here we have shown that

the particle sizes is independent of the gas. The annealing before exolution

lowered the number of particles while the size of the particles increased. It is

suggested that the appearance of columnar structures within the thin film during

exsolution is necessary for the exsolution process. Additionally, the process of

forming larger crystal domains lower the critical radii of exsolved MNPs, while a

pre-existing structure forces higher critical radii.

To investigate the exsolution behavior away from the thin film surface and

thin film - substrate interface, three-layer thin film structures are utilized, where

the bottom and top layer are A-site excess SrTiO3 without any nickel doping.

The middle layer, however, has the same doping level as in the single layer thin

films. No annealing before exsolution was utilized for multilayer structures, and

HArmix was used to create the reducing atmosphere. The time of exsolution was

varied, where the time at 800 ◦C ranged from 0 min, immediate cooling upon

reaching the target temperature, to 600 min. The resulting thin films had a

columnar structure, with Ni particles outside the original doping zone. Yet, the

overall doping of the STO of the originally undoped layers remained low. It is

concluded that the nickel particles themselves diffuse within the thin film. The

columnar structure may assist this movement in both the surface and interface

direction. The study of the thin films is an effort to establish the impact of

different conditions during the synthesis and processing of the thin films.

Finally, it is worth mentioning that in appendix A and appendix B, two

publications are included as appendices that neither concern themselves with

exsolution nor plasmonics. However, appendix A is included because of the

pulsed laser deposition work. The influence of the deposition atmosphere as well
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as thin film thickness were important parameters during this work. Appendix B

concerns itself with galvanic deposition, a reaction not unlike GRR. The work

includes a first version of the code later utilized in Paper I.

126



Papers





Paper I

Galvanic Restructuring of Exsolved
Nanoparticles for Plasmonic and
Electrocatalytic Energy Conversion

Xiaolan Kang, Vilde Mari Reinertsen, Kevin Gregor Both,
Augustinas Galeckas, Thomas Aarholt, Øystein Prytz, Truls
Norby, Dragos Neagu, Athanasios Chatzitakis*
Published in Small, June 2022, volume 18, issue 29, pp. 2201106. DOI:
https://doi.org/10.1002/smll.202201106.

I

X.K. acknowledges support by the China Scholarship Council (201806060141). A.C.
and Ø.P. acknowledge The Research Council of Norway for support through the projects
PH2ON (288320), and FUNCTION (287729), respectively. Support to the Norwegian Center
for Transmission Electron Microscopy was also acknowledged (NORTEM 197405/F50). D.N.
gratefully acknowledges the Royal Society for the grant RGS/R1/211253.

129





www.small-journal.com

2201106 (1 of 13) © 2022 The Authors. Small published by Wiley-VCH GmbH

Galvanic Restructuring of Exsolved Nanoparticles for 
Plasmonic and Electrocatalytic Energy Conversion

Xiaolan Kang, Vilde Mari Reinertsen, Kevin Gregor Both, Augustinas Galeckas, 
Thomas Aarholt, Øystein Prytz, Truls Norby, Dragos Neagu, and Athanasios Chatzitakis*

X. Kang, K. G. Both, T. Norby, A. Chatzitakis
Centre for Materials Science and Nanotechnology
Department of Chemistry
University of Oslo
Gaustadalléen 21, Oslo NO-0349, Norway
E-mail: athanasios.chatzitakis@smn.uio.no
V. M. Reinertsen, A. Galeckas, T. Aarholt, Ø. Prytz
Centre for Materials Science and Nanotechnology
Department of Physics
University of Oslo
P. O. Box 1048 Blindern, Oslo NO-0316, Norway
D. Neagu
Department of Chemical and Process Engineering
University of Strathclyde
75 Montrose St, Glasgow G1 1XJ, UK

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/smll.202201106.

DOI: 10.1002/smll.202201106

1. Introduction

Metallic nanoparticles (NPs) are crucial 
in a broad range of applications, such 
as catalysis, photo-catalysis, plasmonics, 
electronics, sensors, and photovoltaics.[1] 
Generally, their properties and targeted 
functionalities can be tuned by adjusting 
parameters such as structure, morphology, 
and composition.[2] More specifically, 
bimetallic NPs exhibit unique properties 
outperforming their monometallic coun-
terparts, as is the case for Ir–Ru bimetallic 
composites, which are efficient and stable 
electrocatalysts for the oxygen evolution 
reaction (OER) in acidic solutions.[1b] 
Another example is Pd–Ag bimetallic 
structures, which can increase the selec-
tivity in the hydrogenation of ethylene 
compared to the widely used Pd or Ag 
monomers, a fact attributed to modulation 
of hydrogen adsorption on Pd in the com-
posites.[3] Bimetallic composites involving 
plasmonic metals, like Au, Ag, Cu, and 
Al are of particular interest because of 
the localized surface plasmon resonance 

(LSPR) effect,[4] which renders them important photo sensitizers 
in semiconductor-supported systems for photocatalytic and 
photo electrochemical (PEC) applications.[5] Recently, the 
antenna–reactor effect has been demonstrated, in which plas-
monic NPs (antenna) induce a localized field that can signifi-
cantly enhance the catalytic reaction rates on adjacent NPs 
(reactor).[6] This system has the advantage of combining the 
optical response of plasmonically active metals and the catalytic 
abilities of catalytically active metals.

The synthesis of such supported multi-metallic NPs with tar-
geted structural features is hence of great importance, but very 
challenging. Most of the approaches developed so far involve 
co-reduction or co-precipitation, in situ exsolution, galvanic 
replacement reaction (GRR), Ostwald ripening and Kirkendall 
effects.[2d,7] Among them, GRR stands out due to its simplicity 
and versatility in engineering the metallic nanostructures in 
terms of composition, morphology, structure, etc.[8] GRR is a 
chemical process in which one metal often referred to as the 
sacrificial template is oxidized by the ions of another metal. 
The standard reduction potential difference between the sac-
rificial and depositing metals provides the driving force for 
the galvanic deposition of the desired metallic element.[9] 

There is a growing need to control and tune nanoparticles (NPs) to increase 
their stability and effectiveness, especially for photo- and electrochemical 
energy conversion applications. Exsolved particles are well anchored and can 
be re-shaped without changing their initial location and structural arrange-
ment. However, this usually involves lengthy treatments and use of toxic 
gases. Here, the galvanic replacement/deposition method is used, which 
is simpler, safer, and leads to a wealth of new hybrid nanostructures with a 
higher degree of tailorability. The produced NiAu bimetallic nanostructures 
supported on SrTiO3 display exceptional activity in plasmon-assisted photo-
electrochemical (PEC) water oxidation reactions. In situ scanning transmis-
sion electron microscopy is used to visualize the structural evolution of 
the plasmonic bimetallic structures, while theoretical simulations provide 
mechanistic insight and correlate the surface plasmon resonance effects 
with structural features and enhanced PEC performance. The versatility of 
this concept in shifting catalytic modes to the hydrogen evolution reaction 
is demonstrated by preparing hybrid NiPt bimetallic NPs of low Pt loadings 
on highly reduced SrTiO3 supports. This powerful methodology enables the 
design of supported bimetallic nanomaterials with tunable morphology and 
catalytic functionalities through minimal engineering.

ReseaRch aRticle

© 2022 The Authors. Small published by Wiley-VCH GmbH. This is an open 
access article under the terms of the Creative Commons Attribution 
License, which permits use, distribution and reproduction in any 
medium, provided the original work is properly cited.
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In situ exsolution is a facile process to prepare well-defined and 
anchored supported NPs. In this process, the catalytically active 
metal elements are initially dissolved into the host oxide lat-
tice during the crystallization process, and then partly exsolved 
from the support upon subsequent reductive conditions.[10] 
Exsolved metallic NPs with lower reduction potentials are excel-
lent templates for subsequent GRR reactions and the formation 
of new structures and enhanced functionalities.

Here we show how the combination of two powerful 
methods as in situ exsolution and galvanic replacement forms a 
new method of chemical (solid-ion reaction) restructuring and 
hybridization of supported bimetallic NPs. These new and oth-
erwise impossible to form exotic nanostructures supported on 
perovskite oxides (SrTiO3) have tunable catalytic functionalities 
and are prepared with minimal engineering requirements.[8b,11] 
Specifically, we deposit through the galvanic replacement 
reaction plasmonic Au nano-islands on exsolved Ni NPs and 
both experimental evidence and modeling data correlate the 
improved PEC water splitting performance to the localized sur-
face plasmon resonance of Au, as well as to the synergetic effect 
between Ni and Au in the form of antenna–reactor. We shift the 
catalytic activity of the parent compound by galvanically depos-
iting Pt that forms Pt nano-needles with superior hydrogen evo-
lution rate (HER) activity, approaching that of commercial Pt/C 
in alkaline media, with considerably lower Pt loadings.

2. Results

2.1. Crystal Structures and the Evolution of As-Prepared 
Samples

An overview of the different synthesis conditions and the cor-
responding obtained structures is schematically presented 
in Figure  1. La- and Ni- co-doped, A-site deficient SrTiO3 
(La0.6Sr0.2Ti0.9Ni0.1O3-x – LSTN, refer also to Note S1, Supporting 
Information) was first reduced in H2 atmosphere (rLSTN) or in 
the presence of CaH2 (rLSTN-CaH2) to get Ni exsolution. We 
have previously studied the reduction of TiO2 in the presence of 
CaH2 and we showed that heavily reduced TiO2 nanotube films 
with metallic conductivity could be obtained.[12] Motivated by 
this, we successfully exsolved Ni NPs in the presence of CaH2 
at as low temperatures as 600  °C. Then, the galvanic replace-
ments were done by exposing rLSTN to a Au (III) complex solu-
tion (rLSTNAu) and the rLSTN-CaH2 to a Pt (IV) solution to 
form, respectively, ladybug-like NiAu bimetallic and hedgehog-
like NiPt supported, hybrid nanostructures. In this way, we can 
tune the electrocatalytic activity of the parent compound from 
plasmon-assisted photoelectrocatalytic water splitting to electro-
catalysis for the HER. Details of the synthesis steps are given 
in the supporting information (SI), but the main structures are 
discussed below.

We examined the crystal structures of the as-synthesized 
LSTN, rLSTN, and rLSTNAu samples by X-ray diffrac-
tion (XRD). As displayed in Figure 2a, the XRD patterns of 
these three samples are almost identical (single phase cubic 
structure, 3Pm m ) showing a high degree of crystallinity, 
that indicates the stability of LSTN upon high temperature 
chemical reduction and galvanic replacement reactions. The 

characteristic peak of metallic Ni at ≈44.5o (inset II) is detect-
able in the XRD patterns of rLSTN and rLSTNAu but not in 
the LSTN, as expected. After the galvanic replacement reaction 
with the Au (III) complex solution, a new peak is detected at 
≈38.3o (inset I) of the rLSTNAu sample, which is indexed to 
cubic metallic Au.[13]

Dopants (Ni and La) and deficiencies (A-site deficiency and 
oxygen non-stoichiometry) deliberately introduced in these 
compositions to promote exsolution, led to a slight distortion 
to the perovskite structure. A close examination of the (222) 
reflection (≈86.4o, inset IV, cubic primitive cell) shows a small 
shoulder peak at higher angle, indicating the increased pseu-
docubic unit cell parameter (ap) and lattice distortion after Ni 
doping. Such a shoulder peak becomes invisible after reduction, 
but a peak-shifting of both the (202) (≈67.9o, inset III) and (222) 
reflections toward lower angles is observed for the rLSTN and 
rLSTNAu samples. The lattice parameters were estimated by 
Rietveld refinement ( 3Pm m , ap (LSNT): 3.8969 Å, ap (rLSNT): 
3.8978 Å, refer to Figure S1, Supporting Information for fitted 
data), where the slight lattice expansion after reduction can be 
attributed to the egress of Ni dopants from the parent lattice 
accompanied by the formation of oxygen vacancies. Besides, 
the Ti4+ radius in the oxidized LSTN is generally 0.605 Å, while 
the reduced rLSTN contains traces of Ti3+ with an ionic radius 
of 0.670 Å, further expanding of the cell parameters.[14]

Figure  2b–f displays the microstructures of the as-prepared 
samples. LSTN shows a relatively smooth surface, as seen in 
Figure 2b, but after reduction, nano-sized particles are exsolved, 
resulting in a rough surface of rLSTN (Figure  2c). The scan-
ning transmission electron microscopy (STEM) image and the 
corresponding energy dispersive spectroscopy (EDS) mapping 
of rLSTN (Figure  1g and inset) further confirm the homoge-
neous dispersion of Ni NPs on the perovskite surface. The exso-
lution on both surface and grain boundaries are observed in 
the rLSTN sample, which exhibits major differences in terms 
of NPs size and population: the exsolved NPs inside the grain 
are much smaller and more numerous compared to the ones 
on the surface, which reflects different nucleation and growth 
rates, maybe related to strain associated with the NPs growing 
within the bulk. More scanning electron microscope (SEM) 
images corresponding to additional investigations showing 
exsolved particles of different sizes and surface population 
relative to changes in reduction temperature and duration are 
presented in Figure S2 (Supporting Information), while bulk 
exsolution SEM images are shown in Figure S3 (Supporting 
Information). Previous studies have already shown this phe-
nomenon and suggested that embedding metal NPs within 
non-metallic crystal lattices improves the electronic transport in 
a manner analogous to substitutional aliovalent doping.[15]

Figure 2d–f give an overview of the obtained NiAu bimetallic 
NPs anchored on the surface of the perovskite hosts after the 
galvanic replacement reaction. We emphasize that the freshly-
made sample shows a ladybug-like morphology, where many 
small Au NPs (≈2  nm) decorate one Ni particle (Figure  2d), 
as well as an antenna–reactor-like structure (Figure  2e). The 
ladybug structure is of high surface energy and a coalescence 
of the Au NPs takes place, evolving to a nanoflower structure 
(Figure 2f; Figure S4, Supporting Information) under ambient 
conditions, typically in the range of several hours to a few days 
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after the material is exposed to air. A characteristic STEM image 
and accompanying energy dispersive spectroscopy (EDS) anal-
ysis of a NiAu nanoflower structure can be seen in Figure 2h,i. 
Additional SEM images of all the structures are shown cat-
egorized in Figure S5 (Supporting Information), also being 
transformed into the corresponding color plots of Figure S6 
(Supporting Information). From the color plots we were able to 
extract the Au and Ni NPs sizes distribution, which are sum-
marized by category in Figure S7 (Supporting Information). 
In general, we see that the diameter of the Au NPs increases 
from the ladybug to the flower-like and to the post-annealed 
structures. The antenna–reactor structures contain the largest 
in diameter Au NPs and our analysis indicates that the ratio 
between flower-like:antenna–reactor in both the pre and post 
annealed rLSTNAu is ≈5:1. Finally, the Au NPs appear overall 
larger than the Ni NPs, which is expected as they are partially 
covered by Au NPs.

2.2. Structural Evolution of the rLSTNAu and In Situ Scanning 
Transmission Electron Microscopy Studies

Structures in the forms of hollow structures, core–shell, yolk–
shell, and alloys are the general products of GRR,[8b] but the 
unique metastable ladybug and flower-like shapes in this study 
are new. Controlling the selective formation of these structures 
is challenging, but this creates a new landscape in the synthesis 
of supported multi-metallic NPs. Currently, they might have 
derived from i) the high degree of bulk immiscibility between 
Ni and Au caused by the large lattice mismatch (≈15.7%) and 
the weak adhesive interaction,[16] and/or ii) corrosion pits on 

the native and naturally occurring surface oxides/hydroxide on 
the Ni NPs,[17] as it can also be seen in Figure S8 (Supporting 
Information), which shows the presence of oxygen on the Ni 
NP. In spite of the large difference in the reduction potential 
between metallic Ni and AuCl4–, Ni atoms first have to migrate 
through the self-passivating oxide shell, reach the surface and 
then participate in GRR, which significantly increases the 
energy barrier. Therefore, the growth of the Au nucleus into a 
nanoparticle becomes more favorable than forming core-shell 
or alloy structures on the amorphous surface of Ni oxide. Alter-
natively, the acidity of the GRR solution may etch away the 
native oxide/hydroxide layer and form corrosion pits that cause 
the galvanic Au deposition in the ladybug-like form.

Furthermore, the antenna–reactor-like structure might origi-
nate from the coalescence of smaller Au NPs as for the flower-
like ones, but only resulting in one Au NP next to the Ni NP. 
Another possible explanation could be that rLSTN is also partic-
ipating in the GRR. We have recently shown that when heavily 
reduced TiO2 (black TiO2) was immersed in a solution of Pt 
(IV) ions, then a spontaneous deposition of well-formed Pt NPs 
occurred.[18] Our experimental evidence as well as density func-
tional theory (DFT) studies suggest that neutral oxygen vacan-
cies donate electrons to Pt (IV) that consequently grows to Pt 
NPs of an average diameter of 2 nm. Similarly, this may be the 
case with the rLSTN sample and nucleation site adjacent to the 
Ni NPs. Extracting the mechanism behind these transforma-
tions, as well as the stabilization of the high energy ladybug-like 
structures requires further studies.

To gain a better insight into the structural evolution of 
the rLSTNAu sample (Figure  2), we subjected it to thermal 
annealing under high vacuum using an in situ sample holder 

Small 2022, 2201106

Figure 1. Schematic representation of the observed evolution of NiAu and NiPt bimetallic NPs. Ni exsolution was achieved in H2 atmosphere (rLSTN) 
or by CaH2 (rLSTN-CaH2). The exsolved Ni NPs were partly replaced by Au or Pt to obtain a mixture of ladybug-like and antenna–reactor rLSTNAu and 
hedgehog-like rLSTNPt-CaH2 structures, respectively. The ladybug-like rLSTNAu evolved into the flower-like structure. A subsequent short-time thermal 
treatment further evolved the different structures, inducing slight alloy features.
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for STEM. It is well-known that binary nanocrystals with var-
ious structures (e.g., alloy, core-shell and heterostructure) gen-
erally display distinct physical and chemical properties, which 
further give rise to different performance during reactions.[19] 
In our case and as displayed in Figure 3 and Figure S4 (Sup-
porting Information), the flower-like shape gradually developed 
also a NiAu alloy-containing structure in the post annealed 
rLSTNAu sample.[20]

The magnified STEM-DF images and the EDS mapping dis-
played in Figure 3 reveal that Ni and Au NPs stand side by side 
before heat treatment. It is noted that the snapshots were taken 
during this dynamic process, reflecting more accurately the 
structural changes occurring. As the temperature increases to 
200 °C, the structural change of Ni and Au NPs is insignificant. 

A coalescence between particles occurred at 300 °C, where Au 
appears to diffuse on the surface of rLSTN and wrap around 
the Ni NPs. A more significant reconstruction begins at 400 °C 
with an Au layer partially covering the Ni surface. This wrap-
ping might be attributed to the removal of oxygen atoms from 
the thin NiO layer, leading to the amorphous reconstruction of 
Ni and Au atoms with partial interdiffusion between Au and Ni 
atoms.

The above observations demonstrate the outstanding 
anchorage of exsolved Ni at the perovskite surface, as well as 
the simple yet intriguing reconstruction of Au around Ni par-
ticles. Finally, and already at 600  °C, a partial diffusion of Au 
atoms into the Ni NPs is seen, accompanied by a slight alloying 
morphology at higher temperatures (650 °C).[19,20]

Small 2022, 2201106

Figure 2. Structural characterization of the nano-engineered LSTN precursor material. a) XRD patterns of LSTN, rLSTN, and rLSTNAu. All the dif-
fractograms are normalized on a scale from 0 to 1. Insets are the enlarged peaks in the specified 2θ angles. The lines underneath the XRD patterns 
denote the expected peak positions of SrTiO3 (cubic, ICSD 65 088, in black) and Si (cubic, ICSD 257 794, in red), b) SEM images of LSTN before and 
c) after exsolution (rLSTN) at 900 °C. d) rLSTNAu after GRR in the metastable ladybug structure. e) rLSTNAu antenna–reactor structure. f) rLSTNAu 
flower-like structure. g) DF-STEM image of rLSTN and the corresponding EDS mapping of Ni (inset). h) STEM-DF4 pattern of NiAu nanocomposite 
embedded on perovskite surface, i) the corresponding EDS mapping of the flower-like NiAu structure.
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2.3. Photoelectrochemical Activity of Post-Annealed rLSTNAu

We studied the PEC water electrolysis performance of the sup-
ported NiAu system in 1 m KOH electrolyte under simulated 1 
sun illumination and compared it against the LSTN and rLSTN 
samples. A set of linear sweep voltammograms (LSVs) were 
recorded, as shown in Figure  4a. The photocurrent response 
during intermittent illumination of constant intervals was 
spike-free, especially at applied potential >0.5 versus reversible 
hydrogen electrode (RHE), indicating a good charges carriers 
separation efficiency in all the samples. On the other hand, 
the photocurrent density of the rLSTNAu sample (containing 
both the mixed flower-like and antenna–reactor-like struc-
tures) reached 140  mA  cm–2 at 1.23  V (vs RHE), which is 2.2 
and 2.5 times, higher than in the LSTN and rLSTN samples, 
respectively. To compare the activity of rLSTN and LSTN, we 

repeated the LSV tests several times with electrodes made in 
different batches. Statistically, we observed that the improve-
ment of charge current is not obvious after Ni exsolution, which 
means Ni alone has limited efficacy toward PEC water splitting. 
The intrinsic defects induced during the reduction process of 
rLSTN are likely becoming trapping centers for charge annihi-
lation, which may also undermine photocatalytic activities.[21] 
On the other hand, our novel and facile introduction of Au 
greatly improved the PEC performance.

We conducted additional PEC measurements in order to fur-
ther investigate the semiconducting properties of the samples 
and the interfacial electrochemistry during photoelectrocatalytic 
testing. Mott–Schottky (M–S) measurements were employed 
to study the basic mechanism behind the increase in photo-
current density, considering that the slope in the M–S plot is 
inversely proportional to the donor concentration (ND) in the 

Small 2022, 2201106

Figure 3. Real time observations via in situ STEM of the temperature-dependent NiAu NPs reconstruction on the perovskite surface. Au has a higher 
atomic number than Ni and appears brighter in the STEM-DF mode. A series of STEM DF frames and the corresponding EDS maps of the selected 
NiAu particles on the rLSTN surface with different temperatures are given. The temperature ramp rate was ≈100 °C s−1, and the snapshots were taken 
after staying after equilibrating at the specific temperatures for a few seconds. Yellow, Au; cyan, and Ni.
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semiconductor, and the intercept reflects the flat band poten-
tial (Vfb).[22] M–S plots in Figure 4b indicate the n-type conduc-
tivity of the as-prepared samples with a positive slope and an 
S-shape of the curves. Table S1 (Supporting Information) sum-
marizes the slopes and intercept values from the M–S plots. 
The results show that the donor concentration increased sig-
nificantly after Ni exsolution (decreasing slope values), which 
means the electronic properties of the LSTN semiconductor 
are efficiently improved. The addition of Au further increased 
the donor density, accompanied by a slight shift of the flat band 
potential to more negative values (from 60 to −70 mV vs RHE). 
This means that the Fermi level (EF) is slightly shifted to more 
negative energy levels by reduction and exsolution, as well as 
subsequent Au deposition, altering the intrinsic energy levels 
of the semiconducting substrate. Together with the plasmonic 
activity and the improved charge separation in the flower- 
and antenna–reactor-like structures the PEC performance is 
enhanced.

To further study and understand the interfacial PEC reaction 
kinetics and the charge carriers’ separation efficiency, electro-
chemical impedance spectroscopy (EIS) and incident-photon-
to-current-efficiency (IPCE) measurements were conducted 

at an applied potential of 1.23  V versus RHE under dark and 
illuminated conditions. IPCE measurements given in Figure S9 
(Supporting Information) clearly show that the highest IPCE 
along the whole spectrum range was achieved on the rLSTNAu 
photoanode. EIS measurements represented by the Nyquist 
plots of Figure  4c, indicate that the low frequency resistances 
are much larger in dark conditions than under illumination, 
representative of slow or even blocking electrode process 
kinetics.[23] Upon illumination, the low frequency resistances 
for rLSTN with Ni exsolution is smaller than that of pristine 
LSTN photoanode, while rLSTNAu shows the smallest resist-
ance (see Table S1, Supporting Information) for the deconvo-
luted resistance and capacitance data). Therefore, the supported 
NiAu bimetallic structure possesses the strongest separation 
efficiency of electron-hole pairs, which is a key factor for high 
PEC performance. This is also assessed in terms of stability 
under potentiostatic conditions in strongly alkaline media. As 
it is seen in Figure 4d, the photocurrent retains 97% of its ini-
tial value after 2 h of constant illumination. We performed an 
additional stability testing and as shown in Figure S10 (Sup-
porting Information), a 10% degradation is observed after 24 h 
of constant illumination, increasing to 33% after 48  h. These 
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Figure 4. PEC performance of LSTN, rLSTN and rLSTNAu. a) Linear-sweep voltammograms from 0–1.38 V (vs RHE), b) Mott-Schottky plots obtained 
at 1000 Hz, c) Nyquist plots under dark and illumination (inset) conditions at a bias potential of 1.23 V (vs RHE) under a frequency range from 105 to 
0.1 Hz with an amplitude of 10 mV. The inset shows also the equivalent circuit used to fit the raw data. d) The chronoamperometric test under 1 sun 
illumination at 1.23 V (vs RHE) for 2 h.
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results indicate a very promising stability of the supported 
NiAu bimetallic photoanode under strongly alkaline conditions, 
but further studies are needed to elucidate the degradation 
mechanism.

3. Mechanistic Insights and Shift in Catalytic 
Activity
3.1. Structure-Plasmonic Property Correlations

To provide mechanistic insights in the superior PEC perfor-
mance of the galvanically restructured rLSTN, the plasmonic 
behavior of the supported NiAu system in the antenna–reactor-
like and flower-like structures (will be referred to as “configu-
rations” in the simulations) was studied. Electron energy loss 
spectroscopy (EELS) was employed and complemented by both 
Metal NanoParticle Boundary Element Method (MNPBEM) and 
Finite Difference Time Domain (FDTD) simulations as dis-
played in Figure 5. The dielectric constant of La-doped SrTiO3 
(LSTO), as found by Duan et  al. for La0.625Sr0.375TiO3,[24] was 
used in the simulations under the assumption that after Ni 
exsolution, our substrate, LSTN, is close to LSTO.

The HAADF image and the EDS mapping of Figure  5a 
depict one Au nanoparticle with a diameter of 21 nm adjacent 
to a Ni nanoparticle of 16  nm in diameter, a unique configu-
ration considered as antenna–reactor.[6,25] Their relative posi-
tion on the LSTN particle is given in Figure 5a, together with 
the region that the EELS spectra were recorded (Figure  5b,c). 
We observe a prominent excitation from the Au NP (antenna), 
especially at ≈2.4 eV in the region around the Au NP, but also 
around the adjacent Ni NP (reactor), as well as between them. 
This is more evident when looking at the color maps, which 
represent the number of electrons having lost energy between 
2.38 and 2.40 eV, and 2.40 and 2.42 eV, respectively (Figure 5c 
and Video S1, Supporting Information of EELS spectrum with 
energies between 1.40 and 4.00 eV).

Figure 5d shows the simulated loss probability (Ploss) map of 
a Au NP on an LSTO NP at energies close to the LSPR energy of 
Au in vacuum. The highest loss in the simulated map is found 
at the edge of the Au NP pointing away from LSTO. This is sim-
ilar to what the experimental EELS map shows. Furthermore, 
Figure 5e shows the Ploss map of a Ni and Au NPs touching at 
1.85 eV and not touching at 2.4  eV. Most of the loss is clearly 
around the Au NP at 2.4 eV, while for the touching case, there 
is an additional mode at 1.85 eV which has the highest loss at 
the part of the particle diametrically opposite from their inter-
sect. The average simulated Ploss spectra in 5f, from the areas 
marked in 5e, show an LSPR peak in both the Au and the Ni 
NPs at the Au’s LSPR energy (2.4 eV) for both the touching case 
and the not touching case. The peak at 2.4 eV in the Ni NP in 
both simulations and the measured EELS spectra indicate that 
the energy absorption of the Ni nanoparticle is enhanced due to 
the adjacent Au NP. The absence of gap between the particles 
does not seem to change the absorption in Ni due to the main 
Au plasmon peak at 2.4  eV. The appearance of the extra peak 
at 1.85 eV was investigated with additional simulations and its 
energy was found to be dependent on the amount of overlap 
between the particles. In Figure S11 (Supporting Information) 

the peak is shifted between 1.65 and 2.00 eV, indicating that a 
small change in the particles’ overlap will shift the peak energy 
significantly.

Additional simulations confirm the antenna–reactor effect 
due to the electromagnetic coupling effect between Au and 
Ni NPs.[26] An increase in absorption is present both for a 
Ni NPs in water and surrounded by water but embedded on 
LSTO (Figure 5g,h), a configuration that closely resembles the 
PEC experiments. The absorption of the Ni reactor increases 
with increasing Au size and decreasing inter-particle distance 
(Figures S12 and S13, Supporting Information). Moreover, we 
observe that the absorption in the Au NP is also increased by 
the presence of the Ni NP (Figure 5i). It seems that the pres-
ence of the Ni NP can compensate for the lower absorption 
when Au is embedded on LSTO compared to only surrounded 
by water. A possible explanation for the lower Au absorption 
when embedded in LSTO is that an energy transfer occurs 
from the excited Au NPs to the immediate surroundings of 
LSTO, visualized as a broadening and lowering of the LSPR 
peak. Although the Ni NPs are expected to have a NiOx shell 
(refer to Figure S8, Supporting Information), especially under 
anodic PEC water splitting conditions, FDTD simulations still 
indicate a strong antenna–reactor effect of Au on a core-shell 
Ni-NiO NP (Figure S12, Supporting Information). Interestingly, 
we see that the absorption cross section of the Ni NP with an 
oxide layer is larger than a Ni NP without an oxide layer, here 
shown for the extreme case with an oxide thickness of 3 nm.

In the flower-like configuration, which is expected to con-
tribute to the PEC performance in synergy with the antenna–
reactor one, Au NPs grow around the Ni particle with some 
of the Au NPs being in direct contact with Ni (Figure S4, Sup-
porting Information). Therefore, FDTD simulations were done 
for Ni NPs that are surrounded by a random number of Au NPs 
of different sizes, in accordance with the SEM and STEM obser-
vations (Figure 2; Figures S4–S7, Supporting Information). In a 
hypothetical situation where the Ni NPs are removed, the simu-
lations indicate that the absorption is higher and the Q-factor 
is larger than that in the presence of Ni NPs (Figure S14, Sup-
porting Information) but the difference is small. Although 
any antenna–reactor effects are not expected due to electron 
tunneling,[26] we did see electron energy losses in the Ni NPs 
earlier at ≈1.85 and 2.40 eV (simulations), but also in the EELS 
spectra (experimental data) in Figure S15 (Supporting Informa-
tion) and corresponding EELS (Video S1, Supporting Informa-
tion). Based on these experimental evidences we can conclude 
that the charge transfer between the two metals does not com-
pletely hinder absorption in either NP. A similar system where 
the antenna NPs/single atoms are in contact with the reactor 
have been reported by Zhou et al., in a CuRu, antenna(Cu)–
reactor(Ru) system.[6a] More importantly, our calculations in 
Figure S14e–g (Supporting Information) show that the electric 
field is boosted when Au NPs approach each other as com-
pared to isolated ones. Therefore, the plasmonic flower-like and 
antenna–reactor hybrid structures, which can now be facilely 
realized and further developed through our reported method-
ology, can produce more effective photocatalysts than singly 
supported plasmonic NPs.

To complement our EELS and simulation studies with addi-
tional experimental evidence, we conducted diffuse-reflectance 
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spectroscopy (DRS), steady-state photoluminescence (PL), and time-
resolved photoluminescence (TRPL) measurements (Figure 6).

The differential DRS spectra of Figure 6a show the increased 
extinction in the visible region with maximum at ≈2.4 eV, a direct 

Small 2022, 2201106

Figure 5. EELS and MNPBEM and FDTD simulations. a) HAADF-STEM and the corresponding EDS image of rLSTNAu in a bimetallic antenna–reactor-
like configuration. b) EELS map at energy of Au LSPR mode, i.e., ≈2.4 eV. c) EELS spectral components of the specific antenna–reactor configuration 
at positions shown in (b). Simulated loss probability maps of d) Au on LSTO NP (diameter 100 nm) near LSPR energy and e) simulated loss map of 
Ni NP (left) and Au NP (right) touching (i.e., the Au NP is pertruding into the Ni NP) at 1.85 eV and with a small gap (1 nm) at 2.40 eV. f) Simulated 
loss probability spectra at positions marked in (e), the touching case (dashed lines) and the not touching case (solid lines). g) Different configurations 
used to calculate absorption cross-sections of example antenna–reactor. The absorption cross-sections normalized by the geometrical cross-section 
for Ni and Au NPs in different situations are shown in h) and i), respectively.

138



www.advancedsciencenews.com www.small-journal.com

2201106 (9 of 13) © 2022 The Authors. Small published by Wiley-VCH GmbH

proof of plasmonic effect due to Au incorporation that appears fur-
ther enhanced by postannealing. The results are consistent with 
the fact that excitation of LSPR in Au NPs results in an extreme 
concentration of light and an enhanced electric field around 
the nanostructures, leading to the significant enhancement in 
absorption and scattering efficiencies for photons at the resonant 
energy.[27] As our experimental particle structures have a large 
variety of overlapping between the particles, as well as sizes, we do 
not expect to see a distinct peak at 1.85 eV in measurements like 
PL or DRS. Instead, the differently overlapping particles might 
result in a broad peak or shoulder in the region ≈1.6 to 2.0 eV, but 
we do not see such evidence clearly. This could be attributed to a) 
increased overlap between Ni and Au NPs and/or b) increasing 
ratio between the radius of Ni and Au NPs (Figure S11, Sup-
porting Information), red-shifting their peak energy. On the other 
hand, the magnitude of each contribution is currently unknown 
and necessitates further studies. The steady-state PL spectra in 
Figure  6b show that the Au incorporation leads to significant 
decrease of the quantum efficiency as compared to LSTN. The 
likely cause of the quenched PL is that the photoexcited electrons 
from the conduction band of LSTN are being transferred of to the 
Fermi level of the Au NPs, the plasmonic absorption region of 
which overlaps with that of LSTN emission. The dynamics of this 
mechanism is elucidated by the TRPL measurements (Figure 6c). 
The shortest lifetime (τ1) observed for rLSTN-Au (Table S4, Sup-
porting Information) might be associated either with extra non-
radiative pathway due to deterioration of crystallinity upon Au 
incorporation (which is unlikely according to the XRD analyses), 
or to plasmonic effect leading to LSPR-enhanced charge transfer 
between the Au NPs and LSTN. More information and additional 
DRS and TRPL results can be found in Note S2, Figures S26 and 
S27 and Table S4 (Supporting Information).

3.2. Shift of Catalytic Activity to Hydrogen Evolution Reaction 
with NiPt Bimetallic NPs

In order to generalize our method, we galvanically hybrid-
ized Ni NPs with platinum (Pt) through the GRR method for 

the synthesis of a hydrogen evolving catalyst. We remind that 
in this case a highly conducting substrate material is desired, 
therefore the reduction of LSTN was done in the presence of 
CaH2 (refer to experimental and electrochemical activity of 
rLSTNPt part in Figures S16–S23, Supporting Information). 
Impedance measurements confirm that the conductivity of the 
reduced LSTN by CaH2 (rLSTN-CaH2) is greatly improved com-
pared to the LSTN, as well as rLSTN (Figure S17, Supporting 
Information). As displayed by the SEM, HAADF-STEM, and 
EDS analyses of Figure 7a,b, Pt deposits grow on the Ni NPs 
with a morphology similar to a hedgehog-like structure. It is 
noted that the rLSTN-Pt sample shows also a hedgehog-like 
structure as seen in Figure S18 (Supporting Information). Com-
pared to our plasmonic NiAu structures, the lattice mismatch 
of Ni and Pt is smaller (≈11%), with a less significant difference 
in electronegativity and atomic radius, which results in a nar-
rowed miscibility gap. Therefore, unlike Au that tends to form 
isolated NPs, Pt is more likely to grow around the Ni NPs, and 
the inter-diffusion of Ni and Pt atoms at their interface should 
happen easier. The obtained hybrid NiPt hedgehog-like struc-
ture shows an exceptional improvement of the electrochemical 
performance of the rLSTNPt sample for the HER in 0.1 m KOH.  
An overpotential of −320  mV versus RHE at 10  mA  cm−2 
represents a high electrocatalytic activity toward the HER 
approaching that of the state-of-art and commercial Pt-C HER 
catalyst. The Tafel slope of 135 mV dec−1 indicates the Volmer 
reaction as the rate determining step, which is also the case for 
the Pt-C with a Tafel slope of 114 mV dec−1. The superior perfor-
mance of the Pt-C is attributed to the much higher Pt content 
and superior conductivity of carbon. The peak in the underpo-
tential deposition region of hydrogen atoms (UPD-H) was used 
in acidic conditions (0.1 m HClO4),[28] and the estimated electro-
chemically active surface area (ECSA) of Pt-C is ≈1.2 cm2, while 
for rLSTNPt-CaH2 is only ≈0.03  cm2, that can be directly cor-
related to a significantly lower Pt amount (factor of 40) in the 
rLSTNPt-CaH2.

To further support this, we estimated the double layer 
capacitance, which is a direct measure of the ECSA, in the 
non-faradaic region by cyclic voltammetry (CV) and impedance 
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Figure 6. Optical absorption and emission properties of LSTN, rLSTN, rLSTNAu (pre annealed) and post-annealed rLSTNAu. a) Kubelka–Munk func-
tion (absorbance) derived from differential diffuse-reflectance with reference to rLSTN (Rdiff = R# /RrLSTN), b) steady-state PL emission spectra obtained 
at 10 K, c) TRPL transients revealing non-exponential dynamics of the photo-excited carrier recombination ascribed by three decay time constants.
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spectroscopy. Table S3 (Supporting Information) shows that 
both methods give the same trends in double layer capaci-
tances between the LSTN-based and Pt-C samples. Notably, a 
factor of ≈24 by the CV method indicates again the much larger 
ECSA of the Pt-C, which can also be seen in its nanostructure 
(Figure S24, Supporting Information). Finally, rLSTNPt-CaH2 

shows good stability under galvanostatic operation at 
−10 mA cm−2, and a 20% increase in the overpotential is seen 
after 48 h of operation in 0.1 m KOH (Figure S25, Supporting 
Information). A partial loss of powder from the carbon support 
is also responsible for the overpotential increase and apparent 
instability of the material.

Small 2022, 2201106

Figure 7. Structural observations and electrochemical performance of Pt-nano-engineered LSTN. a) SEM images of rLSTN-CaH2 after reduction with 
CaH2 at 600 °C, showing the exsolved Ni NPs. b) HAADF-STEM images and EDS maps of rLSTNPt-CaH2 after galvanic replacement with PtCl6– in 
0.1 m HClO4, revealing the coexistence of Ni and Pt in a hedgehog-like morphology. c) LSV curves and d) Tafel slopes of the perovskite-based samples 
and the commercial Pt-C electrocatalyst. The potential scanning rate was 10 mV s−1 in 0.1 m KOH electrolyte.
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4. Conclusions

This work introduces a new method to prepare functional 
bimetallic hybrid nanostructures supported on perovskite sur-
faces, such as on SrTiO3, with minimal engineering and high 
catalytic versatility. In situ metal exsolution followed by galvanic 
replacement and deposition can easily stir the catalytic activity 
from plasmonic photocatalysis (NiAu NPs supported on LSTN) 
to hydrogen evolving cathodes (NiPt NPs supported on LSTN), 
by merely deciding on composition of the galvanic replace-
ment solution. Our approach opens up tremendous oppor-
tunities in the synthesis of well-adhered and supported bi- or 
multi-metallic, catalytically active NPs of improved activity and 
tunable properties and structures. Optimization of the dif-
ferent synthesis parameters will further improve the control 
for targeted hybrid structures, like core-shell, antenna–reactor, 
and multi-metallic alloys with the desired catalytic proper-
ties beyond water splitting through minimal engineering and 
amounts of both precious and non-critical elements.

5. Experimental Section
Synthesis of Supported Ni-Based Bimetallic Catalysts: The samples 

were synthesized by a modified solid-state route using high purity 
precursors, including Ni(NO3)2∙6H2O, La2O3 (dried at 800  °C), SrCO3, 
and TiO2 (both dried at 300 °C). The dried powders were weighed while 
hot (nickel nitrate was cold) in the appropriate stoichiometric ratios 
for the composition La0.6Sr0.2Ti0.9Ni0.1O3-x and mixed in a beaker with 
acetone. The mixture underwent ultrasonic treatment to break down 
agglomerates. The acetone was evaporated under continuous stirring to 
ensure further homogenization, and then the powder was pressed into a 
pellet and calcined at 1000 °C for 12 h. The calcined powder was crushed 
and ball-milled for 2 h at 250 rpm, and then pressed into a pellet again 
for the second sintering at 1100 °C for 12 h. The final perovskite powders 
were prepared by repeating the above step for the third time calcination 
at 1200 °C for 10 h.

The exsolution process was carried out in a ProboStat cell (NORECS, 
Norway) under continuous pure H2 gas flow at atmospheric pressure 
and calcined at various temperatures, the resulting sample was donated 
as rLSTN. The Ni exsolution was also achieved for the first time by 
mixing LSTN powder and CaH2 in a molar ratio of 1:3 (rLSTN-CaH2). 
Then the mixture was pelletized and put in an ampoule, which was 
sealed under vacuum (<5.0  ×  10–2  bar). The sample was heated at 
600 °C for 3 days, and then washed in methanol containing 0.1 M NH4Cl 
to remove the CaO and the excess CaH2.

The bimetallic nanostructures were prepared via a facile galvanic 
replacement reaction. Typically, the freshly prepared exchange solution 
containing 2.5  mL gold ion precursor (1  ×  10−3  m HCl + 1  ×  10−3  m 
HAuCl4, pH  =  3) and 1  mL PVP (1  ×  10−3  M) was deaerated by N2 
bubbling for 20 min at 80 °C. Then, the as-synthesized rLSTN powders 
were dispersed into the solution, during which the spontaneous Ni 
dissolution and Au deposition occurred:

3Ni 2AuCl 2Au 3Ni 8Cl4
2+ → + +− + −  (1)

The standard chemical potential of AuCl4− (E (AuCl /Au)0
4
−  = 1.002 V 

vs the standard hydrogen electrode (SHE)) was much higher than  Ni 
(E0 (Ni2+/Ni) =  − 0.257 V  vs  SHE), rendering a very fast replacement. 
The reaction lasted for only 1  min, and was quenched immediately by 
cold deionized water. The final powders (rLSTNAu) were collected and 
washed with deionized water. The removal of oxygen and a moderate 
acidic atmosphere during replacement reaction were crucial for efficient 
and fast noble metal deposition, avoiding the more favorable oxygen 
reduction reaction (E0 (O2/H2O) = 1.23 V vs SHE) or even the possible 

competitive hydrogen evolution reaction (E0 (H+/H2) = 0 V vs SHE). The 
elevated temperature and a short reaction period not only enhanced 
the reaction kinetics, but also ensured the decoration of those tiny Au 
nanocrystals on the Ni surface instead of aggregating.

In order to obtain rLSTNPt-CaH2 from rLSTN-CaH2 powders, the 
HAuCl4 solution was replaced with a H2PtCl6 solution. Considering the 
different standard chemical potentials,

E (PtCl /Pt) 0.744 V vs SHE0
6
2 =−  (2)

the time was adjusted to 5 min to ensure a sufficient reaction.
Characterizations: The phase purity and crystal structure of the 

prepared perovskites as well as bimetallic nanostructures were 
confirmed by room temperature X-ray diffraction (XRD, Bruker D8 
Discover, Cu Kα1, Bragg-Brentano). Si powders were used to correct the 
instrumental peak-shifting. Rietveld refinement analysis was conducted 
using Topas software. The following parameters were gradually unlocked 
and refined: background (Chebyshev coefficient, 5−9 terms), peak shape, 
unit cell parameters, atomic coordinates, site occupancies, thermal 
displacement parameters, and microstrain. The pseudocubic perovskite 

cell parameter ap (A) was calculated as: a V
p 4

3= , where V is the volume 

of the perovskite unit cell calculated from Rietveld refinement. Scanning 
electron microscopy (SEM, Hitachi SU8230 ultra-high resolution cold-
field emission SEM equipped with a secondary electron (SE) detector 
under an acceleration voltage of 5 kV) was used to image the series of 
nanostructures, calculating the particle size distribution and population. 
As the ladybug structure was metastable and quickly evolved to the 
flower-like (see Section  2.1), SEM for the ladybug was done right after 
the high temperature reduction process.

STEM and high-resolution EELS were performed using an FEI 
Titan G2 60–300 instrument. The instrument was equipped with a 
CEOS DCOR corrector for the probe forming lenses, a Wien-filter 
monochromator, a Gatan 965 Quantum EELS spectrometer, and the 
FEI Super-X EDS detector. For structural and chemical characterization, 
the instrument was operated at an accelerating voltage of 300  kV, 
with a probe convergence semi-angle of 21  mrad. The inner collection 
semi-angle was 101, 22, and 9  mrad for the HAADF, DF4, and DF2 
detector, respectively. Surface plasmon mapping was done at 60  kV 
with an energy resolution of ≈110  meV as measured using the full-
width-half-maximum (FWHM) of the zero loss peak. In situ heating 
experiments were performed using the Protochips Fusion 350 double-tilt 
sample stage. The stage utilizes resistive ceramic heating chips, each 
individually calibrated by the manufacturer to an accuracy of better than 
5%. A stability better than 0.01  °C is guaranteed by the manufacturer. 
The temperature uniformity across the viewing area of the chip is better 
than 99.5%, and the displacement after a temperature ramp of 325 °C 
was <7 nm, with an ultimate drift rate of 0.5 nm min−1. It is important 
to note that all the specifications were stated by the manufacturer, and 
were not individually verified.

The EELS maps were analyzed using a custom made Python code, 
utilizing the hyperspy package.[29] The zero-loss peaks were aligned to 
0  eV, and the energy resolution determined by measuring the FWHM. 
Subsequently, the background was subtracted for each individual plot, 
fitted to a suitable energy range. A Gaussian filter with a width matching 
the energy resolution was used to deconvolute the spectra further. To 
visualize the peaks in the energy loss spectra for all pixels, an integration 
was performed over a tiny energy range. This range was set to three 
times the energy resolution. The integrated values were plotted as 
contour plot using the matplotlib library,[30] and the videos (Videos  S1 
and S2, Supporting Information) were made by combining the individual 
frames. Moreover, individual spectra from marked pixels were plotted.

The optical absorption properties were investigated at room 
temperature by means of DRS using EVO-600 (Thermo Fisher Scientific, 
Inc.) UV−Vis spectrophotometer. The emission properties were attained 
by steady-state PL measurements carried out at 10 K in a CCS450 (Janis 
Research Company, LLC) closed-cycle He refrigerator system and 
using a 325  nm wavelength He−Cd cw-laser as an excitation source 
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(power density <10  W  cm−2). The luminescence was collected by a 
microscope and analyzed by USB4000 (Ocean Optics, Inc.) fiber-optic 
spectrometer with a spectral resolution below 2 nm. The recombination 
and trapping dynamics of the photo-excited carriers were assessed 
by TRPL measurements performed at 10  K by employing 372  nm 
wavelength ps-laser (PicoQuant LDH375, 50 ps-pulsed 2mW @40MHz) 
as an excitation source. The selected spectral region was filtered out 
from the total PL signal using imaging spectrograph (HORIBA Jobin 
Yvon, iHR320) and registered by photon counting system (PicoQuant 
NanoHarp250, Becker&Hickl PMC100).

Catalyst Performance Evaluation: PEC measurements were performed 
on a standard three-electrode set up with NaOH (1 m, pH 13.6) as the 
electrolyte, Hg/HgO and a platinum foil as the reference electrode and 
counter electrode, respectively. The working electrodes containing the 
investigated catalysts were prepared as follows: adding 100 mg of powder 
in a mixture of 2.5 mL water, 1.25 mL isopropanol, and 30 µL of 5 wt.% 
Nafion, followed by the sonication for 3 h to obtain a homogeneous ink. 
Applying 50 µL of ink on the Ti foil (1 cm2) by the drop-cast method and 
then anneal at 600 °C under an inert atmosphere for 0.5 h to achieve the 
stable reconstructed nanostructure, in addition to a better adhesion with 
the Ti foil substrate. All the tests were conducted by a Gamry Reference 
3000 potentiostat, under 1 sun simulated solar light from a Newport 
Oriel LCS-100 solar simulator equipped with a 100 W ozone-free xenon 
lamp and an AM 1.5G filter. The light intensity was regularly calibrated 
by a monocrystalline Si PV reference cell (Newport 91150V-KG5). All 
over potentials are corrected against the RHE taking into account that 
water electrolysis takes place thermodynamically at 1.23 V versus RHE. 
Therefore, the potentials were corrected versus RHE according to the 
Nernst Equation:

E E pH0.059 V 0.121 VRHE meas.= + × +  (3)

Photocurrent at the applied bias of 1.23 V vs RHE was measured as 
a function of wavelength for the calculation of IPCE with the following 
equation:

j
I

pIPCE
1240

0λ=  (4)

where jp is the photocurrent density (mA cm−2), λ is wavelength of the 
incident light in nm, and I0 is the wavelength dependent intensity of 
incident light (mW cm−2).

The electrochemical measurements were also carried out following 
a similar procedure with the above PEC test. A rotating disc electrode 
(RDE) with glassy carbon (GC) as the tip (RDE710 Rotating Electrode 
from Gamry Instruments) was used as the working electrode, a standard 
Hg/HgO as the reference and a graphite rod as the counter electrodes. 
The supporting electrolyte was 0.1 m aqueous KOH solution. The RDE 
was coated with the as-prepared catalyst ink according to the procedure 
suggested by S. Jung et  al.[31] The inks were drop-cast on the GC tip 
(0.196 cm2) by applying 4 µL of ink and then dried for 10 min at 60 °C. 
This procedure resulted in the loading of ≈0.5 mg of the electrocatalyst 
on the GC. For long-term stability experiments, the same amount of 
powder (≈0.5 mg) was loaded by drop-casting on C paper of a nominal 
surface area of 1 cm2 with a mass loading of 0.5 mg cm−2.

Simulation Details: The simulations of surface plasmons excited by 
a light source were performed with Ansys Lumerical’s FDTD software, 
which uses the FDTD method to solve Maxwell’s equations. The 
source used was the Total field/Scattered field (TSFS) source and the 
absorption was calculated using the frequency-domain field and power 
monitors. The monitors were placed as indicated in the illustration in 
Figure 5g. The electric field of the plane wave source was parallel to the 
surface of LSTO and pointing from one NP to the other in the cases with 
two NPs. The simulation region was meshed using a nonuniform mesh 
with a mesh size of 0.8 nm (A-R) and 0.75 nm (flower) within the TSFS 
source region. One simulation of the antenna–reactor configuration with 
mesh size 0.5  nm was tested and resulted in a peak height change of 
3% for Ni and 1% for Au. This test-simulation gave an absorption peak 

energy blue-shift for Ni of 0.02 eV, and for the Au absorption spectra, a 
small change in shape where the small peak at lower energies, ≈2  eV, 
became less prominent. The same test simulation was done for one of 
the flower-configurations which resulted in a 3% change in peak height 
and a less prominent peak at 2 eV. The rest of the region was meshed 
automatically with mesh accuracy 4. Conformal variant 0 was used and 
all boundaries were set to be absorbing using perfectly matched layers.

The simulations of surface plasmons excited by an electron beam 
source, i.e., the calculation of Ploss, were done using MNPBEM.[32] The 
simulations were performed with a retarded solver and using curved 
particle boundaries. The Au, Ni and LSTO NPs were made using the 
trispheresegment-function. In the antenna–reactor (A–R) configuration, 
the Ni (Au) sphere surface was discretized using 21 (32) mesh points 
for theta and 16 (24) for phi. While for the Au NP on a LSTO NP and the 
touching A–R configuration the amount of overlap between the NPs was 
defined with an overlap angle of 0.2 π and 0.1 π from the center of the Au 
NP, respectively (see Figure S11, Supporting Information for an overlap 
angle explanation). The surfaces of the spheres were discretized using 
21 mesh points for theta and 16 for phi. The segment representing the 
boundary between the Au and the LSTO was defined with 16 mesh points 
for phi and 6 for theta. For the EELS simulations it had a beam size of 
0.32 and a velocity that corresponded to 60 keV. The dielectric functions 
used for Au and Ni within FDTD was from Lumerical’s database which 
has them from the CRC Handbook of Chemistry and Physics, and the 
one used for LSTO was extracted using WebPlotDigitalizer developed 
by Rohatgi.[24,33] The same dielectric function for LSTO was used within 
the MNPBEM simulations, but for Au and Ni dielectric functions from 
Johnson and Christy were used.[34]
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Abstract 19 

Plasmonically active nanoparticles offer a promising pathway to extend the absorption range 20 

of photocatalysts. While not necessarily catalytically active themselves, these particles allow 21 

the absorption of lower energy photons in wide band gap photocatalysts. Here, we present A-22 

site excess SrTiO3 thin films, doped with Ni, where through a subsequent exsolution process 23 

we created well socketed Ni nanoparticles in the surface of SrTiO3. These were galvanically 24 

replaced by Au, resulting in well-socketed Au nanoparticles with variable size on the surface, 25 

depending on the galvanic replacement time. Photoelectrochemical measurements and electron 26 

energy loss spectroscopy revealed the improved photoresponse of the thin films by plasmonic 27 

activity of the nanoparticles. The energy of the plasmon peak suggests that the main 28 

improvement results from the injection of hot charge carriers. Our study opens new avenues 29 

for the design and synthesis of the next generation of photocatalytic materials. 30 

 31 

1. Introduction 32 

The continued interest in renewable energy sources has led to a plethora of directions to 33 

improve the energy harvest efficiency and the energy storage [1–8]. One approach is the 34 

utilization of photons to obtain a chemical product by converting the photon energy to chemical 35 

energy via a photocatalyst. Photocatalysts are widely investigated for many applications, such 36 

as water splitting, environmental remediation, and other uses, each one with specific 37 

requirements [2,3,9]. For example, solar water splitting requires a semiconductor with a 38 

bandgap of at least 1.23 eV, and taking into account any additional overpotential due to kinetic 39 

and thermodynamic losses, this results in an ideal band gap energy of 1.8 – 2.3 eV [2,3,10]. 40 

Another key requirement for practical applications is stability, where most stable 41 

semiconductors have a bandgap larger than 2.3 eV, ultimately limiting their light absorption 42 

capacity, and, consequently, their efficiency [2,3,11]. A promising pathway to enhance the light 43 

absorption capacity of a photocatalyst is to combine it with materials exhibiting plasmonic 44 

activity. Transfer of photon induced plasmonic energy to the semiconductor can amplify the 45 

photoconversion from photonic to chemical energy [12]. 46 

The localized surface plasmon resonance (LSPR) is generated on metal nanoparticles (MNPs) 47 

on the surface of a semiconductor photocatalyst upon illumination [2]. These MNPs can act as 48 

light absorbing antennas or photosensitizers [12], where MNPs and their nanostructures with 49 

dimensions significantly smaller than the wavelength of light will have a narrow absorption 50 
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bands in the visible range of the spectrum [13]. The energy of the LSPR can be transferred 51 

from the MNP to the semiconductor by three major mechanisms: (i) light scattering/trapping, 52 

(ii) plasmon-induced energy transfer (PIRET), and (iii) hot electron injection 8,11. The 53 

effectiveness of the three decay mechanisms for each particle is directly dependent on its size, 54 

shape and chemical composition [2,14]. The size distribution, surface states, surface coverage, 55 

and surrounding environment of these nanoparticles influence the bandwidth, peak height and 56 

position of the absorption maximum [13,15,16], making them ideal for photosensitization of 57 

semiconductors [17]. Hence, to predict the results across a macroscopic sample it is imperative 58 

to control the size distribution and shape of the particles. The combination of plasmonic MNPs 59 

and the semiconductor, forming a heterojunction, affects the photoconversion by introducing 60 

four different effects: (i) strong light absorption, (ii) intensive far-field light scattering, (iii) 61 

abundant hot carrier generation, and (iv) plasmonic heating effects [2,9,12,13,17]. The short 62 

lifetime of the excited intraband transitions remains a challenge for the effective utilization of 63 

the plasmonic energy of MNPs [2].  64 

We have recently presented a new synthesis method for supported, well-adhered MNPs [18] 65 

and here we extend our method to thin films and A-site excess defective perovskite oxides. We 66 

wanted to generalize the concept of exsolution beyond A-site deficient and stoichiometric 67 

perovskite by utilizing A-site excess perovskites. A-site excess perovskites typically have 68 

Ruddlesden-Popper (RP) interlayers to accommodate the excess A-site ions. In contrast to A-69 

site deficient perovskites there are no inherent A-site vacancies and lower amounts or most 70 

likely non-existent oxygen vacancies in the perovskite-like blocks on the RP phase. This 71 

creates a host matrix in which metal exsolution is potentially less thermodynamically driven 72 

by evolution towards a stoichiometric variant compared to A-site deficient structures [19]. 73 

However, A-site excess perovskite might bring kinetic improvements owing to improved ion 74 

diffusion in the interlayer region, potentially leading to better control over particle distribution 75 

and their “socketing” depth in the surface of the host semiconductor. Exsolving gold (Au) on 76 

A-site excess strontium (STO, Sr1+xTi1-xNixO3) is considered unfeasible due to the difficulty of 77 

dissolving Au in ionic state in a host perovskite oxide due to the size-coordination preference 78 

of Au ions compared to those of typical A or B ions. Meanwhile, the exsolution of nickel (Ni) 79 

particles has been studied extensively [20–22], but Ni does not have significant plasmonic 80 

activity [14]. However, plasmonically active Au particles can be introduced by galvanic 81 

replacement reaction (GRR) where Ni particles serve as template for Au. 82 
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Our method can introduce well-adhered and distributed Au MNPs by galvanically replacing 83 

existing MNPs of Ni formed through exsolution that are “socketed” in the surface of the host 84 

perovskite material. This electroless process utilizes Ni as the sacrificial template, which is 85 

oxidized by a solution containing Au ions. The latter are reduced and deposited on the surface 86 

of the template, replacing the original, “socketed” Ni particles [23–26]. The major advantage 87 

is that Au MNPs can by this method be embedded in the perovskite surface, a process otherwise 88 

very difficult. Partially embedded Au MNPs on glass substrates through a melting procedure 89 

have previously been reported to show enhanced stability, while still being able to create charge 90 

carriers where they are needed, mainly near the oxide surface, in order to drive chemical 91 

reactions [27,28]. We have studied the latter by means of Finite-Difference Time-Domain 92 

(FDTD) and our result indicate a strong relation between light absorption efficiency and depth 93 

of the socketed Au MNPs in the surface of A-site excess SrTiO3 thin films.  94 

2. Experimental 95 

A pellet of Ni-doped, A-site excess strontium titanate (Sr1.07Ti0.93Ni0.07O3-δ, STO(Ni)) was 96 

prepared by the solid-state reaction method. The appropriate amounts of precursor powders 97 

(SrCO3 99%, (1% Ba) Johnson Matthey GmbH, CAS: 1633-05-2; TiO2, anatase, Sigma 98 

Aldrich, CAS:1317-70-0; and Ni(NO3)2·6H2O, 99.999%, Sigma Aldrich, CAS: 13478-00-7) 99 

were weighed to obtain 2.5 g of STO(Ni), powder. The precursors were crushed and ball milled 100 

in an agate jar with agate balls for 3 h at 300 rpm in de-ionized water (DI H2O), dried under 101 

stirring and subsequently calcined at 450 ℃ for 4 h. The calcined powder was crushed and 102 

again ball milled in DI H2O, dried, pressed to a pellet of 20 mm in diameter, and finally sintered 103 

at 1100 ℃ for 12 h. 104 

The pellet was used as target to deposit STO(Ni) films on silicon (Si) wafers by pulsed laser 105 

deposition (PLD, Surface-Tec system, laser: Coherent COMPex Pro 205F, KrF, wavelength: 106 

248 nm) at 600 ℃ substrate temperature. The chamber was evacuated, and oxygen gas was 107 

used to reach a pressure of 0.005 mbar throughout the process. The target was irradiated with 108 

3.0 J cm-2 at a repetition rate of 10 Hz with the distance between the target and substrate being 109 

9 cm. A total of 20,000 shots were applied.    110 

The deposited thin films were then placed in a ProboStatTM
 sample holder cell (NorECs AS, 111 

Norway) in a hydrogen/argon mix (5% H2, 95% Ar, HArmix) atmosphere. After an initial 112 

flushing for 15 min at room temperature, the temperature was raised to 800 ℃, with a ramp 113 

rate of 5 ℃ min-1 and kept at 800 ℃ for 30 min before it was cooled down to room temperature 114 

150



5 
 

with 5 ℃ min-1. The described procedure leads to samples with the highest Ni metal signal in 115 

XPS (see Fig. S1a). Unless otherwise stated this procedure was followed and the reduced thin 116 

films with Ni MNPs will be referred to as STONi. 117 

While the sample was cooling, a solution of 1 mM HAuCl4 in 1 mM HCl was heated to 77 ℃ 118 

in a double jacketed beaker connected to a thermostated water bath. The STONi samples were 119 

then immediately transferred from the ProboStatTM to the solution, and kept there for 5 s, 30 s 120 

and 90 s, thereafter denoted as samples STONiAu5s, STONiAu30s, and STONiAu90s, 121 

respectively. Subsequently, each sample was removed for the replacement solution, rinsed with 122 

DI H2O, dried in air, and stored under ambient conditions for analysis.  123 

The analysis consisted of electron microscopy (scanning electron microscopy (SEM) and 124 

scanning transmission electron microscopy (STEM), Fei Tecnai-G2 60-300 instrument), 125 

including the Energy-Dispersive X-ray Spectroscopy (EDS) and Electron Energy Loss 126 

Spectroscopy (EELS), X-ray Photoelectron Spectroscopy (XPS, Kratos Axis Ultra DLD, 127 

monochromated A1 Kα), X-ray Diffraction (XRD, Bruker D8 Discover, Cu Kα1, Bragg-128 

Brentano), and photoelectrochemical (PEC) measurements (the sample architecture and 129 

experimental setup are shown in Fig. S2, while the supplementary text contains additional 130 

details for the STEM, SEM and XPS analyses). PEC measurements were performed with an 131 

Ivium Vertex potentiostat/galvanostat in a standard three-electrode set up (Fig. S2a) in 0.5 M 132 

Na2SO4 (pH = 7.5) as the electrolyte, a saturated calomel electrode (SCE) and a platinum foil 133 

as the reference and counter electrodes, respectively. Details for the preparation of the working 134 

electrodes can be found in Fig. S2b. All PEC tests were performed under 1 sun simulated solar 135 

light, supplied by a Newport Oriel® LCS-100 solar simulator, equipped with a 100 W ozone-136 

free xenon lamp and an AM 1.5G filter. The light intensity was regularly calibrated by a 137 

monocrystalline Si PV reference cell (Newport 91150V-KG5). All potentials were corrected 138 

against the reversible hydrogen electrode (RHE) according to Equation 1: 139 

𝐸𝑅𝐻𝐸 = 𝐸𝑚𝑒𝑎𝑠. + 0.059 × 𝑝𝐻 + 0.242 𝑉 
 

(1) 

The FDTD calculations were performed in the Ansys Lumerical FDTD Solutions software [29] 140 

using the total-field/scattered-field (TFSF) source. A mesh size between 0.2 and 0.8 nm was 141 

used, depending on the size and depth of the nanoparticle, in a mesh override region covering 142 

the TFSF source region. The number was chosen to be smaller for smaller particles and particles 143 

with a smaller depth since these result in geometrical details of small sizes. A non-uniform 144 

mesh with a mesh accuracy of 4 was used for the rest of the simulation region, which spanned 145 
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1000 nm in every direction. Perfectly matched layers with 8 layers were used as boundary 146 

conditions together with two symmetry planes to decrease the computed region. Also, 147 

conformal variant 1 was used. The absorption was calculated from a square box of monitors 148 

positioned around the MNP, which implies that the absorption includes the STO encapsulated 149 

by the box near the MNP surface. Two different permittivity data used to model both Au 150 

[30,31], and Ni [32,33] which are all from Lumerical’s Material Database [34] that has the data 151 

from CRC Handbook of Chemistry & Physics, Handbook of optical Constants of Solids I – III 152 

by E. Palik and Johnson and Christy. Two different permittivity data were also employed for 153 

STO; one was extracted from ab initio calculations, i.e., Duan et al. [35] with the help of 154 

WebPlotDigitizer [36], and the other was from Dodge [37]. 155 

3. Results and Discussion 156 

The structure of the resulting thin films was studied before and after the GRR step by STEM, 157 

XRD and SEM. Fig. 1 shows multiple bright field STEM (BF-STEM) images combined with 158 

EDS maps, where the Si substrate is at the bottom of each image. In Fig. 1a, a bright field (BF) 159 

image overlayed with Ni EDS of STO(Ni) is shown. No columnar growth of the film is seen – 160 

the film appears nanocrystalline – and no Ni-rich areas are visible, implying high homogeneity. 161 

The XRD measurement of a non-exsolved thin film (Fig. 2a, black line) also shows no distinct 162 

peaks beyond the ones attributed to the substrate (Si). Fig. 1(b-e) show the BF overlayed with 163 

Ni and Au EDS of STONi, STONiAu90s, STONiAu30s, and STONiAu5s samples, 164 

respectively. Here, a columnar structure of the thin film and Ni particles in all the thin films is 165 

clearly visible (see also Fig. S3–S5). Au particles are on top, or located in macro-pores, where 166 

the Au-solution was able to penetrate the thin film during GRR. The longer the galvanic 167 

replacement reaction, the larger the Au MNPs were. The diameters of the original Ni particles 168 

were less than 25 nm, while the Au MNPs in the studied areas were 10 – 25 nm, 20 – 50 nm 169 

and > 40 nm in diameter, for the STONiAu5s, STONiAu30s and STONiAu90s samples, 170 

respectively. Moreover, for the longest replacement time the particles took a non-spherical 171 

shape (Fig. 1c), yielding multiple absorption peaks in the low-loss spectra of the EELS data, 172 

depending on the location of the beam as we will show later. Backscatter electron (BSE), top-173 

view SEM images (Fig. S6) indicate the presence of Au in the STONiAu5s, STONiAu30s and 174 

STONiAu90s samples (bright nanoparticles). They also indicate an increase in the MNPs’ 175 

density and average size from the STONiAu5s to the STONiAu30s, while no significant 176 

increase in their density is seen in the STONiAu90s. This agrees well with the shape change of 177 
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the MNPs in this sample, indicating that most, if not all of the initially exsolved Ni MNPs were 178 

replaced by Au already in the STONiAu30s sample and further grown in STONiAu90s.   179 

(a) 

 

(b) 

 

(c) 

 
(d) 

 
(e) 

 
Figure 1: BF-STEM cross sectional images with overlayed Si, Ni and Au EDS of (a) STO(Ni), (b) STONi, (c) 180 
STONiAu90s, (d) STONiAu30s and (e) STONiAu5s. Additional high resolution STEM images of STONiAu5s 181 
can be found in Fig. S7 in the SI. 182 

The XRD patterns in Fig. 2a show the diffraction patterns of the as-deposited, exsolved and 183 

galvanically replaced STNOAu5s, STNOAu30s, STNOAu90s thin films. The absence of any 184 

peak but the substrate peaks in the non-exsolved sample indicates either a nanocrystalline or 185 

amorphous sample. The BF-STEM images in Fig. 1(a-e) confirm that non-exsolved and 186 

exsolved samples are different in that the columnar structure appears only in samples exsolved 187 

at 800 ℃, but not in the non-exsolved specimen (see also Fig. S8–S13). The noticeable 188 

exceptions are peaks attributed to the Si substrate, see Fig. S8. All the exsolved patterns show 189 

a multitude of peaks, including peaks of SrTiO3 (PDF 01-070-8508), with secondary phases 190 

identified as 3SrO·SiO2 (PDF 00-010-0026), the RP phase Sr2TiO4 (PDF 00-039-1471), TiO2 191 

(PDF 01-070-8501), and naturally the Si substrate (PDF 01-078-6300). The secondary phases 192 

may form locally due to favorable interaction with the substrate (3SrO·SiO2), or local 193 

stoichiometry (Sr2TiO4, TiO2). STO peaks are present and are the most dominant ones after the 194 

Si peaks in all the samples. Their relative height and the absence of various peaks from different 195 
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patterns indicate that the growth of crystal domains is only experiencing a weak templating 196 

effect by the substrate. In summary, the XRD and STEM images show exsolution in all thin 197 

films, independently of the different crystal orientations and phases present. 198 

In Fig. 2b, the XPS measurements of a STO(Ni) and STONi exsolved in HArmix for 30 min 199 

are presented. The XPS results are indicative of the formation of metallic Ni (853 eV) in the 200 

reduced sample when compared to the as deposited one, in which no metallic Ni was detected. 201 

As expected, the metallic Ni peak is decreasing in intensity (Fig. 2b) while the Au 4f double 202 

peak is increasing (Fig. 2c) with increasing immersion times during GRR, in good agreement 203 

with the increase in the Au particle size. The Au 4f peaks shift to higher binding energies for 204 

increasing Au particle size. The shapes of the peaks are similar and hence do not suggest that 205 

the shift is caused by chemical phase changes. Differential effects of charge compensation on 206 

the Au MNPs and the STO substrate could be an explanation (see details of the measurements 207 

in supplementary note 2). More work is needed to determine the physical significance of the 208 

observed shift in the Au 4f peaks relative to the STO peaks. 209 

(a) 
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(b) 

 

(c)  

 
      

Figure 2: (a) XRD for the STO(Ni), STONi, STONiAu5s, STONiAu30s, and STONiAu90s. The lines on top mark 210 
Si (substrate, black, PDF 01-078-6300), SrTiO3 (red, PDF 01-070-8508), 3SrO·SiO2 (green, PDF 00-0390-1471), 211 
Sr2TiO4 (dark blue PDF 00-039-1371), and TiO2 (yellow, PDF 01-070-8501). Peaks of unknown phases are 212 
marked with dotted black lines. (b) XPS spectra of Ni 2p for STO(Ni), STONi, STONiAu5s, STONiAu30s, and 213 
STONiAu90s. (c) XPS spectra of Au 4f of STONiAu5s, STONiAu30s, and STONiAu90s. 214 

The PEC performances of the different samples were studied by linear sweep voltammetry 215 

(LSV) in 0.5 M Na2SO4 (pH=7.5) and the results are shown in Fig. 3. While the STO(Ni) thin 216 

film exhibits a clear generation of photocurrent as is expected for STO, the photocurrent density 217 

of samples with Ni and Au particles varies. For the STNOAu5s sample (Fig. 3c) the 218 

photoresponse is hardly noticeable, with the photocurrent being much lower than the STO(Ni). 219 

The STNOAu30s sample (Fig. 3a), on the other hand, has a large photocurrent generation. The 220 

STNOAu90s sample (Fig. 3d) exhibits prominent recombination spikes, like STO(Ni) (Fig. 221 

S14) and STONi (Fig. 3b), indicating a strong charge carrier recombination. While these 222 

increased recombination spikes can be an indication of a thermal decay of the plasmons and 223 

provide direct evidence of larger PEC capacity, i.e., larger light absorption properties of the 224 

plasmonically active samples, their appearance in STO(Ni), STONi and STONiAu90s suggests 225 

that they are a property of the deposited film.  226 

The steady state PEC responses at 0.785 V versus RHE (table S1) of the different samples 227 

suggest that the reduction of STO during exsolution decreases the PEC response. The generally 228 

low photocurrent densities are attributed to the non-conducting nature of the substrate and the 229 

millimeter range that the charge carriers must move in order to reach the Ag contact. The results 230 

show that small Au MNPs increase the steady state response compared to the just exsolved 231 
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sample (table S1, samples STONi and STONiAu5s), while larger Au MNPs did not have the 232 

same effect (table S1, samples STONi and STONiAu90s). Thus, intermediate Au MNPs size 233 

(20-50 nm) as found in the STONiAu30s showed the best performance among all samples, 234 

indicating the importance in the size of the plasmonically active MNPs. The higher PEC 235 

response suggests that a measurable portion of the photogenerated surface plasmons decay by 236 

creating an electron hole pair that can be separated. Chronoamperometric measurements at 0.8 237 

and 1.0 V vs RHE (Fig. S15) are in good agreement with the LSV curves, further showcasing 238 

the superiority of the STONiAu30s sample. It is noted that these performances correspond to a 239 

duplicate series of these five samples. 240 

(a) 

 

(b) 

 
(c) 

 

(d) 

 
Figure 3: (a) LSV performances of all samples under chopped illumination conditions in 0.5 M Na2SO4. LSVs 241 
from (a) but at narrower potentials for (b) STONi, (c) STONiAu5s, and (d) STONiAu90s. Scan rate 5 mV s-1.  242 

To further investigate the size effects of Au MNPs EELS studies have been performed on 243 

individual particles and their surroundings [38]. Fig. 4 and Fig. S16 include particles from 244 

STONiAu5s, STONiAu30s, and STONiAu90s. The shape of the particles can be seen in the 245 

STEM images. EELS maps with selected energy ranges are shown in the EELS map column. 246 

The energy ranges are 1.505–1.520 eV for the STNOAu90s, 2.35–2.40 eV for the STNOAu30s 247 

and STNOAu5s. They were selected based on the most dominant peak in the given map. EELS 248 

spectra of selected pixels, indicated with colored frames in the maps are presented in the EELS 249 

graph column. These graphs reiterate that the peak around 1.5 eV dominates the spectra for the 250 
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STNOAu90s sample, with minor peaks between 1.9 eV and 2.4 eV. On the other hand, for the 251 

STNO30s and STNO5s samples, which showed improved PEC activity the spectra exhibit one 252 

peak at 2.4 eV, which is the expected peak for the plasmonic activity of Au MNPs [14].  253 

The position of the peaks in all samples suggest that the major mechanism for charge carriers 254 

transfer between the plasmonically active MNPs and the STO is hot charge carriers transfer. 255 

The spectral overlap between Au MNPs and STO determines the PIRET response [2], which 256 

is very limited as our calculations indicate in Fig. S17, while scattering/trapping would only 257 

increase the chances of exciting an electron-hole pair by photons with an energy larger than 258 

the band gap of STO. Additionally, the positions of the EELS peaks in all samples suggest that 259 

the major mechanism by which the plasmonic energy is utilized is either local heating or hot 260 

charge carrier transfer between the plasmonically active MNPs and the STO. The hot charge 261 

carrier transfer is then suggested as the main mechanism for energy transfer between the 262 

plasmonic MNPs and STO, although a combination of hot charge carriers and local heating 263 

cannot be conclusively excluded. 264 

STEM (HAADF) EELS map EELS graph 

STONiAu5s 

 
  

STONiAu30s 

 

 

 

STONiAu90s 
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Figure 4: STEM HAADF images of Au particles on STNOAu5s, STNOAu30s, and STNOAu90s samples, with 265 
the corresponding EELS map and EEL spectra from the selected pixels in each image. 266 

4. Calculations 267 

Computational studies in the form of FDTD calculations [29] of Au and Ni MNPs with 268 

randomly selected dimeters between 10 nm and 30 nm were performed to study the effect of 269 

embedding the MNPs. In these calculations, the centers of the spheres were placed at different 270 

depths compared to the surface of STO (Fig. 5a). The study revealed two important findings: 271 

First, Au particles showed enhanced absorption in comparison to Ni particles located at the 272 

same depth (Fig. 5b). Second, particles with their center buried in STO have increased 273 

absorption compared to the particles with their center at or above the STO surface (Fig. 5c, and 274 

total absorptions given in Fig. S18). We believe the increased absorption is due to a red-shift 275 

of the peak (Fig. S19), bringing it away from interband transitions (at 2.4 eV [14]) that lead to 276 

damping. Consequently, we predict that partially buried particles as a result of exsolution and 277 

GRR, show an enhanced absorption cross section compared to deposited particles (physical 278 

deposition, photodeposition and other such methods). Moreover, we also calculated absorption 279 

cross section of deposited particles compare to embedded particles, i.e. ‘dome’-particles (Fig. 280 

5b). Dome particles were defined as spherical MNPs with a flat interface with STO (Fig. 5a). 281 

Here, the depth refers to the position of the flat interface and the results show that the absorption 282 

is similar for the dome particles and the spherical particles (particles with 0% in Fig. 5a). 283 

Finally, burying a particle deeper inside the surface also increases the interface area between 284 

the MNP and the STO, which has been shown to increase the probability of hot charge carrier 285 

injection [39]. Metal exsolution is an appropriate method for controlling the “socketing” depth 286 

of a particle and control over this process will be of great importance for the design of highly 287 

efficient, plasmonically active photocatalysts. 288 
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(a) 

 

(c) 

 

(b) 

 

Figure 5: (a) Illustration of the sphere placements for the calculations. (b) Absorption cross sections normalized 289 
with the geometrical cross section for Ni and Au particles on STO located at different depths. (c) Maximum 290 
absorption cross section per volume against the depth of the particle both for Ni and Au. The marker-size reflects 291 
the size of the nanoparticle in the particular simulation. Additional calculations of dome-type Au particles are 292 
shown as light blue crosses. The error bars show the spread of the peak height with different permittivity data for 293 
the metal and STO (see also Fig. S20). The spread is so small for Ni that the error bars are smaller than the marker.  294 

5. Conclusions 295 

Our methodology enables the formation of well-socketed Au MNPs of various sizes and shapes 296 

created by galvanic replacement of exsolved Ni by Au ions on A-site excess STO thin films. 297 

We demonstrated that the shape and size of the particles lead to differences in EELS mapping. 298 

Specifically, large non-spherical particles as observed in sample STONiAu90s exhibit multiple 299 

peaks that ultimately decrease the PEC activity, while spherical particles as in STONiAu5s and 300 

STONiAu30s have a singular peak around 2.4 eV, and improved PEC activity. This suggests 301 

that an intermediate size distribution of Au MNPs, allows the dominant energy transfer 302 

mechanism from MNP to STO that is found to occur through hot charge carriers transfer. Our 303 

FDTD calculations highlighted that embedded particles can heavily improve the absorption 304 

cross section than particles on the surface of the photocatalyst, reflecting the need to create 305 

well-socketed, plasmonically active particles not only to improve their stability, but also their 306 

plasmonic response. This is now possible through our method of metal exsolution and galvanic 307 

replacement and efforts to gain control over particles’ “socketing” depth, size and distribution 308 

will open the way for the next generation of photocatalytic materials.   309 
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1. Supplementary Figures 

(a) 

 

(b) 

 

  

Figure S1: (a) XPS of samples exsolved under different conditions. (b) XPS investigation spectra 

of STO(Ni), STONi, STNONiAu5s, STONiAu30s, and STONiAu90s. 

 

(a) 

 

(b) 

 

Figure S2: (a) Sketch of the photoelectrochemical setup. (b) Sketch of the working electrodes of a 

nominal area of 0.12 cm2; on the left a top view and on the right a cross section. STO(Ni), STONi 

and series of STONiAu electrodes were prepared as follows: Conductive Ag ink was used to paint 

a frame around the center part of the device, serving as contact. Subsequently, epoxy was used to 

insulate the Ag contact and substrate from the environment. In dark the sample, grey the silver 

contacts, and yellow the epoxy. 

 

(a) 
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(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
(g) 
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Fig. S3: The BF (a), DF2 (b), DF4 (c), and HAADF (d) images, respectively, and the EDS maps 

of Ni (e) and Au (f) of the STONiAu5s sample. 

 

(a) 

 
(b) 

 
(c) 

 
(d) 
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(e) 

 
(f) 

 
Fig. S4: The BF (a), DF2 (b), DF (4) (c), and HAADF (d) images, respectively, and the EDS maps 

of Ni (e) and Au (f) of the STONiAu30s sample. 

 

(a) 

 

(b) 

 
(c) 

 

(d) 
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(e) 

 

(f) 

 
Fig. S5: Lower magnification BF (a), DF2 (b), DF (4) (c), and HAADF (d) images, respectively, 

and the EDS maps (e) of Ni and Au (f) of the STONiAu90s sample. 

 

(a) 

 

(b) 

 
(c) 

 

(d) 
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(e) 

 
Fig. S6: Backscatter electron SEM images of (a) STO(Ni), (b) STONi, (c) STONiAu5s, (d) 

STONiAu30s, and (e) STONiAu90s thin films.  

 

(a) 

 

(b) 

 
(c) 

 
Fig. S7: (a) HR-STEM BF image of a Au particle of the STONiAu5s sample with Fast Fourier 

Transformation (FFT) insets of the particle and thin film, showing a slight angle mismatch. (b) 

Another HR-STEM BF image of a Au particle of the STONiAu5s sample, with FFT, showing 

almost no angle mismatch. (c) The particle in (b, on the left) together with an additional particle 

on the same thin film grain with different orientation.  
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Fig. S8: XRD pattern of the substrate. 

 

 
Fig. S9: XRD pattern of the STO(Ni). 

 

 
Fig. S10: XRD pattern of the STONi film. 
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Fig. S11: XRD pattern of the STONiAu5s film. 

 

 
Fig. S12: XRD pattern of STONiAu30s. 

 

 
Fig. S13: XRD pattern of STONiAu90s thin film. 
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Fig. S14: LSV sweep of STO(Ni). 

 

(a) (b) 

  
Fig. S15: (a) Chronoamperometric measurements at 0.8 and 1.0 V versus RHE in 0.5 M Na2SO4. 

(b) Higher magnification of (a) in which the comparatively giant response of STONiAu30s is 

removed to highlight the rest of the samples. The PEC response of all the samples agrees well 

with the LSV curves of Fig. 3 and they also show good stability under intermittent illumination 

in the studied time period. 
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(a) 

 

(b) 

 
(c) 

 

(d) 
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(e) 

 

  

Fig. S16: (a) The EELS spectra of 5 pixels of STONiAu30s normalized with their respective zero-

loss peak. (b) The EELS spectra of 5 pixels of STONiAu5s normalized with their respective zero-

loss peak. (c) The EELS map of STONiAu30s with zoomed in pixels. (d) The EELS map of 

STONiAu5s with zoomed in pixels. (e) The EELS map of STONiAu90s with zoomed in pixels. 

 

 
Fig. S17: Spectral overlap between Au (orange; solid in STO, dashed in vacuum) and STO (blue). 

The power absorbed, Pabs, was calculated using the permittivity data of Au to get only the 

absorption in Au when the particle was totally embedded in STO. This was accomplished using 

an analysis group within the Ansys Lumerical FDTD software. The absorption coefficient of STO, 

αSTO, was calculated from the permittivity of STO using 2Eκ/ℏc where E is the energy in eV, κ is 
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the imaginary part of the refractive index of STO obtained from the permittivity, c is the speed of 

light and ℏ is the reduced Planck’s constant. 

 
 

Fig S18: Summation of the area underneath the peaks (from 1.5 eV to 3.2 eV in Fig. 5c) versus the 

depth in diameter for Ni and Au MNPs. The figure shows the area included underneath the peaks 

in Fig. 5c, describing the total absorption instead of the peak position and height in the interval 

from 1.5 eV to 3.2 eV. Generally, plasmonic metals have a high Q-factor, i.e., a well-defined peak 

(like Au in Fig. 5c), while, i.e., Ni has a low Q-factor or broad peak (like Ni in Fig. 5c). To describe 

the system more accurately, both the peak and the total absorption have to be considered. In Fig. 

S19 the peak positions are shown, in Fig. S20 the peak maxima are described, and here are the 

total absorptions. The peak positions decrease in energy, while the maxima increase for more 

buried MNPs, independent of the metal (Au or Ni). Moreover, as demonstrated here, the total 

absorption also increases, making buried MNPs preferable. “CRC” denotes the permittivity data 

taken from CRC Handbook of Chemistry & Physics, “Palik” permittivity data taken from the 

Handbook of optical Constants of Solids I – III and “J&C” permittivity data taken from [2] and 

finally “STOexp“ are experimentally found permittivity data. 
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Fig. S19: Peak energy versus depth in diameter for Ni (orange) and Au (blue) MNPs on/in STO. 

 

 
Fig. S20: Maximum absorption cross-section divided by the volume of the particle versus the depth 

in diameter for Ni and Au particles for different permittivity data ([1–4]). Crosses mark calculation 

points for domes. “CRC” denotes the data taken from CRC Handbook of Chemistry & Physics, 

“Palik” data taken from the Handbook of optical Constants of Solids I – III and “J&C” data taken 

from [2] and finally “STOexp“ are experimentally found data. 
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2. Supplementary Tables 

Table S1: The mean photocurrent of four LSV sweeps for each sample taken at On 0795 V – Off 

0.785 V vs RHE. The standard deviation of the mean is given as error. 

Sample Photocurrent [nA] 

STO(Ni) 25.9 ± 0.6 

STONi 2.8 ± 0.3 

STONiAu5s 5.7 ± 0. 2 

STONiAu30s 481 ± 6.2 

STONiAu90s 1.5 ± 0.1 

 

  

177



16 

 

3. Supplementary Text 

Supplementary note 1: 

A FEI Titan G2 60-300 instrument was used to perform STEM and high-resolution EELS. A 

CEOS DCOR corrector for the probe forming lenses, a Wien-filter monochromator, a Gatan 965 

Quantum EELS spectrometer and a FEI Super-X EDS detector were installed on the instrument. 

The instrument was operated at 300 kV acceleration voltage for structural and chemical 

characterization, with a probe convergence of 21 mrad. The HAADF, DF4, and DF2 have 101, 22, 

and 9 mrad, respectively, as inner collection semi-angle. Surface plasmon mapping was done at 

60 kV with an energy resolution of ≈110 meV as measured using the full-width-half-maximum 

(FWHM) of the zero loss peak. The top-view images of Fig. S6 were observed with scanning 

electron microscopy (SEM) using a FEI Quanta 200F FEG-ESEM microscope at an acceleration 

voltage of 20 kV using the back-scattering detector. 

 

Supplementary note 2: 

Additional XPS Details: The samples were characterized by X-ray photoelectron spectroscopy 

(XPS) using a Kratos Axis Ultra DLD spectrometer, with monochromated Al Kα radiation (hν = 

1486.6 eV). Survey spectra were measured using step size 1 eV and pass energy (PE) 160 eV, 

while high-resolution spectra were measured using step size 0.1 eV and PE 40 eV. Charge 

compensation was applied via a low energy electron flood gun. The energy axis was calibrated by 

using the position of the Ti 2p component of STO previously reported at 458.4 eV [5]. 

 

Supplementary note 3: 

Figure 5b shows that the maximum absorption in Au is larger than Ni when one compares the 

results for a certain depth and size, e.g. at a depth of 0.6 times the diameter, d, the maximum 

absorption in Au is approximately 0.35 nm-1 compared to Ni at 0.1 nm-1. For very low depths, the 

maximum absorption difference is not as prominent. However, from Fig. 5c the shape of the 

absorption peaks from particles with depth < 0.5d shows that Au has a peak with higher quality 

factor. The higher quality factor implies that the plasmon is less dampened for Au compared to Ni. 

In addition to the maximum absorption being higher for Au, the total absorption within the spectral 

region below the STO band gap is also higher for Au than Ni (Fig. S17).  
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Chapter 5

Additional Experiments and

Summarizing Discussion

In the following sections, results of experiments relevant to the topic of the

thesis are presented that are not included in previous chapters. Additionally, a

summarizing discussion is given based on the results presented in the papers and

in this chapter. The additional samples include strontium titanate (STO) thin

films and powders doped with Cu, Ru, Ag, and Fe.

5.1 Copper Doping, Galvanic Replacement by Silver, and

Plasmon Response

A-site excess STO doped with Cu (Sr1.07Ti0.93Cu0.07O3±δ) has been synthesized

by a modified approach of [1] and as highlighted in Paper I. The powder was

synthesized by mixing stoichiometric amounts of precursors by ball milling for

3 h at 300 rpm in isopropanol. Subsequently, the powder was dried and calcined

at 1000 ◦C for 5 h. The resulting powder was ball-milled again for 3 h for 300 rpm

in isopropanol and dried in the heating cabinet before being pressed into a pellet

and sintered at 1100 ◦C. The pellet was crushed, and the obtained powder was

ball-milled for a third time under the same conditions and dried. The exsolution

process was carried out in H2 for 12 h, creating Cu metal nanoparticles (MNPs).

Part of the obtained powder was utilized in a galvanic replacement reaction

(GRR), where Ag MNPs were created. The GRR was conducted by submerging
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5. Additional Experiments and Summarizing Discussion

the powders in a silver acetate solution (10−3 M AgCH3CO2 and 0.1 M HClO4)

for 10 min. The main difference between this method and the one in [1] is the use

of ball-milling instead of ultrasonication and the calcination as powder instead

of as pellet.

Figure 5.1: (a) A BF STEM image overlayed with Cu EDX of nonexsolved
Sr1.07Ti0.93Cu0.07O3±δ. (b) A BF STEM image overlayed with Cu EDX of
exsolved Sr1.07Ti0.93Cu0.07O3±δ. (c) A DF4 image of Sr1.07Ti0.93Cu0.07O3±δ,
exsolved and galvanically replaced by Ag. (d) An overlay of a HAADF image
and EDX map of Ag of the same STO particle as in (c). (e) A small particle on
the side of the STO matrix is shown by a DF2 image. (f) The BF image and
EDX map of Ag of the same particle as in (e).
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The nanoparticles can be seen in figure 5.1, where (a) shows the powder

before exsolution, and (b) shows the exsolved Cu particles on STO. The images

in (c-f) are of the replaced STO and include Ag. Specifically, (c) shows a DF4

image of an STO particle, whereas (d) shows the corresponding HAADF image

overlayed with the Ag EDX map. In (e), a DF2 image of a particle is shown and

(f) shows the corresponding BF image with an Ag EDX map. The STO particle

is covered in Ag MNPs where the selected one (shown in (e, f)) is about 50 nm

in diameter, appearing spherical.

Figure 5.2: (a) The same particle as in figure 5.1 (d), but two boxes indicate the
origin of the EDX spectra in (b). (b) The EDX spectra where green represents the
spectra of the particle, and red the spectrum of the matrix. (d) The normalized
plasmon map of the Ag particle in (c) is shown for the energy range from 3.48 -
3.51 eV.
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5. Additional Experiments and Summarizing Discussion

In contrast to the Ni MNPs replaced by Au in Paper I and Paper II, it is

rather challenging to determine the amount of Cu left by EDX. This is due to

the experimental setup, where the background Cu signal is very high due to the

copper grid and other copper sources within the TEM. In contrast, detecting

the presence of Ag, as seen in figure 5.2 (a,b) is achievable and confirms that the

GRR reaction took place, further generalizing the combination of exsolution and

GRR as a pathway to introduce noble MNPs, in addition to the ones presented

in Paper I and Paper II.

Figure 5.3: (a) The small Ag sphere on top of a larger STO sphere used in the
determination of the electron energy loss probability. (b) Top: The Gaussian used
to deconvolute the (middle) calculated electron energy loss probability, resulting
in the (bottom) deconvoluted absorption loss probability. The calculations were
performed with the metal nanoparticle boundary element method and simulate
EEL. The orange square indicates which area was scanned by the simulation
beam with a 5 × 5 grid. The average response is plotted in (b). This is similar
to the method used in Paper I.

Cu and Ag are both materials with observable surface plasmonic responses,
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as introduced in section 2.5. Experimentally, the observation of the Cu localized

surface plasmon resonance (LSPR) by EELS is challenging, and not part of this

work. In addition to the LSPR maps of Au in Paper I and Paper II, plasmon

maps for an Ag particle were obtained; one is displayed in figure 5.2 (c-e). The

HAADF image of the Ag MNP is shown in (c), the corresponding plasmon map

for the energy range from 3.48 - 3.51 eV in (d), and the EEL spectrum in (e).

A singular peak can be seen around 3.5 eV in (e). To confirm the shape and

position of the peak, theoretical calculations were employed. They revealed that

an Ag MNP on STO should yield multiple peaks. Specifically, the electron loss

probability of a small Ag particle slightly embedded in a larger STO sphere is

shown in figure 5.3 ((b), middle), with four distinct peaks and a shoulder on the

left side of the lowest energy peak. Using a Gaussian signal given in figure 5.2

((b), top) based on the full width at half-maximum of the experiment zero loss

peak, the electron loss probability was convoluted and figure 5.2 ((b), bottom)

resulted. The peak is similar in shape and position to the experimentally observed

peak, including a shoulder just below 3 eV in both calculated and measured

spectra. However, confirmation that structures like the one in figure 5.2 yield

multiple experimental peaks was not obtained in this work due to experimental

constraints, such as the limited energy resolution at the time of the experiments.

In general, the LSPR band shape and peak position varied with changes

in geometry and elemental composition of the MNPs, and with the change of

environment, as expected from the theory presented in section 2.5. The single

particles of a single element can have varying degrees of spectral overlap, as

seen in figure 5.4. Furthermore, as shown in Paper II, the absorption increases

if Au MNPs are buried inside the STO matrix, similar to the absorption for

Ag, Au, and Cu. For Cu and, as will be shown below, for Ag, the burying can

be achieved by exsolution, leading to bulk MNPs. However, the exsolution of
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Au particles is extremely difficult. Introducing Au via GRR not only serves to

socket the particles well but also to enhance the loss probability. It should be

noted that a spherical Au MNP slightly embedded into STO has a single peak,

while the Ag MNP displayed multiple peaks in calculations. Experimentally, the

spherical particles display only one peak, but the energy resolution of the EELS

map of the Ag MNP is not good enough to distinguish between the peaks. More

complex structures, like in Paper II, have multiple peaks.

As introduced in section 2.5, the absorption of energy via plasmonically

active structures is only part of the requirements to enhance a photocatalytic

system. The other part is the decay mechanism. For Au MNPs and STO, hot

charge carrier injection is most probably the dominant mechanism, as argued in

Paper II. The spectral overlap between the Au MNPs and STO is very limited;

hence the plasmon-induced resonance energy transfer (PIRET) mechanism is

minimal. However, a combination of hot charge carriers and local heating cannot

be excluded. The Cu MNPs and STO overlap is very similar to the Au particle

STO overlap and a similar argument can be made for the copper system.

The Ag MNPs and STO system are slightly different, where particles in

vacuum have a large overlap with STO and embedded a relatively small one.

Hence, particles on the surface have a larger overlap than particles in the bulk,

and the importance of the PIRET mechanism decreases from surface particles

to bulk particles. This creates a more complex decay environment, where it is

impossible to determine the dominant decay mechanism with the experiments

presented in this work. Typically, an insulating layer around the MNPs would

prevent hot charge carriers from being injected into the matrix while, the PIRET

mechanism can still excite an electron-hole pair even with an insulating layer of

up to 25 nm around the MNPs [2]. Unfortunately, with exsolution and GRR,

introducing an insulating layer between the MNPs and the matrix is impractical.
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Figure 5.4: All three graphs show the spectral overlap between STO (blue) and
a nanoparticle in vacuum (dashed orange line) or a fully embedded nanoparticle
(solid orange line) of the same material. The graphs use the results for Ag (a),
Au (b), and Cu (c). The calculations are performed with FDTD.

A second configuration, the two-particle system of two different elements as

observed in Paper I can come in different forms as elaborated in that publication.
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If the two spheres do not touch, theoretical calculations suggest only one peak

in the loss probability spectra. However, if they are touching, two peaks are

expected. This holds true for all positions, i.e., near the Au MNP, near the Ni

MNP, and between the two. Experimentally, the single peak situation has been

observed, indicating that the particles were touching. These particle systems

can be utilized as antenna reactor plasmonic photocatalysts, i.e., like the ones

described in [3, 4], but with a simpler synthesis method.

5.2 Galvanic Replacement Reaction and Secondary Particle

Formation

The secondary particle formation, i.e., the formation of particles because of

GRR, results in two different general configurations. Either the particles are

completely replaced, i.e., in Paper II, and no sacrificial MNPs are found on the

surface, or more complex structures, such as in the case of Paper I, with noble

MNPs and sacrificial MNPs are obtained. The most apparent difference between

the two, besides their stoichiometry, is one set being thin film samples and the

other powder samples; however, closer examination of other samples like the

one in figure 5.1 reveals that A-site excess STO powders also have complete

replacement of the initial surface MNPs. A second difference is the use of

polyvinylpyrrolidone (PVP) which was only used in Paper I but not in Paper II

or any of the additional experiments. Consequently, either the stoichiometry of

the STO or the presence of PVP results in different degrees of electrochemical

etching process described in section 2.3.

The bimetallic nanostructures observed in this work appear not as single

alloys, but rather as two regions, i.e., a Ni- and a Au-rich region. The Hume-

Rothery substitutional solubility rules predict that two metals which have a

different type of lattice structure, an atomic size difference of more than 15%,
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and a high chemical affinity have lower solubility [5]. Furthermore, if the ratio

between the valence electrons to atom is different, the metal with the lower

valency will have a higher solubility and vice versa [5]. In table 5.1, the relevant

details for atoms used in GRR are given. Ni has the same lattice structure and

is 13.89% smaller than Au, while the lattice parameter of Ni (a = 0.3524 nm) is

13.63% smaller than of Au (a = 0.408 nm).

Table 5.1: The type of lattice structure, metallic radii [6], electronegativity, and
ratio between valence electrons to atoms for different elements exsolved and used
in GRR in this work, including Ni, Cu, Ag, and Au.

Element Lattice Size [pm] Electronegativity [7] Ratio
Ag FCC 144 1.93 2
Au FCC 144 2.54 1
Cu FCC 128 1.9 1
Ni FCC 124 1.91 2
Pt FCC 139 2.28 1

Figure 5.5: The predicted Au-Ni phase diagram for bulk material and different
sizes of AuNi nanoparticles. The figure was taken from [8], with permission.

While the electronegativity is different, the Hume-Rothery substitutional

solubility rules predict that Ni and Au can form an alloy, and the phase diagram

given in figure 5.5 confirms it for bulk. However, on the nanoscale, we observed

a hesitancy in forming an alloy, resulting in different structures like flower-like

215



5. Additional Experiments and Summarizing Discussion

and antenna-reactor. Conversely, Pt (a = 0.3924 nm) and Ni have a smaller size

difference, where a Ni atom is 11.79% smaller than a Pt atom, and the Ni lattice

parameter is 10.19% smaller than the Pt lattice parameter. This suggests a

better ability to form an alloy, and we observed a hedgehog structures forming in

Paper I. It is important to note that the Hume-Rothery substitutional solubility

rules do not predict whether a GRR is possible, but whether a bimetallic system

is more likely to form a solid solution or an intermetallic compound [5].

Partial replacement and complete replacement of the less noble metal can be

explained by the different degrees of electrochemical etching process introduced

in section 2.3. The different degree of mixing is related to the Hume-Rothery

substitutional solubility rules; however, the antenna-reactor particles with no

touching Au and Ni seen in Paper I may also be the result of galvanic deposition.

Analogous to the paper in appendix B, oxygen vacancies in the LSTO are created

and may be present at the surface of the material, and the surrounding Ti could

be present as Ti3+ with a neutral oxygen vacancy. It is interesting to note that

this behavior has only been observed on LSTO, but not on A-site excess STO. It

has previously been reported that La-doping promote the transformation of Ti4+

to Ti3+, but it is yet unclear if a neutral V×
O is present, and allow the adsorbtion

of the Au on the surface and particle growth by oxidation of the surrounding

LSTO surface, similar to appendix B. In that case, the STO without La has no

stable site for the Au to adsorb and consequently does not show any of these

deposited particles.

5.3 Copper, Ruthenium, or Silver Doped Thin Films and Iron

Doped Powder

Additionally to the Cu-containing powder samples and all the samples presented

in the publications, Cu-containing A-site excess STOCu (Sr1.07Ti0.93Cu0.07O3±δ),
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Ru-containing A-site excess STORu(Sr1.07Ti0.93Ru0.07O3±δ), Ag-containing A-

site excess STOAg (Sr1.07Ti0.93Ag0.07O3±δ), and Fe-containing A-site excess

STOFe (Sr1.07Ti0.93Fe0.07O3±δ) thin films were made. These thin films were

deposited in oxygen atmosphere (5 × 10−2 mbar) with 3 J cm−2 and a repetition

rate of 10 Hz. 20’000 shots were applied at 9 cm substrate to target. The

resulting thin films were exsolved in a ProboStatTM (NorECs AS, Norway) in

HArmix for 30 min at 800 ◦C. The ramp rate of 5 ◦C min−1 was used to heat

and cool. The surface MNPsS of the Cu, Ni, and Ru doped samples are likely

oxidized after storage in ambient conditions.

The Cu and Ru thin films were subsequently used in photoelectrochemical

(PEC) measurements. An Invium Vertex potentiostat/galvanostat was used

with a standard three-electrode setup with 0.5 M Na2SO4 (pH = 7.5) as the

electrolyte, a saturated calomel electrode (SCE) and platinum foil as the reference

and counter electrodes, respectively. The working electrodes were prepared as

in Paper II. The PEC measurements were carried out under 1 sun simulated

solar light and are shown in figure 5.6. The potentials were corrected against

the reversible hydrogen electrode (RHE), like in Paper II. The photocurrent of

the sample taken at light on 0.795 V - light off 0.785 V is 3.66 nA for the STOCu

sample, with the area and voltage the same as in Paper II. The photocurrent

of the STOCu sample is higher than those of samples with exsolved Ni MNPs

(STONi), and samples with 90s Au GRR (STONiAu90s). However, it is lower

than the one of non-exsolved (STO(Ni)), 5s Au GRR (STONiAu5s), and 30 s Au

GRR (STONiAu30s). The STORu sample is different from the other two, where

no steady-state was achieved during the light on or off stated of the chopped

light measurements, and no photocurrent recombination spikes visible. The

current difference at the same voltages (0.795 V - 0.785 V) as the other samples

is 26 nA. If the current difference is taken at the light switch points (light off to
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on 0.778 V - light on to off 0.799 V) then the difference is 60 nA.

Figure 5.6: Linear sweep voltammetry performance of (a) the STO(Ni), (b)
STONi, and (c)STONiAu30s samples of Paper II. (d) and (e) shows the LSV
sweeps for the STOCu and STORu samples, respectively. All areas were
normalized to be the same as the STONiAu30s sample.

Exsolving Ag MNPs within a thin film was challenging. As seen in figure 5.7,
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after treating an A-site excess thin film doped with Ag in HArmix at 800 ◦C for

30 min, the film shows no columnar growth and no distinguishable MNPs. This

is in contrast to thin films treated similarly but doped with Cu, Ni, Ru, or Fe.

The thin films appeared as nanocrystalline/amorphous as the non-exsolved thin

films reported in Paper II.

Figure 5.7: THe HAADF (a), DF4(b), DF(2), and (BF) (d) STEM image of an
A-site excess STO thin film doped with Ag, after treating in HArmix at 800 ◦C
for 30 min.

Ag MNPs were created by raising the time and temperature of the exsolution,

i.e., to 850 ◦C for 2 h. The particles appear near or at grain boundaries, with

fewer exsolved MNPs than in other samples. It is evident that exsolving Ag from

A-site excess Sr1.07Ti0.93Ag0.07O3±δ is more difficult than exsolving Cu, Ni, Ru,

or Fe. The reason could be a lower Goldschmidt tolerance factor than any the

other factor of A-site excess STO synthesized in this work. Ag nanoparticles have
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been exsolved in powders before, using hot ethylene glycol [9]. A reason for the

difficulty to exsolve could also be a combination of the nanocrystalline/amorphous

thin film on the Si wafer and the smaller Goldschmidt factor, leading to an

initially larger barrier to overcome crystal formation and subsequent exsolution.

Figure 5.8: (Left) A HAADF image and HAADF image with the Ag EDX
spectrum (Middle). The largest particle is about 50 nm in diameter, while there
are several smaller particles. (Right) A BF STEM image of the thin film, showing
no columnar structures like in Paper III.

Fe is the last dopant presented here and exsolved during this work. Iron

substituting the Ti changed the oxygen stoichiometry slightly because Fe can

exhibit two common oxidation states. Any presence of a Fe3+ ion reduces the

number of oxygen vacancies. However, no efforts were made to identify the exact

oxygen stoichiometry of the samples. The samples were exsolved in powder form

at 850 ◦C under H2 flow and studied by TEM, as seen in figure 5.9. The particles

obtained were relatively large, about 50-100 nm in diameter.

All the STO powders and thin films in this work have a variety of

stoichiometries and dopants. Consequently, their Goldschmidt tolerance factors,

introduced in section 2.1, varied. An overview of the different Goldschmidt
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tolerance factors is given in table 5.2. The A-site deficient powder has a lower

tolerance factor, suggesting that the octahedra might tilt and not retain the

perfect cubic lattice structure. In fact, as mentioned in Paper I, an extra

shoulder at the (222) reflection (≈ 86.4◦) has been identified. The extra shoulder

disappears after exsolution. However, since the exact stoichiometry and oxidation

state, and consequently the radii of the species involved are unknown, it is

difficult to attribute a Goldschmidt tolerance factor to these structures. The

A-site excess stoichiometries have tolerance factors close to 1, indicating they

are closer to the cubic lattice. The samples with Ru might have a slightly

disturbed structure with τ > 1, indicating that the TiO6 octahedra slightly

stretched to accommodate Ru. However, as mentioned above, with the apparent

nanocrystallinity/amorphousness of the films may create a situation where even

a small deviation from the ideal structure leads to a larger barrier to overcome

the crystal formation and subsequent exsolution.

Figure 5.9: An A-site STO particle with Fe exsolution BF image overlayed with
Fe EDX map, and two areas of interest are shown on the left. On the right,
the corresponding graphs of the EDX measurements are shown where Area #1
shows a clear Fe peak not present in Area #2

The thin film samples in Paper II appeared nanocrystalline or amorphous,

in contrast to the A-site deficient powders in Paper I. After exsolution, the

dominant phase is the STO phase, while other phases were identified. This is
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unintuitive when just observing the tolerance factor of the stoichiometries at

hand. The lack of any XRD peak suggests that the interaction between the

substrate and the material deposited does not force a particular orientation.

However, the conditions during exsolution, specifically, the elevated temperature,

are enough for crystal growth. The additional 200 ◦C during exsolution compared

to the deposition temperature allows the formation of larger domains, appearing

columnar shaped. The appearance of columns could indicate that the interaction

between the substrate and the STO leads to a preferential crystallization direction.

Columnar growth of thin films has been observed in other systems grown on

Si wafers, like ZnO on Si wafers [10, 11]. It has additionally been shown that

on different substrates, i.e., gallium arsenide (GaAs), the presence of SiO2 is

beneficial [10]. The crystal quality increases in these depositions while the c-axis

is oriented perpendicular to the surface, like in samples where ZnO is deposited

directly on Si wafer [11]. The STO thin films grown on Si wafers in this study,

while present, appears less oriented, with XRD spectra showing a multitude of

different phases. The presence of a Si Sr O phase identified as 3 SrO· SiO2 in

Paper II in several thin films and the mismatch between the cell parameters

suggest that the influence of the substrate on the crystallization orientation is

minimal. It should further be noted that the RP phases can be identified by

XRD but were not detected by TEM.

Independent of the form of the samples, exsolution occurred. The conditions

were different, as described in chapter 3. The difference in requirement for a

successful exsolution originates in the different sample geometry. The sample

geometry during exsolution within the Probostat refers to the fact that the

surface of a thin film is planar and directly exposed to the atmosphere. In

contrast, the powders were typically piled up or, in the CaH2 cases, pressed into

a pellet. The surface area of loose powder is much higher than the surface area
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of a planar thin film; however, densification either prior or during exsolution

may change this. Previously, exsolution has been reported for powders by, i.e.,

Neagu et al. for La0.4Sr0.4NixTi1–xO3–δ at 930 ◦C in dry 5% H2/Ar for 20 h [12].

While exsolution occurred faster and at slightly lower temperatures in the case

of our powders, the parameters are similar to the literature values.

Table 5.2: The Goldschmidt tolerance factors, τ , of the different stoichiometries
considered in this work, the form (P for powder, TF for thin film) of the sample,
and the part of the thesis the samples can be found are displayed. The A-site
excess factors are calculated assuming the excess A-site excess exists as RP
phase. It is assumed that all oxygen-sites are filled. The ionic radii are from
Shannon [13].

Stoichiometry τ Form Work
La0.6Sr0.2Ti0.9Ni0.1O3–x 0.879 P Paper I
Sr1.07Ti0.93Ag0.07O3±x 0.990 TF chapter 5
Sr1.07Ti0.93Cu0.07O3±x 0.997 P, TF chapter 5
Sr1.07Ti0.93Fe0.07O3±x 0.996 P chapter 5
Sr1.07Ti0.93Ni0.07O3±x 0.999 TF Paper II, Paper III,
Sr1.07Ti0.93Ru0.07O3±x 1.001 TF chapter 5

Figure 5.10: Three different powders are shown. They are (from left to right)
A-site excess STO with Fe MNPs, A-site excess STO with Ni MNPs, and A-site
excess STO with Cu MNPs.

Another property some powder samples exhibited are magnetic properties,

as seen in figure 5.10. This effect was not only limited to the A-site excess

STO with Fe MNPs, but also for similar powders with Ni MNPs or Cu MNPs.
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5. Additional Experiments and Summarizing Discussion

Non-exsolved samples did not exhibit any attraction by magnets. It should be

noted that STO powders appearing gray after exsolution, indicating a lesser

degree of reduction, also showed no magnetic properties.

Their magnetic properties appeared to be proportional to the degree of

reduction, i.e., black STO with Ni particles was magnetic, while gray STO with

Ni particles was less magnetic. The magnetic properties are not surprising for the

Sr1.07Ti0.93Fe0.07O3±x and Sr1.07Ti0.93Ni0.07O3±x stoichiometries because both

Ni and Fe are ferromagnetic. However, exsolving Sr1.07Ti0.93Cu0.07O3±x leads

to Cu MNPs on STO, where Cu is diamagnetic. The question of where the

magnetic properties come from for all samples is complicated. Certain MNPs can

have magnetic properties, but also the matrix, e.g., Ti3+, can have a magnetic

moment. Consequently, the particle size, strain effects, and location of the

particles (surface or bulk) influence the magnetic properties. The deconvolution

of the different origins of magnetism is beyond the scope of this work but is

potentially interesting for applications involving magnetic fields.
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Chapter 6

Conclusions

Increasing the efficiency of photocatalysts is a promising contribution to

gaining independence from fossil fuels. In this work, well-known concepts

such as galvanic replacement and exsolution have been combined and applied

to create plasmonically active metal nanoparticles (MNPs) able to increase

the photoelectrochemical response of strontium titanate (STO). Exsolution

was achieved for Ni, Cu, Ag, Ru, and Fe. The crystallization of the thin

films themselves assisted the exsolution process. If the STO thin films remained

nanocrystalline/amorphous no exsolution occurred. Immediately after exsolution,

galvanic replacement reaction (GRR) needs to follow to prevent the formation

of an oxide layer on the exsolved MNPs while in air. GRR was employed to

introduce noble metals, Au, Ag, and Pt, where the shape of the resulting particles

is dependent on the replacement conditions, e.g., time or soluble polymers

(PVP). The shape and geometry of the plasmonic active Au or Ag MNPs directly

influence the localized surface plasmon resonance (LSPR) response and resulting

enhancement of the photocatalyst.

The size dependency of the LSPR response of MNPs was exemplified by

Au MNPs. All samples with Au MNPs and particle diameters below 50 nm

outperformed the corresponding reduced STO, while larger particles appear to

be detrimental for the photoelectrochemical (PEC) response. Reduced STO

thin films with Cu MNPs have a larger PEC response than the equivalent Ni

thin films or thin films with large Au particles. For A-site excess STO thin

films, we also confirmed that too small or too large particles lead to a reduced
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performance, indicating an ideal particle size. The response of Ag and Au

particles differs significantly, where the LSPR of Au is at lower eV than Ag.

Moreover, calculations suggest that spherical Au particles on STO have one

peak, while a spherical particle of Ag has multiple peaks.

The geometry and composition of the MNP influence the LSPR band shape

and peak position. Larger particles show multiple peaks, while smaller spherical

ones tend to have only one. Partially burying the plasmonic MNPs increases not

only their stability but also their LSPR response. The approach of exsolution

and GRR allowed the incorporation of well-socketed Au and Ag MNPs on

STO difficult to achieve by other means; particles, which, at least according to

the computational models, have a larger absorption cross-section. While Ag

and Au can be exsolved, it is more difficult and requires more noble metals

than the introduction of Ag or Au MNPs by GRR. This work introduces a

method offering the unique opportunity to optimize bulk and surface MNPs.

The choice of dopant, pre-exsolution annealing, and exsolution parameters allow

the design and synthesis of tunable, functional materials while the subsequent

GRR introduces a further degree of tunability, resulting in a wealth of potential

structures.

The minimal engineering of the approach described in this work makes it

a versatile method, capable of performing in a plethora of applications, e.g.,

Pt MNPs, Au MNPs, or Ag MNPs. Simple changes, such as stoichiometry

and form of the host, exsolution parameters, and GRR parameters lead to a

variety of structures, including the ladybug, flower-like, antenna-reactor, or

completely replaced MNPs, opening opportunities for new designs of materials

and applications with tunable catalytic activities. Calculations can indicate

potential candidate structures, and experiments can confirm them, while

experimental data can be rationalized by computational methods.
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Chapter 7

Outlook

A next step is to optimize the reaction parameters for the desired perovskite and

metal nanoparticle (MNP) element and design the system for an economically

competitive device. This includes stoichiometry of the perovskite, degree of

reduction, electrolyte composition (e.g., surfactants, complexing agents, soluble

polymers, etc.) of the galvanic replacement reaction (GRR), and geometry

and composition of the plasmonic nanoparticle. More specifically, the choice of

dopant to be exsolved is responsible partially for the bulk behavior of the powder

or thin film. There are a variety of possible additional elements that can be

used, i.e., Co [1], Rh [2], or Pd [3] would be of interest because of their catalytic

applications. Co-exsolution, exsolving two elements simultaneously, would allow

more complicated structures, potentially even tri-metallic structures, if GRR is

utilized in addition. Structures previously synthesized by more complex synthesis

methods, e.g., Pd-Co-Au trimetallics synthesized by micro-emulsion [4], could be

achieved, that in addition can be made as supported multimetallic nanoparticles.

Utilizing exsolution in thin films leads to opportunities unavailable in powder

exsolution because thin films have a defined direction from the surface to the

interface with the substrate. As introduced in section 2.5, plasmonic MNPs can

be designed based on their purpose, for example, to reflect light. A multilayered

thin film, consisting of regions of different concentrations or regions of different

dopants, allows the specific design of exsolved particles based on their location

relative to the surface. GRR can also be included to modify the surface MNPs

creating almost unlimited possibilities to design a thin film swarmed by a
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multitude of different MNPs.

Control of the GRR, specifically to what extent the replacement takes place,

would allow the selective design of surfaces where, for example, the ladybug-like

structure is to be the dominant one. To unlock the ability to tailor the surface

of a powder or thin film to an application, the role of the matrix and the GRR

electrolyte composition should be studied. Antenna-reactor structures can be

achieved by choosing these parameters correctly, leading the way to synthesize

structures, i.e., like the Ag-Rh antenna-reactor MNPs previously achieved by

pulsed laser synthesis [5], or Cu-Ni or Cu-Co antenna-reactor as shown in [6].

However, pressing questions remain. How can the ideal parameters for exsolution

and GRR of multimetallic systems (two or three metals) be determined? Can

a reliable synthesis of one particular multimetallic nanoparticle configuration

achieved over a macroscopic sample? Can computational methods be employed

to find the synthesis parameters for multimetallic systems?

New catalysts, more stable catalysts, utilizing lower amounts of precious

metals, and the versatility to change the activity by simple adjustments

can emerge from the work presented here. Moreover, plasmonically assisted

photovoltaic devices can use similar MNPs to increase the conversion efficiency.

Different geometries, such as the antenna-reactor geometry, may also have

advantages for specific applications, e.g., H2 generation, CO2 reduction, or NH2

fixation to NH3, and investigating their reliable formation of them should be

prioritized. Overall, pairing the simplicity of synthesis of the desired MNP

system and the potential to reduce the quantity of noble metals needed per

device together with the large-scale setup demonstrated by Domen et al. would

not only make further investigations of these material systems attractive in a

plethora of fields but also be potentially industrially highly relevant.
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7. Outlook

References

[1] Hou, W. et al. “Perovskite with in situ exsolved cobalt nanometal
heterostructures for high rate and stable lithium-sulfur batteries”. In:
Chemical Engineering Journal vol. 409 (2021), p. 128079.

[2] Kim, M. et al. “Direct Observation of Rhodium Ex-Solution from a Ceria
Nanodomain and Its Use for Hydrogen Production via Propane Steam
Reforming”. In: ACS Applied Materials & Interfaces vol. 13, no. 41 (2021),
pp. 48508–48515.

[3] Li, J. et al. “A Highly Efficient and Robust Perovskite Anode with Iron–
Palladium Co-exsolutions for Intermediate-Temperature Solid-Oxide Fuel
Cells”. In: ChemSusChem vol. 11, no. 15 (2018), pp. 2593–2603.

[4] Sharma, G. et al. “Revolution from monometallic to trimetallic nanopar-
ticle composites, various synthesis methods and their applications: A re-
view”. In: Materials Science and Engineering: C vol. 71 (2017), pp. 1216–
1230.

[5] Kane, K. A. and Bertino, M. F. “Pulsed laser synthesis of highly active Ag–
Rh and Ag–Pt antenna–reactor-type plasmonic catalysts”. In: Beilstein
journal of nanotechnology vol. 10, no. 1 (2019), pp. 1958–1963.

[6] Xu, Y. et al. “Boosting the on-demand hydrogen generation from aqueous
ammonia borane by the visible-light-driven synergistic electron effect in
antenna-reactor-type catalysts with plasmonic copper spheres and noble-
metal-free nanoparticles”. In: Chemical Engineering Journal vol. 401
(2020), p. 126068.

230



Appendices





Appendix A

Double Perovskite Cobaltites
Integrated in a Monolithic and
Noble Metal-Free
Photoelectrochemical Device for
Efficient Water Splitting

Junjie Zhu, Jónína B. Gudmundsdóttir, Ragnar Strandbakke,
Kevin G. Both, Thomas Aarholt, Patricia A. Carvalho, Magnus
H. Sørby, Ingvild J. T. Jensen, Matylda N. Guzik, Truls Norby,
Halvard Haug, Athanasios Chatzitakis
Published in ACS Applied Materials & Interfaces, April 2021, volume 13,
issue 17, pp. 20313–20325. DOI: 10.1021/acsami.1c01900.

IV

The authors collectively acknowledge support from the Research Council of Norway for
the following projects:PH2ON, Grant 288320; FunKey Cat, Grant 299736;Norwegian Center for
Transmission Electron Microscopy, NORTEM, Grant 197405/F50. The assistance of the staff
at Swiss-Norwegian Beamlines (SNBL, BM31; ESRF, Grenoble, France) is also acknowledged.

233





Double Perovskite Cobaltites Integrated in a Monolithic and Noble
Metal-Free Photoelectrochemical Device for Efficient Water Splitting
Junjie Zhu, Jónína B. Guđmundsdóttir, Ragnar Strandbakke, Kevin G. Both, Thomas Aarholt,
Patricia A. Carvalho, Magnus H. Sørby, Ingvild J. T. Jensen, Matylda N. Guzik, Truls Norby,
Halvard Haug, and Athanasios Chatzitakis*

Cite This: ACS Appl. Mater. Interfaces 2021, 13, 20313−20325 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Water photoelectrolysis has the potential to produce
renewable hydrogen fuel, therefore addressing the intermittent nature of
sunlight. Herein, a monolithic, photovoltaic (PV)-assisted water
electrolysis device of minimal engineering and of low (in the μg range)
noble-metal-free catalysts loading is presented for unassisted water
splitting in alkaline media. An efficient double perovskite cobaltite
catalyst, originally developed for high-temperature proton-conducting
ceramic electrolyzers, possesses high activity for the oxygen evolution
react ion in a lka l ine media a t room temperatures too .
Ba1−xGd1−yLax+yCo2O6−δ (BGLC) is combined with a NiMo cathode,
and a solar-to-hydrogen efficiency of 6.6% in 1.0 M NaOH, under 1 sun
simulated illumination for 71 h, is demonstrated. This work highlights
how readily available earth-abundant materials and established PV
methods can achieve high performance and stable and monolithic
photoelectrolysis devices with potential for full-scale applications.

KEYWORDS: photoelectrochemical water splitting, double perovskites, solar cells, earth abundant elements, bias-free water electrolysis,
oxygen evolution reaction

1. INTRODUCTION

Photoelectrochemical (PEC) water splitting is categorized
among the six most promising pathways for the production of
renewable hydrogen gas.1 Solar-to-hydrogen (STH) energy
conversion addresses the intermittent nature of sunlight, as well
as the need for long-term energy storage and on-demand energy
supply.2 Moreover, hydrogen is an important feedstock for the
reduction of CO2 to hydrocarbons as well as in the fixation of N2
to NH3.

3−5

PEC water splitting has roots back in 1972 with the
pioneering work of Fujishima and Honda that spawned the
modern field of artificial photosynthesis.6 Some more recent
major breakthroughs highlighting the importance of PEC water
splitting were demonstrated by Turner and Khaselev, Nocera et
al., as well as van de Krol et al.7−9 In these works, the integration
of “buried” photovoltaic junctions can provide the needed
photovoltage and overpotentials for bias-free water photo-
electrolysis. Immense efforts have since then been devoted to the
electrolysis and photoelectrolysis of water with the key
challenges still found for the complex four-electron oxygen
evolution reaction (OER) and the stability of the
(photoelectro)catalysts.10−12 Additionally, the scarcity of
certain highly efficient catalyst elements, such as Ir and Ru,
renders photoelectrolysis of water nonviable so far. The amounts

of Ir and Ru that are needed to achieve 1 TW of hydrogen
through the state-of-the-art polymer electrolyte membrane
(PEM) electrolyzer represent 180 and 12 years of the current
annual productions of Ir and Ru, respectively.13 Therefore, the
development of efficient and robust catalysts based on earth-
abundant elements is extremely important in order to increase
the share of water electrolysis in the global hydrogen production.
To that direction, oxide perovskites (ABO3) have shown high
efficiency and stability for the OER in alkaline water
electrolysis.14−17 The increasing interest in oxide perovskites
stems from their chemical stability, as well as their structural,
compositional, and electronic versatility.18−20

In this work, we investigate a family of double perovskite
cobaltites as catalysts for the OER in alkaline media at room
temperature. This work is inspired by recent advances in proton
ceramic fuel cells and electrolyzers (PCFC and PCEs) that
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operate at elevated temperatures, i.e., 350−600 °C.21 The
double perovskite Ba1−xGd1−yLax+yCo2O6−δ (BGLC) has a p-
type electronic conductivity, which is especially important for
the OER, along with a minor partial proton conductivity. BGLC
(x = 0.5, y = 0.2, BGLC587) demonstrated exceptional efficiency
and chemical stability as the anode electrode in PCEs at high
steam pressures.21 Herein, we investigate the efficiency of
BGLC587, BGLC82 (x = 0, y = 0.2) and BGLC37 (x = 0, y =
0.7) for the OER at room temperatures. Commercially available
IrO2 powder is used as a reference, and our results indicate that
BGLCs exhibit high intrinsic catalytic activities approaching that
of commercial IrO2. In particular, BGLC587 shows exceptional
operating stability, which is accompanied by surface amorphiza-
tion. The reconstruction of the catalyst surface and formation of
amorphous layers are attracting much attention as they are
highly important to the overall performance of the material. It
has been suggested that in the case of layered oxides and
perovskites, vacant lattice oxygen sites at the surface are
participating in the OER mechanism. Inequality in oxygen
incorporation and evolution rates under current may be
accompanied by uncoordinated cation sites, leading to cation
loss and surface amorphization.22−24 The participation of
oxygen vacancies in the OER is commonly labeled the lattice
oxygen oxidation mechanism (LOM). Although oxidation of
lattice oxide ions is shown to lower the electrode overpotential
with respect to the adsorbate evolution mechanism (AEM), the
amorphization of the surface layers indicate that evolution of
lattice oxygen is faster than incorporation. Hence, the LOM has
a nonfaradaic component proportional to the oxygen loss in the
amorphous layer. Enhancing oxygen conductivity in the
electrode bulk is suggested as a mitigation for oxygen loss24

but should theoretically only increase the nonfaradaic
component and lead to further oxygen depletion from the
electrode material. It may, however, appear as increased oxide
ion conductivity is the cause of lowered overpotential. In reality,
increasing oxygen vacancy concentration increases both oxide
ion conductivity and OER by facilitating more surface reaction
sites (vacancies). As surface amorphization is only initial and
eventually comes to equilibrium with the crystalline bulk,
exchange rates under current must be equal, AEM or
equilibrated LOM is assumed to be dominant, and the current
is all faradaic.
BGLC587 was integrated as the anode electrode in a

photovoltaic (PV)-driven monolithic and “wireless” PEC cell
of minimal engineering, crude handling, and minimal catalyst
loadings. The PV−PEC cell based exclusively on earth abundant
elements for both the OER and hydrogen evolution reaction
(HER) delivered a 6.6% STH efficiency for 71 h under 1 sun
simulated illumination. After the initial 71 h of laboratory
operation, the PV−PECwas exposed to realistic, partially cloudy
conditions with varying light intensities for 8 h. We
demonstrated STH efficiencies ranging between 4.0% and
5.8% for light intensities between 0.2 and 1 sun in Oslo, Norway.
Postoperation analyses highlighted the surface amorphization of
BGC587 that was accompanied by Ba loss. Our work
contributes to further understanding the perovskite-catalyzed
OER, as well as to improving PEC water electrolysis cells for
larger scale applications.

2. RESULTS
The phase composition and structure of BGLC587, BGLC82,
and BGLC37 were examined by high resolution (HR)
synchrotron radiation powder X-ray diffraction (SR-PXD) for

the two former and laboratory PXD for the latter. On the basis of
the sample phase analysis and Rietveld refinement results, it was
found that BGLC587 contains multiple crystalline phases. The
major Bragg peaks are consistent with rhombohedral LaCoO3, a
double perovskite phase, and an orthorhombic Gd0.8La0.2CoO3.
Additional minor peaks were assigned to BaCO3 and Co3O4.
Due to the substantial amount of LaCoO3 in the sample, it was
assumed that the double perovskite phase is La-poor, with a
composition close to orthorhombic BaGdCo2O6−δ (space group
(sg) Pmmm).25 The refined phase fractions account for 50.2(4)
wt % of rhombohedral LaCoO3 (sg R3̅c), 21.9(4) wt % of
orthorhombic BaGdCo2O6−δ (sg P4/mmm), 21.3(3) wt % of
orthorhombic Gd0.8La0.2CoO3 perovskite (sg Pnma, GdFeO3-
type structure), 4.3(2) wt % of BaCO3 (sg Pmcn), and 2.2(1) wt
% of Co3O4 (sg Fd3̅m) (Figure 1a). The refined unit cell volume
of the double perovskite (229.3 Å3) corresponds well with that
reported for BaGdCo2O6−δ (228.6 Å3), thus confirming the
assumption of a La-poor double perovskite formation.
To further investigate the structural characteristics of the

double perovskite, scanning transmission electron microscopy
(STEM)was employed for a more detailed structural analysis on
the nanoscale. Figure 1b and Figure 1c show the high-angle
annular dark field (HAADF) STEM images of BGLC587 with
increasing magnification, revealing the high crystallinity of the
material. High resolution energy dispersive X-ray spectroscopy
(HREDS) atomic mapping of the cations show a structure of
alternating Ba and Co layers, with Co on the B-site and La
weakly distributed over the A-site in both the Ba and Gd layers
(Figure 1d, inset, and additional supplementary HREDS in
Figure S1). These results confirmed the solubility of La in
BaGdCo2O6−δ. Such cation disorder may explain why the
refined overall composition deviates somewhat from the
material’s nominal composition. Specifically, the refined
composition is too rich in La and too poor in Gd and Ba. This
may be due to substitution of La by Gd and Ba in some of the
phases. The phase described as Gd0.8La0.2CoO3 may for instance
be more Gd-rich, with some Ba replacing La in LaCoO3.
However, due to the similar atomic numbers of these three
elements, their X-ray (synchrotron radiation) scattering contrast
is too weak to confirm such a substitution by the Rietveld
refinements. BGLC82 contains the same phases as BGLC587,
except for Gd0.8La0.2CoO3, and has a higher content of the
orthorhombic double perovskite phase, which accounts for
80.0(4) wt % of the sample. Its unit cell volume (229.4 Å3) is
similar to the one observed in BGL587. The remaining phases in
the sample are rhombohedral LaCoO3 (sg R3̅c, 10.5(4) wt %),
BaCO3 (sg Pmcn, 7.5(2) wt %), and Co3O4 (sg Fd3̅m, 2.0(2) wt
%) (Figure S2). The overall refined composition is La-rich and
Gd-poor compared to the nominal composition, which again
may be due to substitution that is difficult to detect with
synchrotron X-rays. The lab-PXD data of BGLC37 did not show
any additional Bragg reflections and were fitted with a single
phase (a tetragonal double perovskite unit cell, Figure S3).
All the major phases are related to the perovskite structure.

LaCoO3 and Gd0.8La0.2CoO3 deviate from the ideal cubic
perovskite symmetry due to tilting of the CoO6 octahedra, which
reduces the symmetries to rhombohedral and orthorhombic,
respectively. The double perovskite phases have layered
structures since the large size mismatch between the A-site
cations induces ordering of Ba and Gd/La (see Figure 1e). The
cation ordering doubles the c-axis, resulting in a tetragonal (P4/
mmm) symmetry. This symmetry may be further lowered to
orthorhombic (Pmmm) by oxygen vacancy ordering along the b-
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axis, resulting in an a2b2c double perovskite structure. This can
be seen in the elemental mapping illustrated in Figure 1d and
Figure S1 for BGLC587 and in Figure S2 for BGLC82. The
larger La is more disordered between the two A-sites in the

double perovskite structure. The overall morphology of the
three BGLC powders and that of commercial IrO2, used herein
as reference OER catalyst, were observed by scanning electron
microscopy (SEM). The double perovskites and commercial
IrO2 show crystal grain sizes ranging from a few hundreds of
nanometers up to approximately 1 μm indicative of bulk
materials (Figure S4). All powders appear with no distinct
differences except that IrO2 has a more conical rather than cubic
appearance.
The composition of BGLC587 was further investigated by

XPS. The XPS investigation did not show strong indications of
more than one chemical state of La, Co, and Gd present in the
BGLC587 sample (Figure S7). Unlike PXD, XPS is not very
sensitive to variations in long-range periodicity, as long as the
local chemical environment does not change substantially.
Compared to the composition found by STEM elemental
mapping (Table S1), XPS detects more La and less Co (Table
S2). This may suggest an La-rich outermost surface, since the
XPS technique only probes a few nm into the material.
Interestingly, the relative composition of Ba and Co found by
XPS is in excellent agreement with the STEM results (Table S3).
In the Ba 4d spectrum (Figure S7), Ba is clearly seen to be
present in two different chemical states, labeled IBa and IIBa. The
IBa component has been previously reported by Xu et al. for Ba
being partially substituted by Pr in Ba0.5Sr0.5Co0.8Fe0.2O3−δ.

26

This suggests that the IBa component may be a result of the
partial La substitution in BaGdCo2O6−δ. Additional details can
be found in Supplementary Note 1.
The OER behavior of the three BGLC compositions against

commercially available IrO2 in alkaline conditions is shown in
the linear sweep voltammetry (LSV) of Figure 2a. The iR
corrected curves are also given (Figure S8), but the electrolysis
system is more accurately represented by the not-corrected
ones.27 All perovskite compositions seemingly outperform the
commercial IrO2 in both the onset overpotential (taken when j
≥ 0.3 mA cm−2)28 and the overpotential needed for 10 mA
cm−2. Table 1 summarizes the overpotentials, the interfacial
kinetics of the OER, and the intrinsic catalytic activities of the
electrocatalysts. The perovskites all show non-iR-corrected Tafel
slopes (Figure 2b) of around 78 mV dec−1, suggesting an OER
mechanism with a two-electron transfer rate limiting step.27,29

IrO2 has a similar Tafel slope of 72mV dec−1 in good accordance
with slopes reported in the literature30,31 but with significantly
smaller exchange current density than the perovskites. We
looked into the intrinsic catalytic activities (ICA) of the BGLCs
at the operating overpotential for 10 mA cm−2 and revealed that
they are indeed inferior but approaching that of IrO2, especially
BGLC587. The ICA of each catalyst was estimated by the RctCdl
product, with units of Ω F that can be rearranged to (s) as the
product reflects the time constant (t) of the studied reaction (see
Table 1). We have already shown the validity of our approach,14

which can be used complementarily with the traditionally
estimated electrochemically active surface area (ECSA) that is
extracted by the capacitance in a nonfaradaic region.27,32

Electrochemical impedance spectroscopy (EIS) can separate
capacitance and charge transfer resistance at any potential;
therefore it can be applied in faradaic regions in contrast to the
ECSA through cyclic voltammetry (CV). We have further
validated our approach, which was applied in the nonfaradaic
region, and the capacitances extracted by EIS are in good
agreement with those from the ECSA (see Figures S9−S11,
Tables S4−S7 and corresponding supplementary analysis). It is
also noted that the capacitances get relatively lower when the

Figure 1. Structure and phase composition of BGLC587. (a) HR SR-
PXD data with the Rietveld refinement results showing the
rhombohedral LaCoO3-related phase (R3̅c, 50.2 wt %), orthorhombic
double perovskite (P4/mmm, 21.9 wt %), Gd0.8La0.2CoO3 (Pnma, 21.3
wt %), BaCO3 (Pmcn, 4.3 wt %), and Co2O3 (Fd3̅m, 2.2 wt %). (b)
STEM HAADF image of the as-received double perovskite. (c)
HRSTEMHAADF image of the as-received double perovskite and (d)
HREDS atomic mapping of Ba, Gd, Co, and La (inset) for the selected
area in the STEM image. (e) Crystal structure of orthorhombic double
perovskite. Rare earth (RE): La and Gd. Additional STEM HAADF
images and STEM nanobeam scanning diffraction data on the as
prepared BGLC587 are given in Figures S5 and S6.
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Figure 2. Electrochemical measurements of the double perovskite cobaltites and IrO2 catalysts and stability performance of BGLC587. (a) LSV curves
at a scanning rate of 10mV s−1 in 1MNaOH. (b) Tafel slopes. The non-iR-corrected curves were used. (c) Galvanostatic stability experiment at 10mA
cm−2 at 1000 rpm and 0.280 mg of catalyst. Hg/HgO (1 M NaOH) was used as the reference electrode. (d) Faradaic efficiency of the BGLC587 on
carbon paper loaded with 2.1 mg cm−2. (e) Postoperation STEM HAADF image of BGLC587. The yellow dashed line emphasizes the border of
amorphous−crystalline layers. (f) HRSTEM image of the crystalline region and (g) HREDSmapping at a subsection of (f), showing postoperation A-
site disorder between Gd and Ba.
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oxides are in the OER region of 10 mA cm−2. This indicates that
not all the surface area of the oxides is electrochemically active
during the OER. From Table S7 it is also apparent that IrO2
shows the highest relative decrease in ECSA. This finding
correlates well with the higher ICA found for IrO2 through the
RctCdl product but also with the lowest exchange current density
for the OER.
Stability measurements were conducted under galvanostatic

conditions at 10 mA cm−2 with a rotating disk electrode (RDE)
and with the same amount of powders of 0.28 mg cm−2 (Figure
2c). Except for BGLC587, the rest of the catalysts were detached
from the surface of the glassy carbon (GC) tip after a few hours
of operation. The experiments were conducted in triplicate, and
representative curves for BGLC82, BGLC37, and IrO2 are given

in Figure S12. All overpotentials for galvanostatic operation at
10mA cm−2 agree well with the ones expected by the LSV curves
of Figure 2a. On the other hand, BGLC587 shows an exceptional
operating stability over the course of the 48 h (Figure 2c), as well
as after 300 cyclic voltammetry (CV) cycles, where 94% of the
initial performance was maintained (Figure S13a). The
performance of BGLC82 and BGLC37 was reduced by 24%
and 17% after 300 CV cycles, respectively (Figure S13b,c). The
faradaic efficiency (FE) of BGLC587 was measured under
galvanostatic conditions at 10 mA cm−2. Although fluctuations
in the oxygen production are seen due to irregular bubble release
and sampling from the headspace of the electrolysis cell, the FE
remained around 100% (Figure 2d) in the studied 3 h window.
Therefore, all of the current can be assigned to oxygen gas

Table 1. Electrochemical Parameters As Estimated by the LSV and EIS Measurements of the Double Perovskites and IrO2

catalyst onset at 0.3 mA cm−2 (mV vs NHE) η at 10 mA cm−2 (mV vs NHE) Tafel slope (mV dec−1), 1000 rpm i0 at η = 0 (mA cm−2) RctCdl − τ (s)

BGLC587 339 470 78 1.6 × 10−5 5.5 × 10−4

BGLC82 348 478 79 1.3 × 10−5 7.0 × 10−4

BGLC37 322 455 79 2.5 × 10−5 11 × 10−4

IrO2 359 487 72 0.4 × 10−5 5.1 × 10−4

Figure 3. Assembly and visualization of the ea-PV−PEC device with BGLC587 as the OER catalyst and NiMo as the HER one. (a) Schematic
presentation of the assembly of the ea-PV−PEC device. For simplicity, not all the layers are mentioned. The illuminated area matched the electrode
area of 4 cm2. (b) Tomography of the ea-PV−PEC device, where the different layers in the range of a few hundreds of micrometers can be seen. It is
noted that the Tedlar layer comprises three layers that are primer (top white area)−PET (middle area)−Tedlar (bottomwhite area). (c) Cross section
STEM image of the PLD-deposited BGLC layer on FTO-coated glass (right) and the corresponding EDS analysis (left). (d) ea-PV−PEC device
configuration with in series connected potentiostat. The p-terminal of theminimodule is short-circuited by the Ag ink with the anode (BGLC on FTO)
and isolated by epoxy (gray part on the BGLC layer). The n-terminal of the minimodule is connected with the working/working sense (W/WS) lead of
the potentiostat, while the uncoated part of the Ti foil is connected to the counter/reference (C/R) lead of the potentiostat. The flow of the electrons
and holes is also mentioned. In this way we avoided having the contacts in the electrolysis solution, but the evaporating electrolyte needed
compensation. The rest of the monolithic device was isolated by EVA and Tedlar sheet, which are not shown for simplicity.
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generation by BGLC587. Any eventual oxygen release from the
initial amorphization of the BGLC surface layers is regarded as
too small to have an impact on overall efficiency. The rest of the
perovskites and IrO2 showed a FE of around 100% for the
studied 2 h window, as can be seen in Figure S12b.
After operation, BGLC587 loses the A-site ordering but

maintains the crystalline perovskite structure, as can be seen in
the HRSTEM image and HREDS elemental mapping for

postoperation powder in Figure 2e−g. Postoperation analysis
shows the expected formation of a thin (approximately 5−6 nm
after 48 h of operation) amorphous layer (Figure 2e), which has
been observed in several other perovskite materials operating in
alkaline electrolytes.16,33−38 The bulk of the BGLC587 grains is
still crystalline, a fact that is supported by STEM images, atomic
elemental mapping (Table S1), and the nanobeam diffraction
line scan from the surface and toward the bulk of the grain

Figure 4. Indoor and outdoor performance of the all earth abundant PV−PEC device of 4 cm2. (a) Current−voltage curve of the Si-MM and current−
potential curves of the BGLC587 anode on FTO (0.023mg cm-2), NiMo cathode on Ti foil, and the expected photocurrent density of the ea-PV−PEC.
(b) EQE and transmittance spectrum of the BGLC-coated FTO glass. (c) Indoor, bias free performance under 1 sun in 1 M NaOH. (d) Outdoor
performance under varying light intensity conditions due to passing clouds. (e) Outdoor STH efficiency under varying light intensity conditions.
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(Figure S14). Quantification based on XPS measurements of
BGLC587 pre- and postoperation also finds a decrease in Ba
content postoperation (Table S3 and Supplementary Note 1), in
excellent agreement with the STEM elemental mapping. The A-
site order-to-disorder transition seen from pre- to postoperation
(Figure 1d and Figure 2g), as well as Ba loss (Table S1), is not
seen to affect the electrochemical performance. The amorphous
surface layers may be beneficial for the catalytic activity toward
the OER,22,23,33,35,36 as before amorphization the BGLC surface
is generally Co-depleted (in agreement with XPS data in Table
S3) and deactivated by excess of Ba, La, and Gd. Moreover, Ba
loss induces cation vacancies, to be charge-compensated by
formation of oxygen vacancies or electron holes. It has
previously been shown that the oxygen nonstoichiometry in
BGLC587 varies little with pO2 at lower temperatures, and it is
therefore expected that Ba loss is compensated by formation of
electron holes,39 which further promote the OER. As mentioned
previously, LOM is responsible for the surface restructuring of
perovskite oxides employed as OER catalysts.24 The faster rate
of oxygen removal compared to oxygen vacancy refilling causes
the formation of uncoordinated cation sites, leading to cation
dissolution and surface amorphization.24 Although we do not
provide direct evidence, our findings corroborated well with the
lattice oxygen oxidation mechanism and Ba loss, inducing
electron holes, therefore facilitating the OER.
A collection of the state-of-the-art perovskites found in the

literature are given in Table S8. It can be seen that BGLC587
shows high catalytic properties for the OER in alkaline media
and shows promising kinetic properties (relatively low Tafel)
and operating stability. Due to the higher La/Ba ratio in
BGLC587 as compared to BGLC82 and BGLC37, the oxygen
nonstoichiometry (and also lattice oxygen variation) is lower for
the former. Still, the higher average A-site valence leaves the
average Co valence lower for BGLC587 at room temperature.
Co valence for BGLC587 and BGLC82 taken at 700 °C is 3.05
and 2.97, respectively,39 calculated to be 3.14 and 3.37 at room
temperature. These values are based on oxygen nonstoichiom-
etry obtained by thermogravimetric analysis in dry air.39 The
inherent oxygen deficiency, mixed valence of Co, and good
charge transfer characteristics between Co and oxygen supports
the generally high electrocatalytic activity of BGLCs.
A PV−PEC device was constructed with BGLC587 deposited

on F-doped SnO2-coated glass (FTO) as the OER electro-
catalyst, and a NiMo film deposited on Ti foil as the HER
electrocatalyst. First, BGLC587 was deposited on the FTO by
pulsed laser deposition (PLD). Then, a mini-PV module was
prepared by four, series-connected solar cells (1 × 1.2 cm2) cut
from commercial p-type monocrystalline Si passivated emitter
and rear cells (PERC) with conversion efficiency of 20.5% (see
connection and cross section details in Figure S15). The mini-
PV module was laminated with standard ethylene vinyl acetate
(EVA) as the encapsulant, cathode substrate (Ti foil) at the
backside, and the BGLC587-coated FTO as the front side. After
lamination, the NiMo HER catalyst was electrodeposited on the
Ti foil of the whole assembly (back side of the layered structure).
The assembling procedure of the whole monolithic device is
schematically given in Figure 3a. A more detailed description of
the assembly of the earth abundant PV−PEC (ea-PV−PEC) can
be found in the experimental part, but in Figure 3b we also
present a cross section of a fully functional ea-PV−PEC, where
all the different layers can be seen. A lower magnification cross
section image taken by an optical microscope of the full
assembly can be seen in Figure S16.

PLD is a deposition technique that achieves high
stoichiometry between the target and the deposited material,
leading to compact films of high quality.40,41 Several PLD
depositions under varying atmospheres were carried out in order
to find the optimal conditions. The most promising results are
presented in Figure S17, while deposition in O2 rich atmosphere
gave the best performing BGLC587 layer. This resulted in a 30
nm film of BGLC587 on the FTO as it can be seen by the cross-
section TEM image of Figure 3c, where a cross-section cut is
prepared by the focused ion beam (FIB) technique. On the basis
of Rietveld refinement of the SR-PXD data and considering
phase fractions as outlined in Suppporting Information, the
theoretical density of BGLC587 is 7.33 g cm−3, and a 30 nm
layer equals to a mass of 0.023 mg cm−2. A brief history of the
cathode development in order to reach to the electrodeposited
NiMo is discussed in the Supporting Information (see Figure
S18, Figure S19, Table S9 and corresponding analysis).42 The
FE of NiMo on Ti foil was also 100% (Figure S20). In order to
record the unassisted photocurrent density of the ea-PV−PEC, a
potentiostat was connected in series, as described in Figure 3d. A
fully standalone version can be constructed in the same way as
the anode side by simply short circuiting the n-terminal with the
cathode.
Before the bias-free, wireless photoelectrolysis of water, the j−

V curves (the current−voltage notation of the solar cells is
distinguished from the current−potential for the catalysts) of
the mini-PV module (Si-MM), NiMo and BGLC587 are
recorded and presented in Figure 4a. Since four crystalline Si
solar cells are series connected, the Voc of the Si-MM reaches
approximately 2.3 Vwith a jSi‑MM of 8.76mA cm−2. The expected
photocurrent density is approximately 5.4 mA cm−2; therefore
an STH of approximately 6.6% is anticipated. Figure 4b shows
the optical transmittance of the glass coated with the thin
BGLC587 layer and the external quantum efficiency (EQE) of
the Si-MM laminated with such a glass. The BGLC587-coated
glass shows over 70% of the transmittance in the visible region,
where the EQE has an excellent response.
The operation of the ea-PV−PEC device under solar

simulated light for more than 70 h is shown in Figure 4c. The
ea-PV−PEC device under bias-free, wireless operation exhibits
photocurrent densities ranging from 5.0 to 5.4 mA cm−2 leading
to a maximum STH of 6.6%, in agreement with the projected
current densities of Figure 4a. Significant fluctuation is observed
though, but it is purely related to electrolyte evaporation. The
geometrical parameters of the ea-PV−PEC and the possibility to
connect the potentiostat in series with the cell in order to record
the photocurrent density had the disadvantage that the ea-PV−
PEC is submerged just enough underneath the surface of the
solution (Figure 3d). It is evident that when electrolyte is added
after prolonged operation, all the active surface area of the ea-
PV−PEC is then fully submerged again, and the photocurrent
returns to its predicted value. Moreover, a constant evaporation
rate is seen by the photocurrent slopes, while the fluctuations are
due to irregular gas release from the anode and cathode surfaces
(the device under operation can be seen in the supplementary
video 1). An additional PV−PEC device was constructed
showing great consistency and reproducibility to the above
mention phenomena and STH efficiency (Figure S21). We also
performed light on/off cycles in the beginning and at the end of
the duplicate assembly to underline that the origin of the
photocurrent is purely due to the incoming illumination. An
actual activity loss can be seen a little after 71 h of operation,
when the ea-PV−PEC does not retrieve the photocurrent
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density of 5.4 mA cm−2 but reaches only 3.9 mA cm−2 after
electrolyte addition (see detail in Figure S22). At this point, the
whole setup was transferred outside for realistic operating
conditions, and the results are given in Figure 4d and Figure 4e.
First, under 1 sun intensity the STH is approximately 5%, as
expected after the indoor performance loss at 71 h (Figure S22).
Second, the photocurrent density fluctuates significantly due to
the passing of clouds but the STH efficiency is kept constantly
between 4% and 5%. This underlines the robustness of our bias-
free, wireless, monolithic device under intense light/shade
periods, which can be perceived as on/off cycles. The expected
STH efficiencies according to the initial performance of the
BGLC587 and NiMo catalysts are in a good agreement with the
outdoor performance of the partially degraded ea-PV−PEC

device (Figure S23). A video from the outdoor performance at
17.00 can be found in Supporting Information video 2.
The amorphization of the BGLC surface during operation in

alkaline conditions is not seen to degrade the performance over
time. This indicates that the surface reaction is well catalyzed by
the AEM even when Co oxide is suspended in an amorphous
matrix of Ba, Gd, and La oxides or hydroxides. But due to high
partial oxide ion conductivity and since the total BGLC layer is
only 30 nm thick, the complete amorphization after 71 h (Figure
S24) leads to an irreversible performance degradation,
emphasizing the significance of crystalline BGLC on cell
performance. SEM observation of the NiMo film also indicates
degradation of the HER catalyst. The EDS analysis shows an
increase in the Ni:Mo ratio from 8.5 to 10.6, as well as an
increase in the detection of the Ti substrate, indicating a partial

Figure 5. STH efficiency and stability benchmarks for a wide range of bias-free photoelectrolysers. (a) Some of the most important works since the
pioneering work of Khaselev and Turner’s. (b) Their operating durations. All works are summarized in Table S10. “Wired monolithic” refers to
photoelectrolyzers where at least one electrode contains a “buried” PV junction and it is wired to the other electrode. “Wired” refers to purely PEC-
based devices that are not assisted by “buried” PV junctions and PV-assisted electrolyzers. Finally, “monolithic” refers to purely tandem designs with no
external wires. The majority of the devices used, either for the anode or cathode or for both electrodes, noble metal-based catalysts. The all-earth-
abundant devices are denoted by green triangles. (c) Apparent H2 production per life cycle of each solar water splitting system taking into account that
in the reported operating times the systems did not degrade. The low-cost category includes systems that use Si-based solar cells, perovskites (although
their market price is currently unknown, we regarded them as low-cost photoabsorbers), and photoelectrodes based on common semiconductors
(BiVO4, Cu2O, etc.). The high-cost category includes III−V- and CIGS-based solar cells.
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loss of the NiMo film during the operation of the cell (Figure
S19 and Table S9). The Si-MM was intact and the j−V
characteristics were not affected (data not shown).

3. DISCUSSION

Figure 5a and Figure 5b highlight the most important works in
the field of unassisted water electrolysis in terms of both STH
and stability of the presented devices since the ground-breaking
work of Khaselev and Turner in 1998.7 Our monolithic, wireless
water splitting device has the second highest STH efficiency
reported so far after the device by Verlage and co-workers in
2015.43 They achieved an STH of 8.6% with a monolithic,
“wireless” water splitting device of 1 cm2. The device was based
on earth-abundant elements exclusively, but it had limited
stability reporting a 10% degradation after 4 h of laboratory
conditions. Our STH of 6.6% is lower by 23%, but it showed no
degradation in electrochemical performance for 71 h operation
in laboratory conditions. Although our device needs 4 times
more area to reach this high STH efficiency compared to Verlage
et al., the cost of our Si solar cell used is negligible compared to a
GaAs-based device (retail price of a triple-junction GaAs solar
cell is ∼$60 for 1 cm2, while a piece of 6 in. Si based high
efficiency solar cell (243 cm2) costs less than $1). The
advantages of series-connected solar cells in terms of complexity
when compared with tandem solar cells are also highlighted by
Jacobsson et al.44 A chemical degradation could however be
seen, as the amorphous surface layer gradually propagated
throughout the thickness of the 30 nm electrode film. The loss of
the crystalline backbone of the perovskite leads to additional
charge transfer losses, a fact that poses important scientific
challenges. Operando investigations of such degradation
phenomena could also provide important insights on the role
of each phase. Such in-depth studies should be further pursued.
Additionally, we have constructed a bias-free, wireless

monolithic device with highly active IrO2 nanoparticles
electrodeposited as the anode electrode45 instead of
BGLC587. The electrodeposition of IrO2 was carried out after
the lamination of the 4 cell connected Si-MM and the
electrodeposition of NiMo in the cathode. The device reached
an STHof 8.4% that is almost as high as themonolithic device by
Verlage et al., but the performance was reduced by 11% in the
course of 24 h. The performance loss was attributed to the IrO2
dissolution, as it could be re-electrodeposited and the perform-
ance be retrieved (Supplementary Note 2).
The high performance of our ea-PV−PEC is also underlined

by the apparent H2 yield given in Figure 5c. The yield of each
system was calculated by multiplying the reported STH with the
operating time in hours. The units could be regarded as yield of
hydrogen in hours of operation showcasing the accumulation of
fuel over the course of a stable cycle of each device. The two
categories are roughly defined by the cost of the photoabsorbers
only, not taking into account the cost of noble metals used as
catalysts. Although the system developed by General Motors
back in 2006 is the only one exceeding our ea-PV−PEC
device,46 it was partially based on noble metals and was not a
monolithic one.

4. CONCLUSIONS

We have demonstrated a state-of-the-art monolithic solar water
splitting device with minimum engineering and low loadings of
novel and earth abundant catalysts. The anode of our ea-PV−
PEC device was based on a new class of double perovskite

cobal t i tes for the OER of the genera l formula
Ba1−xGd1−yLax+yCo2O6−δ (BGLC) and showed high catalytic
activity, reporting a 6.6% STH under 71 h of continuous
illumination. HRSTEM HAADF imaging of BGLC587, which
was the best performing among the presented double perov-
skites, revealed an A-site order-to-disorder transition from pre-
to postoperation that did not affect the catalytic activity for the
OER. On the contrary, the surface amorphization assisted in
exposing the Co species, thus activating the AEM on BGLC,
although a crystalline bulk backbone is necessary in retaining
charge transfer (i.e., electron holes). The loss of Ba is predicted
to lead to further Co oxidation by formation of electron holes to
charge-compensate the cation vacancies. A partial amorphiza-
tion of BGLC587 is most probably related to lower
incorporation than evolution rates in the lattice oxygen
oxidation mechanism under current. Due to fast oxygen
transport in BGLC587, oxygen vacancies at the crystalline
surface can be refilled and the LOM may dominate over AEM
until a critical thickness of the amorphous layer is reached. Given
the thin electrode layer of the ea-PV−PEC, full amorphization of
the 30 nm thick BGLC film led to irreversible activity loss after
71 h of operation. On the other hand, the structure
rearrangement and surface amorphization of OER catalysts are
an open topic and a current knowledge gap that will assist in the
development of catalyst materials of immense activity.23

Further improvements in lowering the overpotentials for the
OER and HER will lead to even higher STH efficiencies and
prolonged operating times by using commercially available and
affordable Si-based solar cells. It is highlighted that the currently
used lamination process shows potential for long-term operation
of such PV−PEC devices in strongly alkaline media. The
integration of high voltage, high current solar cells (e.g.,
affordable III−V semiconductors) can also be facile and can
further boost the performance and also reduce land usage and
costs. Our results are based on simple, scalable processes as well
as on readily available materials that widen up research
possibilities, bridging the gap toward commercially viable solar
water electrolysis.

5. EXPERIMENTAL SECTION
5.1. BGLC Anode Electrode Preparation. BGLC powders

(BGLC587, BGLC37, and BGLC82) were purchased from Marion
Technologies (F) and were used as received. The synthesis can be
performed by the sol−gel citrate method as described in Supplementary
Note 3. BGLC587 was deposited on FTO coated glass by pulsed laser
deposition (PLD, Surface-Tec system, laser Coherent COMPexPro
205F, KrF, wavelength of 248 nm). The films were deposited at 100 °C
in an oxygen-rich environment (0.01 mbar) with 4.5 J cm-2. The
repetition rate was 5 Hz, and the distance between target and substrate
was 9 cm.

5.2. NiMo Cathode Preparation. NiMo was electrodeposited on
Ti foil (thickness 0.025 mm, Goodfellow,≥99.6+%) in a two-electrode
cell according to the procedure described by Fan et al.47 with certain
modifications. The molarities of NiSO4·6H2O (Sigma-Aldrich),
Na2MoO4·2H2O (Sigma-Aldrich), and Na3C6H5O7·2H2O (Sigma-
Aldrich) were kept the same, but the electrodeposition was carried out
stepwise under potentiostatic control at 2.85 V. The Ti foil substrate
served as the cathode electrode, and a Ni foam was used as sacrificial
anode with the nominal area for both electrodes being 4 cm2. Four
electrodeposition steps are discerned with the main difference that in
the two first steps the solution was not stirred, while in the following two
steps the solution was stirred. Each step was applied successively and
lasted for 60 s, and the current ranged between 33 and 40 mA cm−2.
This procedure gave visually the most homogeneous coatings, as well as
optimized performance of the NiMo cathodes.
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5.3. IrO2 on FTO Anode Preparation.Highly active IrO2 on FTO
glass (either stand alone or on the assembled mini-PV module) was
deposited by electrodeposition adapted to the procedures described by
Zhao et al.45 The electrodeposition was carried out in a three-electrode
configuration with the FTO glass, standard calomel electrode (SCE),
and a Pt mesh as the working, reference, and counter electrodes,
respectively. After a brief optimization of the deposition time (see
Figure S17) it was found that 3.5 h at +1.45 V vs SCE produced the best
performing IrO2 film, which did not compromise the transparency of
the FTO glass (see EQE and transmittance spectrum in Figure S29).
5.4. Materials Characterization.HR SR-PXD data for BGCL587

and BGLC82 were collected at BM31 of Swiss-Norwegian Beamlines,
at ESRF in Grenoble (France). Powders were sealed in a boron glass
capillary with an internal diameter d = 0.3 mm and measured over an
angular range of 1−35° 2θ with a step size of 0.006° 2θ with 6
scintillation detectors, each fitted with a Si analyzer crystal in front. The
wavelength (λ = 0.502 18 Å) was calibrated using Si as a standard
material. Laboratory PXD data for BGLC37 were collected in a Bragg−
Brentano geometry with a Bruker-AXS D8 Discovery diffractometer,
equipped with a LynxEye 1D detector, and CuKα_1 radiation was
selected by a Ge (111) monochromator. The angular range used was
10−90° 2θ, with the step size of 0.02° 2θ. Phase identifications from
(SR-)PXD data were performed by search−match with the PDF4-2020
database embedded in the Bruker EVA software. Structure refinements
and quantitative phase analysis were performed by the Rietveld method
in the TOPAS Academic version 5.48 The Bragg peak profiles were
described by Thompson-Cox-Hastings pseudo-Voigt functions,48 and
the backgrounds were fitted with Chebychev polynomials.
STEM work was performed with a Titan G2 60-300 instrument,

operated at 300 kV with 80 pA beam current and 0.08 nm of nominal
spatial resolution. The samples were investigated using data collected
by annular bright-field (ABF), low-angle annular dark-field (ADF), and
high-angle annular dark-field (HAADF) detectors. Chemical informa-
tion was obtained by X-ray energy dispersive spectroscopy (EDS) with
a Bruker SuperX EDS system, comprising four silicon drift detectors.
Convergence angle was set to 21 mrad for EDS and high-resolution and
to 1.75 mrad for nanobeam scanning diffraction. STEM sample
preparation was performed by focused ion beam (FIB) with Ga+ ions
accelerated at 30 kV using a Thermofisher Helios multibeam system.
XPS was performed on a Kratos Axis Ultra DLD spectroscope with

monochromated Al Kα X-rays (hν = 1486.6 eV). Survey spectra were
obtained using pass energy (PE) of 160 eV and step size of 1 eV, while
PE of 20 eV and step size of 0.1 eVwere used for high resolution spectra.
The SEM images were obtained with a Hitachi SU8200 ultrahigh

resolution cold-field emission scanning electron microscope equipped
with a secondary electron (SE) detector under an acceleration voltage
of 2.0 kV.
An operating PV−PEC device was embedded in epoxy, and the cross

section was observed by an optical microscope after standard
metallographic preparation.
5.5. Rotating Disk Electrode ElectrochemicalMeasurements.

The electrochemical experiments were performed in 1 M NaOH
solution in a three-electrode setup provided by Gamry. An RDE with a
GC tip (RDE710 rotating electrode, Gamry Instruments) was used as
the working electrode, and SCEwas used as the reference and a graphite
rod as the counter electrodes, respectively. The standard potential of
the SCEwasmeasured and calibrated against a reference SCE, as well as
a reference Ag/AgCl (3 M KOH) after each experiment. The RDE tip
was coated by the perovskite and IrO2 (Sigma-Aldrich, CAS 12030-49-
8) powders according to the procedure suggested by Zhu et al.34 The
catalyst ink was prepared by adding 10mg of powder in 1mL of ethanol
and 100 μL of Nafion 5 wt % solution. The powder inks were sonicated
for a few hours until a homogeneous suspension was obtained. The inks
were drop-casted on theGC tip (0.196 cm2) by applying 6 μL of ink and
allowed to dry in air. This procedure resulted in a loading of
approximately 0.280 mg cm−2 of the electrocatalyst. For long-term
stability experiments, the same amount of powder was loaded by drop-
casting on the RDE. In this case, Hg/HgO (1MNaOH)was used as the
reference electrode as SCE is not appropriate. The standard potential of
the Hg/HgO (1MNaOH) reference electrode was found according to

our reference SCE. All the electrochemical measurements, such as
cyclic voltammetry (CV), linear sweep voltammetry (LSV), electro-
chemical impedance spectroscopy (EIS), chronoamperometry (CA),
and open circuit potential (OCP), were performed with a Gamry
Reference 3000 potentiostat/galvanostat/ZRA. All overpotentials are
given against the normal hydrogen electrode (NHE) taking into
account that water electrolysis takes place thermodynamically at 1.23 V
vs NHE. Potentials were corrected vs NHE according to the Nernst
equation:

= + +E E V0.059 pH 0.242NHE meas SCE

and

= + +E E V0.059 pH 0.123NHE meas Hg/HgO

5.6. PV−PEC Device Assembling and Performance Testing
Indoor and Outdoor. The mini-PV module contains four pieces of
monocrystalline Si solar cells (1 × 1.2 cm2 each) with shingled
interconnection. The interconnection was realized by Ag nanoparticles
containing double-sided conductive tape (3M, 220-9928). The
interconnection overlap between the solar cells is 2 mm, resulting in
an illumination area of 4 cm2 indeed. The solar ribbon was attached to
p- and n-terminal of the minimodule with the Ag-containing double-
sided tape. The layered structure with the BGLC587-coated FTO,
EVA, interconnected solar cells, EVA, Tedlar sheet, EVA, and Ti foil
(0.025 mm) was laminated at 150 °Cwith standard lamination process.
According to the manufacturer, the Tedlar DyMat CTE white sheet
comprises a top primer layer, which is adhered to a PET (hydrolysis
resistant, electrical grade)midlayer that is adhered to the Tedlar bottom
layer.

After the lamination of the mini-PV module, the deposition of the
HER catalyst took place. The electrodeposition of NiMo was
performed on the Ti-foil as described previously and directly on the
assembled layered structure. After the deposition of the cathode catalyst
on themonolithic device, the ribbon from the n-terminal of themini-PV
module was connected to the cathode electrode, while the ribbon from
the p-terminal was connected to the anode with Ag ink (Loctite). The
ink was applied with brush, and it was cured in air after 2 h. Two layers
of the Ag ink were necessary such that they were finally isolated by
epoxy resin (Huntsman Araldite 2000). In the end, the circumference
of the device was covered by epoxy in order to further protect the
potential shunting due to the liquid.

The STH and PEC performance of the monolithic, wireless PV−
PEC device was measured in 1 M NaOH under illumination of an AM
1.5G solar simulator (Newport Oriel LCS-100). The light intensity was
regularly calibrated by a reference solar cell (Newport 91150V-KG5).
The photocurrent density was recorded by a Gamry Reference 3000
potentiostat, which was connected in series with the monolithic device.
For this purpose, an alternative connection was used in which the
cathode of the monolithic device was connected to the reference/
counter leads of the potentiostat, while the n-terminal was connected to
the working/sense leads. The potentiostat was set to 0 V vs Eref, and the
connections are schematically given in Figure 3d. This series resistance
was not compensated in our results.

For the indoor laboratory experiments, the monolithic, “wireless”
device was inserted without any further modification in an
approximately 300 mL solution of 1 M NaOH in a glass reactor of
approximately 1 L that was equipped with a 5 cm × 5 cm flat quartz
window. For the outdoor experiments under realistic conditions, the
whole setup, including the monocrystalline Si PV reference cell, was
placed side by side on a portable table and taken to the terrace on the
fifth floor of the Oslo Science Park. The proper angle of approximately
45°was adjusted by measuring the light intensity inside the cell, in front
of the quartz window before the experiment was initiated. The angle
was kept constant throughout the experiment, and the sun was tracked
manually. An 8 h long experiment from 10.00 to 18.00 CET was
performed in July 2020 at the location WPR8+RG Oslo. The sunlight
intensity and temperature of the monocrystalline Si PV reference cell
were regularly recorded, while the photocurrent density was recorded
by the Gamry potentiostat as in the indoor experiments.
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5.7. Gas Quantification. The O2 and H2 gases were measured with
an Agilent 3000A Micro GC, and the gas samples were collected
automatically every 5 min from an 80mL headspace. N2 gas was used to
remove the dissolved O2 gas from the solution, as well as the air in the
headspace. The removal of O2 from the electrolysis cell (total volume of
160 mL) was also monitored before the initiation of the faradaic
efficiency (FE) experiments. The working electrodes for the FE
measurements were carbon paper loaded with around 5 mg of each
catalyst powder, while a Pt mesh was used as the counter electrode. The
inks consisted of 160 mg of catalyst powder, 3.4 mL of water, 1 mL of
isopropanol, and 40 μL of Nafion, 5 wt %.49
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Galvanic Deposition of Pt Nanoparticles on Black TiO2
Nanotubes for Hydrogen Evolving Cathodes
Aikaterini Touni,[a] Xin Liu,[b] Xiaolan Kang,[b] Patricia A. Carvalho,[c] Spyros Diplas,[b, c]

Kevin G. Both,[b] Sotirios Sotiropoulos,*[a] and Athanasios Chatzitakis*[b]

A galvanic deposition method for the in-situ formation of Pt
nanoparticles (NPs) on top and inner surfaces of high-aspect-
ratio black TiO2-nanotube electrodes (bTNTs) for true utilization
of their total surface area has been developed. Density func-
tional theory calculations indicated that the deposition of Pt
NPs was favored on bTNTs with a preferred [004] orientation
and a deposition mechanism occurring via oxygen vacancies,
where electrons were localized. High-resolution transmission
electron microscopy images revealed a graded deposition of Pt
NPs with an average diameter of around 2.5 nm along the

complete nanotube axis (length/pore diameter of 130 :1).
Hydrogen evolution reaction (HER) studies in acidic electrolytes
showed comparable results to bulk Pt (per geometric area) and
Pt/C commercial catalysts (per mg of Pt). The presented novel
HER cathodes of minimal engineering and low noble metal
loadings (μg cm� 2 range) achieved low Tafel slopes (30–
34 mVdec� 1) and high stability in acidic conditions. This study
provides important insights for the in-situ formation and
deposition of NPs in high-aspect-ratio structures for energy
applications.

Introduction

Recent studies, mainly carried out during the last ten years,
reflect the unique properties of black titania. Titania is a semi-
conducting material with a large bandgap (3.2 eV for anatase),
and its properties include earth abundance, non-toxicity, and
chemical stability in different media.[1–3] In contrast to the
pristine TiO2, black titania shows metallic-like electronic
conductivity,[2,4,5] which makes it an attractive oxide material for
electrochemical investigations. Its dark color assists the adsorp-
tion of sunlight[6] in a wide wavelength range, from ultraviolet
up to the near-infrared region,[7,8] due to the narrow bandgap
and the mid-gap electronic states.[9] This material has gained
great attention in the field of photocatalysis for the production
of H2 gas during water splitting[3,4,10–13] and decomposition of
organic pollutants such as phenol,[14] toluene,[15] ethyl acetate,[15]

and methyl orange[16] in wastewater treatment. Except for its
importance in the field of photocatalysis, its use expands to a

wide range of applications in the field of electrochemistry, such
as lithium- and sodium-ion batteries,[3,4,17,18] supercapacitors,[19]

and fuel cells.[20]

Various synthetic routes have been reported to synthesize
nanostructured black titania,[2,4,21] such as hydrogenation (H2, H2/
Ar, H2/N2 at high/ambient pressure, H2 plasma),

[18,22–27] chemical
reduction (by Mg, Zn, Li, Al, NaBH4, CaH2),

[5,11,13,15,28,29] laser
ablation/pulsed laser ablation, and electrochemical reduction.[22]

Also, microwave irradiation, ultrasonication,[30] and one-pot gel
combustion have been reported in the literature[2,3,21] for the
production of black titania.

In this work we utilized CaH2 to chemically reduce TiO2

nanotubes (TNT) in order to synthesize electronically conduct-
ing oxides of TNT (bTNT), which can then act as a support for Pt
nanoparticles (Pt NPs) and the resulting electrode as an efficient
cathode for the hydrogen evolution reaction (HER). Despite
porous electrodes suffering from pore clogging when used in
gas-evolving electrochemical reactions, they are often em-
ployed for such reactions since their large electroactive area
offsets gas blanketing effects (see for example the use of
porous/nanoporous Ni electrodes as hydrogen evolution cath-
odes in alkaline water electrolysis[31] or in electrochemical
hydrogenation reactions[32]).

Although Pt/C powder catalysts adhered on the polymer
electrolyte membrane is the common HER cathode choice in
polymer electrolyte membrane (PEM) electrolyzers,[33] there are
a number of other industrial applications whereby platinized Ti
electrodes are used as HER cathodes; these include, for
example, electrooxidation of organics[34] and photoelectrochem-
ical water splitting.[35]

Our previous studies showed that highly oriented anatase
bTNTs towards the [001] direction can be obtained when the
CaH2 is in contact with the material.[5] This is particularly
important as the electronic conductivity of the material is
significantly enhanced, a property that is highly desirable if it is
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to be used as an electrode support. Pt is the state-of-the-art
electrocatalyst for the HER in acidic media based on the
relevant volcano plot.[36–38] In industrial electrolysis/photoelec-
trolysis and electrodialysis applications (where stable cathodes
and anodes are needed, able to perform at high current
densities), Pt particles are usually dispersed on a durable Ti-
based support. The 1D orientation of bTNT exhibits orthogon-
ality to light absorption[26] and provides high surface area,[11]

which is desirable for the dispersion of electroactive nano-
particles, likely to lead to improved performances for the HER at
low mass loadings. On the other hand, the high aspect ratio of
these nanostructures confines the majority of the surface area
and the deposition of NPs along the entire length of the
nanotubes is not straightforward.

Pt deposition on various black titania nanomaterials have
been reported in the literature. Zhang et al.[20] electrodeposited
Pt on hydrogenated TNTs (H-TNTs) and used both as anode and
cathode at polymer exchange membrane fuel cells (PEMFC).
Wang et al.[39] prepared monodisperse Pt nanoparticles on
Ndoped-black TiO2-x by a borohydride reduction method and
tested them for the HER and oxygen reduction reaction (ORR).
Li et al.[40] synthesized Pt/TiO2-x microspheres and used them as
photocatalysts. Recently, Wang et al[41] photo-deposited Pt on
black TiO2 powder for H2 evolution, and Wei et al.

[42] studied the
HER on oxygen vacancy-rich (vO-rich) and oxygen vacancy-
deficient (vO-deficient) TiO2 support deposited with Pt nano-
clusters. Last but not least, other precious metals that have
been deposited on black titania include Rh for HER (by a
sputtering method proposed by Szenti et al.[43]) and Pd for ORR
(on Al reduced-TiO2-x nanobelts via the borohydride method
proposed by Yuan et al.[44]).

Herein and for the first time we take advantage of the
metallic conductivity of oriented bTNTs and we propose the
galvanic deposition/replacement method to deposit Pt particles
on its surface. The galvanic deposition process takes place
spontaneously by mere immersion of the bTNT in a Pt(IV)
complex ion solution, which makes it an easy and simple way
to prepare platinized bTNT. It should also be stressed that the
galvanic deposition is expected to lead to low loading
deposition of the precious metal on the surface of the substrate
and may also allow the formation of Pt NPs in the interior of
the nanotubes. This is because Pt ions are in the liquid solution,
which can flood the pores of the nanotubes and form Pt
deposits that are otherwise impossible for such high aspect
ratio structures. Electrocatalysts prepared by the galvanic
deposition method are reported by Papaderakis et al.[45] Lately,
the galvanic deposition method has also been used by Schmuki
and co-workers[46] to deposit metallic Ir on black titania for the
HER, exhibiting high electrocatalytic performance.

The aim of this work has been the establishment of a simple
galvanic deposition method to prepare metalized bTNT to be
used as electrocatalytic materials. Its objectives have been: (i)
preparation of Pt/bTNT by immersion of freshly CaH2-reduced
bTNT in a platinum chloro-complex solution; (ii) microscopic
and spectroscopic characterization of the material with empha-
sis on Pt insertion into the pores and potential metal-substrate
interactions; (iii) electrochemical characterization of the material

via typical H adsorption/desorption and hydrogen evolution
reactions; and (iv) elucidation of the deposition mechanism by
density functional theory (DFT) calculations.

Results and Discussion

Structural characterization

The overall morphology of different types of samples as
observed by scanning electron microscopy (SEM) can be seen in
Figure 1a–c. Except for the bTNT0 sample, which appears with
the expected hexagonal, honeycomb-like impressions left on
the Ti foil from the bottom side of the peeled off nanotubes
layer, the rest of the samples have the typical features of
nanotubes grown in ethylene glycol-based electrolytes.[47,48] The
top surface has the distinct honeycomb-like morphology, with
increasing pore diameter as the anodization times increased,
and is free of any “nanograss” or other irregular features.[49]

Cross-sectional images revealed close-packed, vertically ori-
ented, and relatively smooth nanotube surfaces of increasing
lengths with increasing anodization times (Figure S1 in the
Supporting Information). The geometrical parameters of the
samples are summarized in Table S1 and are in good
accordance with our previous studies.[47]

An estimate of the true projected area of the samples can
be made by identifying the number of pores per unit area,
calculating their area by means of the typical pore diameter
and subtracting that from the nominal substrate area (see
supplementary note 1 in the Supporting Information). Such an
estimate gives a true geometric area that is 76 and 44% of the
projected nominal area for samples Pt/bTNT5 and Pt/bTNT30,
respectively.

After the galvanic deposition of Pt, the top-view images
revealed that the platinized samples were evenly decorated
with Pt particle aggregates as it can be seen in Figure 1d–f.
More importantly though, the interior wall of the nanotubes
was also partly decorated with some Pt NPs, as it can be seen in
Figure 2. From the cross-sectional SEM images it appears that

Figure 1. Top surface SEM images of (a) bTNT0, (b) bTNT5, and (c) bTNT30,
before and after galvanic deposition of Pt in a solution containing 0.5 mm

K2PtCl6 and 0.1 m HClO4 to form (d) Pt/bTNT0, (e) Pt/bTNT5, and (f) Pt/
bTNT30.
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the Pt NPs have been deposited in a depth of approximately 0.8
and 4.2 μm from the opening of the nanotubes in the PtbTNT5
and PtbTNT30, respectively. The distribution of the galvanic
deposits of Pt NPs on the walls of the nanotubes appeared
graded, suggesting a diffusion-controlled deposition.

Scanning transmission electron microscopy (STEM) observa-
tions allowed to investigate at the nanoscale the electroless
deposition of the Pt NPs on the interior wall of the nanotubes,
as well as the depth range of the deposition. The Pt/bTNTs30
sample, which had the longest nanotubes, was observed, and
Pt NPs with an average size of around 3.5 nm (Figure 3a) were
detected all the way down to the bottom of the nanotubes
(Figure 3b). The high crystallinity of the Pt NPs as well as its
distinct interface with the crystalline TiO2 surface is revealed in
the STEM images of Figure 3a. These results (see also Figure S2)
show an intimate interface between the Pt nanoparticle and the
TiO2 substrate. Lower magnification STEM images in Figure 3c,d
underline the graded deposition of Pt along the nanotube axis.
Close to the opening of the nanotube where the density of the
particles is high, formation of Pt NPs aggregates is seen. It
actually appears that these aggregates may be formed by a
clustering of Pt NPs of around 2–3 nm (refer to Figure S3). This
is interesting as these aggregates seem to provide a high
catalytic surface area and moreover, the particle size matches
the size of the Pt NPs deposited individually at the bottom of
the nanotube. Furthermore, the interplanar distances match
that of metallic Pt and the fast Fourier transform (FFT) suggests
a cubic structure, as it can be seen in Figure S3c,d.

To better visualize the distribution of the Pt NPs a threshold
was applied to the STEM images of Figure 3c,d, and the bright
pixels of each column counted (Figure 3e,f). The result can be
seen in the same figures. The maps below the STEM images

show contour plots of the bright areas in the STEM image, with
green marking the border and yellow the bright region. The
graphs represent the number of bright pixels for each column.
Figure 3e shows an entire nanotube, and a fluctuating, but
ultimately decreasing number of bright pixels from right to left.
Consequently, there is less Pt closer to the nanotube bottom
than on the opening. Figure 3f shows a magnified region of
Figure 3e and exemplifies that the distribution of brighter pixels
across a short range varies significantly, while the mean

Figure 2. Cross-section SEM images of (a,c) Pt/bTNT5 and (b,d) Pt/bTNT30,
and higher magnifications in the designated areas. The formation of Pt
deposits well inside the nanotubular morphology is highlighted. Additional
cross sections showing the whole length of the Pt/bTNT5 and Pt/bTNT30 are
given in Figure S1c,d.

Figure 3. (a) High-resolution STEM high-angle annular dark-field (HAADF)
image of the Pt/bTNT30 depicting a Pt nanoparticle of around 2 nm and its
interface with bTNT. (b) STEM HAADF image of the Pt/bTNT30 sample close
to the bottom of a single nanotube. (c,d) STEM images of different
magnifications of a single TiO2 nanotube from the Pt/bTNT30 sample, with a
contour map of the bright pixels underneath. (e,f) The graphs show the
number of bright pixels at each position in the x direction.
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distribution remains roughly constant. We can see a graded
galvanic deposition of Pt from the opening and across the
nanotube axis following an exponential dependence. This
finding suggests that either the reactivity of bTiO2 decreases
when approaching the bottom of the nanotube and/or the
aqueous electrolyte displacement in the nanotube follows an
exponential decay, assuming fast galvanic deposition kinetics.
Another possibility could also be a depletion of the PtCl6

� 2

concentration along the nanotube axis strong capillary forces
that can flood fast enough with solution these high aspect ratio
structures. It is evident that nano-fluidic studies utilizing our
suggested methodology of in-situ formation of nanoparticles in
the interior wall of such high aspect ratio structures can be
proven of significance, especially for applications in drug
delivery, point-of-care testing, separation, sensors etc.[50,51] We
also used such contour plots to get a better overview on the
size distribution of the Pt NPs from a larger sample area (i. e.
additional STEM images). Figure S4 shows histograms of four
STEM images from the Pt/bTNT30 sample, as well as their sum.
As we can see from the total histogram, most of the NPs have a
diameter between 1 and 5 nm with the maximum being at
2 nm.

The X-ray diffraction (XRD) patterns of the different Pt/bTNT
samples are presented in Figure 4a. The Pt/bTNT0 is not given
for clarity of presentation, as both XRD diffractograms of the Pt/
bTNT5 (short nanotubes of �2 μm) and Pt/bTNT0 (patterned Ti
foil) samples were identical and contained mainly peaks from
the Ti substrate and the Pt particles. In general, the main peaks
were indexed according to the ICDD-JCPD files for anatase,
hexagonal Ti, and cubic Pt, the latter in agreement with the
STEM results above, as it can be seen in the reference curves
included in Figure 4a. The increased intensity of the (004) peak
in the Pt/bTNT30 sample indicates the preferential crystal
orientation of TiO2 along the tube growth direction. This is in
agreement with our previous results, as we have shown that
CaH2 annealing favors the preferential orientation towards the
[004] direction.[5,52] In general, the (101) surface of TiO2

dominates the external surface of anatase (more than 94%),[53]

therefore the increased intensity of the (004) surface compared
to the (101) one in our Pt/bTNT30 further highlights the
strongly oriented nanotube structure.

X-ray photoelectron spectroscopy (XPS) investigations were
conducted in the Pt/bTNT0 and Pt/bTNT30 samples, as they
represent the two limiting cases (patterned substrate and
longest nanotubes, respectively). The superimposed and nor-
malized XPS spectra of the Pt4f5/2 and Pt4f7/2 peaks (Figure 4b)
at 74.5�0.1 and 71.2�0.1 eV show no essential differences in
the line shape and the corresponding binding energies of the
main peak, indicating no differences in the chemical state of Pt
in these samples. Compared to the Pt4f7/2 peak of a clean Pt
standard (Figure 4c), both Pt/bTNT sample show slightly broad-
er peak that may be attributed to chemisorbed O on Pt surface
and/or PtOx.

[54] This is more clearly shown in the peak fitted
spectra of Figure S5a, where the different oxidation states of Pt
are also mentioned. The O1 s peak at 530.7�0.1 eV (Figure 4d)
corresponds to the lattice oxygen in TiO2, while the shoulder at
the higher binding energy of 532.4�0.1 eV is related to

oxygen-deficient sites and/or surface � OH groups.[55,56] As the
difference in binding energies is approx. 1.7 eV this corresponds
well with the presence of oxygen vacancies as molecular
oxygen can be dissociatively adsorbed on the vacant sites (O2�

2 ,
O� ).[56] A deconvolution of the 1 s peak (Figure S5b) shows the
presence of an intermediate peak in the case of Pt/bTNT30,
which can be attributed to adsorbed species and the ex-situ
type of the analysis. The peak at 519.9�0.1 eV is assigned to
the Pt4p3/2.

[57] Finally, the peaks at 465�0.2 eV and 459.4�
0.2 eV correspond to Ti2p1/2 and Ti2p3/2 respectively of TiO2. A
low intensity peak at 454.7�01 eV in the case of the Pt/bTNT0
sample can be assigned to metallic Ti (Ti0) and most probably
related to the Ti foil under a thin bTiO2 film (Figure 4e). We
have not identified any peak related to Ti3+ species in the Pt/
bTNT30, but a slight possibility of such a presence is manifested
by the Ti2p3/2 peak broadening towards lower binding energies
of the Pt/bTNT0 sample (see Figure S5c). However, as no

Figure 4. (a) XRD patterns of the Pt/bTNT5, and Pt/bTNT30 samples. The
insets include high magnifications in the Miller indices of (101) and (004).
The standard JCPDS cards of anatase TiO2 (red), Ti foil (pink), and cubic Pt
(blue) are also given for reference. (b) Superimposed and normalized XPS
spectra of Pt4f5/2 and Pt4f7/2 of the Pt/bTNT30 (dark red curve) and Pt/bTNT0
samples (black curve). (c) Pt4f7/2 peaks superimposed and normalized for
same intensity of the Pt/bTNT30 and Pt/bTNT0 samples as compared to pure
Pt (green curve)-peak maxima were placed arbitrarily at a 0 eV binding
energy in order to compare the peak widths. (d) O1 s peak and (e) Ti 2p1/2
and Ti2p3/2 peaks.
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distinct peak is shown in the spectrum of Pt/bTNT30, the
presence of Ti3+ is considered insignificant a fact that is in
agreement with our previously results and electron para-
magnetic resonance (EPR) measurements, where no Ti3+ signals
were observed (see also Figure S6).[5,58]

Electrochemical results

The electrochemical behavior of three characteristic electrodes
(Pt/bTNT0, Pt/bTNT5, and Pt/bTNT30 and their bTNT substrates)
is depicted in the cyclic voltammetry (CV) profiles of Figure 5.
As it can be seen in Figure 5a, bTNTs of the higher nanotube
length and hence higher surface area have higher capacitive/
pseudocapacitive currents, which is depicted as a higher
capacitive (current) envelope of the voltammograms. The plati-
nized bTNTs exhibit mixed surface electrochemistry of both Pt
(see below H and O electrosorption/electrodesorption) and
bTNT (large capacitive envelope), as it can be seen in Figure 5b
that contains the CVs of all platinized bTNTs. This is more clear
in Figure 5c, which presents the interfacial electrochemistry of
Pt/bTNT5 and, for comparison, that of its respective substrate
bTNT5.

Two sharp shaped and well distinguished reversible peaks
attributed to strong and weak adsorption and desorption of
underpotentially deposited hydrogen atoms (UPD� H) on the Pt
particles appear at around +0.20 and +0.10 VRHE (RHE:
reversible hydrogen electrode). Pt oxide formation takes place
at around +0.95 VRHE, while its reduction is shown at the
distinctive peak of +0.73 VRHE. These typical Pt features are in
accordance with the literature.[38] At the same time, the
characteristic feature of bTNT during the anodic scan at around
+0.50 VRHE (see also Figure 5a) and the high capacitive currents
due to their high surface area are also observed-superimposed
in these CVs.

The electroactive area may be estimated from the UPD� H
peaks of the CVs of the Pt/bTNT, as a monolayer of hydrogen
atoms is adsorbed at Pt surface (corresponding to coverage of
210 μCcm� 2). However, in this case, the high capacitive currents
of the bTNTs, especially in the case of Pt/bTNT30, are likely to
limit the accuracy of such an estimate. Nevertheless, carrying

out this calculation an electroactive surface area (ESA) of
26.463, 28.553, and 1.464 cm2 per nominal cm2 has been
estimated for electrodes Pt/bTNT30, Pt/bTNT5, and Pt/bTNT0,
respectively. The fact that the optimum value of mass-specific
Pt electroactive area has been observed for the Pt/bTNT5
electrode could be explained by the fact that it contains much
rougher deposits than the flat, patterned Pt/bTNT0 electrode
(despite the latter having a larger true projected area and
similar Pt loading). In contrast, isolated Pt nanoparticles within
the long pores of the Pt/bTNT30 electrode may not be fully
wetted or experience ohmic losses through the nanopores and/
or bad electronic contact to the substrate.

Hydrogen evolution studies

Hydrogen evolution was studied by linear sweep voltammetry
(LSV) at a slow scan rate of 5 mVs� 1 in 0.1 m HClO4, recorded
from +0.30 VRHE (potential range prior to hydrogen adsorption)
up to � 0.15 VRHE. Electrochemical impedance spectroscopy (EIS)
spectra were recorded during HER to correct the potential for
ohmic losses and, the solution ionic resistance was estimated at
approximately 3.1–4.3Ω. Figure 6a presents the hydrogen
evolution performance of the Pt/bTNT and their respective
substrates. The valuable contribution of Pt on the electro-
catalytic performance of the platinized samples on HER is
obvious when these are compared to their substrates, the latter
requiring much higher overpotentials to achieve the same
current. Note that in order to reach � 10 mAcm� 2 bTNT require
at least 590 mV, whereas Pt/bTNT 36 mV.

Pt/bTNT30 exhibits enhanced apparent electrocatalytic
performance (i. e., per nominal substrate electrode area)
towards the HER compared to the rest of Pt/bTNT samples. This
should be attributed to the higher overall Pt loading that has
been deposited on this electrode in contrast to Pt/bTNT5 and
Pt/bTNT0, as it will be mentioned below. Their apparent
electrocatalytic activity towards HER is comparable to bulk Pt as
it can be seen in Figure 6a. However, the bulk Pt performance
still appears superior at low overpotential values, but at
� 10 mAcm� 2 an overpotential of 31 mV for bulk Pt and 36 mV
for Pt/bTNT30 is required. This may be due to the fact that

Figure 5. CV profiles of (a) bTNTs substrates, (b) Pt/bTNTs, and (c) Pt/bTNT5 and bTNT5 at 50 mVs� 1 in deaerated 0.1 m HClO4.
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highly active and porous electrodes are more likely to be
blanketed or clogged by evolving hydrogen than a smooth and
flat foil electrode.

Pt mass can be estimated by the inductively coupled plasma
mass spectrometry (ICP-MS) technique as described in the
experimental section below. The results from the ICP-MS
analysis gave 94.38, 18.56, and 22.58 μgcm� 2 Pt for Pt/bTNT30,
Pt/bTNT5, and Pt/bTNT0 respectively. We can observe that a
significantly greater amount of Pt has been deposited via the
galvanic deposition process at the Pt/bTNT with the higher
nanotube length (Pt/bTNT30) than at those with a shorter
nanotube length (Pt/bTNT5) or the patterned electrodes (Pt/
bTNT0). The fact that the short nanotube length electrode (Pt/
bTNT5) exhibits a similar Pt loading to the patterned flat sample
(Pt/bTNT0) may be attributed to the lower (44% of its nominal
value; see Experimental Section) true projected area of the
former (where most deposition occurs), which is offset by a
rougher deposit morphology and (limited) deposition into the
pores. These loadings, together with the electroactive surface
areas estimated by the hydrogen adsorption/desorption charge
(see discussion of interfacial electrochemistry above) give Pt
mass specific (electroactive) surface areas 28, 153, and
6.4 m2g� 1 for the Pt/bTNT30, Pt/bTNT5, and Pt/bTNT0 samples,
respectively.

In Figure 6b Pt/bTNT electrodes are compared accounting
for their Pt mass content. The Pt/bTNT5 electrode exhibits the
highest per Pt mass performance. Similar Pt mass content has
been deposited at Pt/bTNT0 and Pt/bTNT5, but Pt/bTNT5 gives
slightly better results. This leads us to the conclusion that a
length-optimized nanotube substrate assists appropriate Pt
deposition and dispersion and as a result enhances HER
performance in comparison to the patterned substrate. How-
ever, the superiority of the patterned or short nanotube
samples, as far as Pt mass specific activity is concerned, when
compared to the long nanotube sample Pt/bTNT30 (despite the
latter bearing a higher Pt loading), means that it is only the
outer Pt layers that are active, while particles down the
nanotubes are likely to be inoperative due to pore clogging
during hydrogen evolution. Notice that the cross-section SEM

and the TEM images showed Pt particles deposition all the way
down to the bottom of the nanotubes.

The HER is a two-step process; the first step is the Volmer
step [Eq. (1)], based on which a proton (H+) is reduced and
adsorbed on the active site of catalyst surface as a Hads atom
and the subsequent second step involves the evolution of H2
gas. The second step follows either the H+ reduction on Hads
accompanied by an e� transfer [Heyrovsky step; Eq. (2)] or the
recombination of two Hads [Tafel step; Eq. (3)] resulting at the
formation of molecular H2(g).

[37,59–61]

Volmer reaction : Hþ þ e� ! Hads (1)

Heyrovsky reaction : Hads þ H
þ þ e� ! H2ðgÞ (2)

Tafel reaction : 2Hads ! H2ðgÞ (3)

In our work, the Tafel slope is estimated to be 32, 34, and
30 mVdec� 1 for Pt/bTNT30, Pt/bTNT5, and Pt/bTNT0 respec-
tively (Figure 6c), corresponding to the same rate-determining
step of 30 mVdec� 1 of bulk polycrystalline Pt at low over-
potential values.[37,59,62] This value indicates that the reaction
follows the Volmer–Tafel pathway as the rate-determining step
is the Tafel step. This means that the Pt-bTNTs interactions do
not affect/modify the mechanism of HER on Pt at the prepared
electrodes.

In Table 1 data for the hydrogen evolution performance of
similar electrodes are summarized in order to compare results
that are found in the literature with the results of this work for
Pt/bTNT30 and Pt/bTNT5. As it can be seen, the platinized black
TNT electrodes of the present work (prepared via the galvanic
deposition method) exhibits comparable apparent (per sub-
strate nominal geometric area) HER performance with most
titania-based and carbon-based electrodes that appear in the
literature. At overpotential values other than the 30 mV for
which values are shown in Table 1, commercial Pt/C (20% Pt)
electrocatalysts give 115 mAmg� 1Pt at an overvoltage of
15 mV,[63] and 650 mAmg� 1Pt at that of 40 mV,

[64] while the
catalysts of this work exhibit comparable mass performance of

Figure 6. Polarization curves of j normalized (a) per Ti foil geometric area (inset shows the corresponding HER of the bTNT substrates) and (b) per Pt mass vs. E
corrected for ohmic losses recorded by linear sweep voltammetry of Pt/bTNT and Pt bulk at 5 mVs� 1 in deaerated 0.1 m HClO4. (c) Tafel plots of the Pt/bTNT.
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20–76 mAmg� 1Pt at 15 mV and 172–500 mAmg� 1Pt at 40 mV,
respectively.

Stability testing of the Pt/bTNT30 sample was performed
under galvanostatic conditions at � 10 mAcm� 2 for 48 h at the
same experimental acidic conditions of 0.1 m HClO4. Figure S7
shows that after 48 h of operation the potential showed a
minimal increase, clearly indicating the high stability of the
platinized bTNT. Post-operation energy-dispersive X-ray spec-
troscopy (EDS) analysis of the electrode showed no change at
the Pt content, which further indicates the good stability during
HER performance. The stability tests were also carried out in a
Nafion-membrane separated two-compartment cell with no
detectable change observed during the course of the experi-
ment (not presented).

Galvanic deposition mechanism

The initial assumption behind the deposition mechanism
included the oxidation of reduced surface species of bTiO2 by
Pt(IV) cations. The kinetic force behind the galvanic/electroless
deposition was considered to lie in the positive difference
between the standard reduction potentials of TiO2 and Pt(IV). In
our case the reduced surface species on TiO2 are neutral oxygen
vacancies as Ti3+ is apparently not present according to our
XPS and EPR measurements. In order to further elucidate the
deposition mechanism, first-principles calculations were consid-
ered using DFT.

The optimized TiO2 surface structures with three different
facets [001], [100], and [101] are displayed in Figure 7. There are
two types of oxides ion sites for all three facets (marked as O_
2c and O_3c), yielding two types of oxygen vacancies
correspondingly. For both types of neutral oxygen vacancies (
v�O ), they are found to exist as defect complexes composed of
the effective positively charged defect (v��O ) and two electron
polarons at the adjacent Ti atoms (Ti=Ti). These electronic defects
(Ti=Ti) create in-gap states and thereby extend the light
adsorption in the near-infrared region, rationalizing the black
color of the anatase TiO2.

The defect formation energies of v�O are summarized in
Table 2. For each crystal facet, the formation energy of v�O_2c is
significantly lower than that of v�O_3c, showing the strong site
preference of v�O formation. Meanwhile, the formation energy of
v�O_2c also exhibits facet dependency, that is, the formation
energy on facet [001] is significantly lower than those on [100]
and [101] facets. These computational results indicate that the
[001]-oriented TiO2 promotes the formation of oxygen vacan-
cies under the imposed reducing conditions. Thus, our facile
method for the preparation of black TiO2 with tunable crystal
structure is advantageous and matches perfectly with the
simple galvanic deposition method for the deposition of high-
performance catalyst of low loadings (μgcm� 2 range).

To explore the formation process of Pt particles on TiO2, we
calculated the adsorption energy of single Pt atom on the
different facets. It is also assumed that the adsorbed Pt atom
can act as the nuclei for the Pt particles growth. The Pt
adsorption energies are summarized in Table 3.

It is found that the Pt adsorption energies on oxygen-
deficient surface are significantly lower compared to that on

Table 1. HER performance of platinized carbon and titania electrodes reported in the literature and this work.

Electrode η[a]

[mV]
j[b]

[mAmg� 1Pt]
HER conditions Tafel slope

[mVdec� 1]
Ref.

Pt bulk 26 – potential pulses, HClO4 31 [65]
Pt/C (20%wt Pt) commercial 27 112.75 5 mVs� 1, H2SO4 35 [66]
Pt/C (5%wt Pt) commercial 50 137.25 5 mVs� 1, H2SO4 40 [66]
Pt/graphite tubes; electrochemical deposition 18 – 2 mVs� 1, H2SO4 24 [67]
Pt/graphite tubes; electrochemical deposition 66 – 2 mVs� 1, HClO4 24 [67]
Pt/C 81 19.64 2 mVs� 1, HClO4 30.4 [67]
Pt/C commercial 44.17 224.7 20 mVs� 1, H2SO4 – [68]
Pt/Nx:TiO2-x; borohydride reduction 40 157 10 mVs� 1, H2SO4 33 [39]

(vO-rich Pt/TiO2)/GC 60 1250 5 mVs� 1, H2SO4 33 [42]

(vO-deficient Pt/TiO2)/GC 160 – 5 mVs� 1, H2SO4 102 [42]

Pt/bTNT30; galvanic deposition 36 49 5 mVs� 1, HClO4 32 this work
Pt/bTNT5; galvanic deposition 41 206 5 mVs� 1, HClO4 34 this work

[a] Overpotential values required to reach current density of � 10 mAcm� 2. [b] Current density per Pt mass at an overvoltage of 30 mV.

Figure 7. Surface structures of anatase TiO2 with different facets [001], [100],
and [101].

Table 2. Formation energies of neutral oxygen vacancy under dry H2 (H2=

10 bar and H2O=10� 5 bar) at 500 °C.

Oxide ion site Formation energy [eV]
Facet [001] Facet [100] Facet [101]

v�O_2c � 1.55 � 0.63 0.40
v�O_3c 0.70 0.28 1.09
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the pristine surface, showing that the defective surface favors
the Pt adsorption on the surface. Among the three crystal facets
studied and considered herein, the Pt adsorption energy on
oxygen-deficient [001] facet was the lowest compared to that
of other two facets with a value of � 3.39 eV. Furthermore, an
analysis of the charge distribution clearly indicated that the
electrons transfer from v�O towards the Pt atom during the
adsorption process (Figure 8). The excess of electrons on Pt may
additionally promote the reduction of the next adsorbed Pt
ions, promoting the growth of Pt particles. Pt deposition on
bTNT can be described with the following half-reaction [Eq. (4)],
based on which Pt(IV) is reduced as metallic Pt:

PtCl62� þ 2 ð2e� þ v��O Þ ! Ptþ 2v��O þ 6 Cl
� (4)

where the positively charged oxygen vacancy v��O and e- stand
for the neutrally charged oxygen vacancy v�O

� �
. Finally, it is

worth adding that the galvanic replacement process involves a
partial surface oxidation of bTNT at locations nearby to those of
Pt deposition. However, the rest of the material is expected to
be unaffected because the oxide ion mobility at room temper-
ature is very low, therefore the bulk of TiO2 can still maintain
the high oxygen deficiency. Moreover, the loss of electrons
during Pt deposition is compensated during operation as
cathode. These assumptions are macroscopically confirmed by
the clear, not distorted by ohmic losses electrochemistry.

Conclusion

In this work and for the first time, we showed the deposition of
Pt nanoparticles (NPs) across the whole length of high aspect
ratio black TiO2 nanotubes. This was achieved by an in-situ
formation and deposition of the Pt NPs, facilitated by the
galvanic deposition method. Our density functional theory
studies elucidated the synergy between the preferential [004]
orientation and the in-situ formation of Pt NPs. Our results
suggested that localized electrons at the oxygen vacancy sites

can reduce Pt(IV) ions from an aqueous electrolyte solution and
deposit Pt NPs of approximately 2.5 nm. This mechanism and
formation of Pt NPs are favored in the [004] oriented nanotubes
and an exponential deposition profile of Pt NPs along the black
TiO2-nanotubes (bTNTs) has been observed by high-resolution
scanning transmission electron microscopy analysis. Meanwhile,
inductively coupled plasma mass spectrometry measurements
found that the mass loadings of Pt was in the range of a few
tens of μgcm� 2. The prepared platinized bTNT samples were
tested as hydrogen evolution cathodes exhibiting high hydro-
gen evolution reaction (HER) performances, comparable to
state-of-the-art Pt-based cathodes. Their performance could be
tuned by varying the nanotube length, and the best results per
substrate nominal geometric area were obtained for platinized
nanotubes of a length of 10 μm, whereas those per mg of Pt
were obtained for 2 μm long nanotubes. Finally, the good
stability of the platinized bTNT has been witnessed by the
minimal potential change in a 48 h long galvanostatic experi-
ment. This work contributes to the preparation of highly active
HER cathodes based on noble metal catalysts of low mass
loadings by minimal engineering. Moreover, this facile method
of in-situ NPs formation can assist in nano-fluidic studies in
high-aspect-ratio nanostructured materials with applications in
drug delivery, sensors, membranes, and others. Finally, we
provided important insights on the underlying deposition
mechanism, correlated to tunable structural and electronic
properties.

Experimental Section

Chemicals and apparatus

Ti sheet (0.25 mm thick, 99.7% purity), ethylene glycol (analytical
grade), and ammonium fluoride (analytical grade) were purchased
from Sigma-Aldrich. The DC power supply used to prepare titania
nanotubes was by Keithley Instruments (Model 2200–72-1DC).
Calcium hydride (CaH2, �97.0% powder) and potassium hexachlor-
oplatinate (K2PtCl6, �99.9% trace metals basis) were supplied from
Sigma Aldrich, perchloric acid (HClO4, 70%) from Merck, and
hydrochloric acid (HCl, 37% for laboratory use) and nitric acid
(HNO3, 65%) from ChemLab.

Preparation of the Pt/bTNT electrocatalysts

The synthesis of the Pt/bTNT electrocatalysts included the prepara-
tion of the bTNT and the Pt deposition on them via the
spontaneous galvanic deposition method. Self-ordered TNT was
synthesized by the well-established two-step anodization process
of Ti foils. Before anodization, the Ti foils (1 cm×1 cm) were
ultasonicated in isopropanol, acetone, and then water for 15 min in
each solution and left to dry vertically in air. Ti foils were anodized
applying a voltage of 60 V by a DC power supply, in an organic
ethylene glycol solution containing 0.25 wt% NH4F and 2 wt% H2O,
in a two-electrode system. Each Ti foil was placed at a constant
distance of 2 cm from a Pt foil, used as the counter electrode. Ti
foils were anodized in two anodization steps. The first anodization
step lasted 90 min and the oxide layer was removed, revealing a
TNT pattern on the Ti surface. During the second step the patterned
Ti substrate was subjected to the anodization process in a fresh
solution for a further period of time to create stable, self-ordered,

Table 3. Adsorption energies of Pt atom at different TiO2 surfaces.

Surface type Pt adsorption energy [eV]
Facet [001] Facet [100] Facet [101]

pristine surface � 1.75 � 2.02 � 1.02

surface with v�O 2c
� 3.39 � 3.04 � 1.22

Figure 8. Isosurface of neutral oxygen vacancies (v�O ) and a single Pt atom
adsorption on v�O .
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and well-structured titania nanotubes. The growth of the titania
nanotubes was assisted by the already formed TNT pattern on the
Ti substrate. Varying the duration of the second anodization step
resulted in different TNT lengths, with 30, 5, and 0 min correspond-
ing to 10, 2, and 0 μm length of the titania nanotubes, as reported
in a previous work.[47] Note that samples of 0 μm length correspond
to the patterned Ti substrates. The TNT/Ti foils were left in the
same solution for at least 1 h to improve nanotube adhesion. The
thus prepared TNT/Ti foils were placed in a quartz tube in direct
contact with CaH2 and the tube was sealed under vacuum and then
placed in a furnace to anneal the samples at 500 °C for 2 h (with
heating and cooling rates of 1.6 °C min� 1). The TNTs obtained
anatase structure at 500 °C and metallic-like conductivity at the
reducing atmosphere resulted in conductive bTNT (refer to our
electrochemical impedance data in our previous works[5,52]). In this
work these bTNT samples are referred as bTNT30, bTNT5, and
bTNT0, respectively, based on the second step anodization time.

The deposition of metallic Pt was achieved by the galvanic
deposition method. The sealed quartz tube was opened and the
freshly reduced and completely dry specimens were immersed
immediately in a Pt(IV) ion complex solution. This step ensures that
the complex solution fills the TNT pores and the Pt deposition can
happen all the way to the bottom of the nanotube. The N2-
deaerated Pt(IV) solution contained 0.5 mm K2PtCl6 and 0.1 m

HClO4. The galvanic deposition took place at 65 °C for 10 min under
a continuous N2 flow above the solution. The chloroplatinate
solution was deoxygenated with N2 gas to avoid O2 reduction
instead of Pt(IV) reduction, as O2 reduction is a thermodynamically
competitive reaction.

Microscopic and spectroscopic analyses

SEM (Hitachi SU8230, an acceleration voltage of 3 kV) equipped
with EDS was used to analyze the overall morphology and
composition of the prepared electrodes. The cross-sectional SEM
images were obtained after polishing of epoxy resin-embedded
samples in order to obtain true images of the interior of the
nanotubes. STEM was performed with a Titan G2 60–300 instru-
ment, operated at 300 kV with 80 pA beam current and 0.08 nm of
nominal spatial resolution, to obtain the morphology of single
nanotubes and Pt nanoparticles. The samples were investigated
using data collected by annular bright-field (ABF), low-angle
annular dark field (ADF), and high-angle annular dark field (HAADF)
detectors. The crystalline phase of the samples was identified by
XRD (Bruker D8 Discover, Cu Kα1-filters radiation, λ=1.5406 Å,
Bragg–Brentano) with a 0.02° (2θ) step, and dwell time of 10 s
step� 1. For the identification of the chemical state of the sample
surfaces, XPS was performed on a KRATOS Axis UltraDLD using
monochromatic Al Kα radiation (1486.6 eV). Survey and high-
resolution scans were acquired at the pass energies of 160 and
20 eV, respectively. All spectra were acquired at a 0° angle of
emission (vertical emission). The casaXPS software was used for
data processing. The Pt mass loading was determined by ICP-MS, at
a Thermoscientific iCAP Q ICP-MS controlled by Q Tegra Software.
Each sample was subjected to chemical digestion in 4 mL aqua
regia (HCl+HNO3) for 30 min. The leachates were diluted in 2%
HNO3 before measurement.

Electrochemical setup

The electrochemical experiments were conducted in a three-
electrode system to study the platinized bTNTs and their
corresponding substrates. A Pt foil was used as the counter
electrode and a saturated calomel electrode (SCE sat. KCl) as the
reference electrode. All the referred potentials in the plots of this

work are quoted versus RHE (reversible hydrogen electrode) based
on the following Equation (5) (applied for 0.1 m HClO4 and pH=1):

ERHE ¼ ESCE þ E
0
SCE þ 0:059 pH ¼ ESCE þ 0:244þ 0:059 V ¼

ESCE þ 0:303 V
(5)

Note that the equilibrium potential for the hydrogen evolution
reaction in 0.1 m HClO4 at room temperature is shifted at � 0.303 V
vs. SCE and is 0 V vs. RHE. Hence, the applied potential referring to
RHE and the overpotential coincide in the case of HER.

The electrochemical behavior was studied by CV between the onset
of hydrogen and oxygen evolution reactions at a potential scan
rate of 50 mVs� 1 in 0.1 m HClO4. HER was studied by near-steady-
state linear sweep voltammetry (LSV) carried out at a low scan rate
of 5 mVs� 1 up to � 0.45 VSCE in 0.1 m HClO4. After the HER study,
impedance curves were recorded to determine the resistance of
the solution at high frequencies in order to correct the potential for
ohmic losses. EIS experiments were performed in the frequency
range between 100 kHz and 100 mHz in the DC potential range of
� 0.3 to � 0.36 VSCE in 20 mV intervals, recording alternate current
response at an AC voltage amplitude of 10 mV, in order to correct
the uncompensated resistance during the HER. The electrochemical
experiments were conducted with an Ivium Vertex potentiostat/
galvanostat (Ivium Technologies) controlled by Ivium Software.
Also, evaluation of the electrocatalyst stability was carried out at
� 10 mAcm� 2 in 0.1 m HClO4, recording the potential response
during 48 h. All electrochemical studies were carried out at room
temperature (’20 °C). Finally, in order to compare the platinized
bTNTs with the state-of-the-art HER electrocatalyst, a bulk Pt was
scanned at the same conditions using a Pt rotating disk electrode
at 1500 rpm in order to avoid H2 gas blocking of its horizontally
placed surface.

Computational methods

First-principles calculations were performed using DFT as imple-
mented in the VASP code.[69,70] The revised Perdew-Burke-Ernzerhof
(RPBE) exchange-correlation functional[71] was used throughout to
describe exchange and correlation with a Hubbard-U correction
(GGA+U) of 3 eV to Ti3d orbitals. This U value was determined by
using the piece-wise linearity methodology[72] for a single localized
electron in bulk anatase TiO2. The electronic wave functions were
described using a plane-wave basis set with an energy cutoff of
500 eV. The anatase TiO2 with different facet [001], [100], and [101]
were represented as p(3×3), p(3×1), and p(2×3) slabs, respectively.
The neighboring slabs were separated in the direction perpendicu-
lar to the surface with a vacuum layer of 16 Å and a 2×2×1 Γ-
centered k-mesh was used for all calculations.

The formation energies of neutral oxygen vacancies (v�O ) were
calculated according to Equation (6):[73]

DEfvO ¼ EtotvO � EtotPerfect þ mo (6)

where EtotvO is the total energy of a supercell with neutral oxygen
vacancy, while EtotPerfect represents the total energy of the host
supercell. As the experiments were performed by reducing TiO2

with the CaH2 powder, the chemical potential ofmo was calculated
through mO ¼ mH2O � mH2 under a dry reducing condition (H2=

10 bar, H2O=10� 5 bar.) The chemical potentials of mH2 and mH2O are
calculated as following [Eq. (7)]:

m p; Tð Þ ¼ E0 þ Hq Tð Þ � TSq Tð Þ þ RT ln
p
pq (7)
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Hq Tð Þ and Sq Tð Þ of the gas phases are taken from tabulated data.[74]

The adsorption energies (DEad) for a Pt atom adsorbed on the
different TiO2 surfaces were calculated by Equation (8):

DEad ¼ EPt=TiO2 � ð ETiO2 þ EPtÞ (8)

where EPt, ETiO2 , and EPt=TiO2 are the total energies of the individual
Pt atom, TiO2 substrate, and Pt/TiO2 cluster, respectively.

Finally, the gradient in amount of Pt on a single nanotube was
graphically represented by applying a threshold to a dark field
image. The intensity of Pt is much higher than the intensity of the
TiO2 tube in a dark field TEM image. By determining the number of
high intensity pixels for each column of the dark field image, the
distribution of Pt on the TiO2 nanotube can be determined. To
perform this, a python code utilizing hyperspy was used.[75]
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