
Morphology and Dynamics of Supported Metal

Nanoparticles at the Solid-Liquid Interface –

Model Systems for Sustainable Electrocatalysis

Nicolas Walter Herbert Bock

Vollständiger Abdruck der von der Fakultät für Chemie der Technischen Universität München

zur Erlangung des akademischen Grades eines Doktors der Naturwissenschaften

genehmigten Dissertation.

Vorsitzender Prof. Dr. Ulrich Kaspar Heiz

Prüfer der Dissertation 1. Priv.-Doz.Dr. Friedrich Esch

2. Prof. Dr. Klaus Köhler

Die Dissertation wurde am 15.02.2021 an der Technischen Universität München eingere-

icht und durch die promotionsführende Einrichtung der Fakultät für Chemie am 27.04.2021

angenommen.





Abstract

Electrocatalysis promises to be a key technology for a sustainable global energy system.

When it comes to supported nanoparticle catalysts, however, the catalyst-support in-

teraction, especially under reaction conditions, remains poorly understood. This the-

sis explores at a fundamental level three aspects of catalyst control: Particle synthesis,

functional support preparation, and reaction-induced sintering.

First, a novel, atomically precise metal cluster catalyst preparation in solution is

presented, starting from 12-PdII-oxo-metalate precursors. Small size-controlled pal-

ladium(0) clusters are formed by reductive surface polarization on Au(111) support.

The obtained particle morphology can be altered by the presence of hydrogen. Electro-

chemical scanning tunneling microscopy reveals one atomic layer high clusters, which

show distinct swelling at the onset of the hydrogen evolution reaction.

Furthermore, this work introduces the on-surface preparation of semi-conductive

carbon nitride films as novel electrocatalytic support with great potential for the sta-

bilization and functionalization of catalytic metal particles. On Au(111) and highly

ordered graphite, Triazido-s-heptazine is thermally polymerized under nitrogen re-

lease. The high surface interaction on Au(111) allows an extended 2D film growth

with crystalline domains. Alternatively, photoactivation of the reactive azide by UV

light at 110 K leads to an upright reaction intermediate that binds flat after subse-

quent heating. In addition to the vapor-deposition of the precursor, a liquid-based

preparation is established that facilitates the applicability.

Lastly, gold nanoparticle dynamics on glassy carbon supports are studied under

CO2 reduction conditions. Previously observed catalyst aggregation reduces the

catalytic activity. To improve the catalyst-support interaction, the support is modified

by O2 plasma-treatment and sulfur implantation. Both surface functionalizations are

stable throughout the reductive reaction conditions. The oxidized surface shows a

significantly reduced catalyst aggregation and hence an improved chemical turnover.
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Zusammenfassung

Die Elektrokatalyse verspricht, eine Schlüsseltechnologie für ein nachhaltiges globales

Energiesystem zu werden. Bei deponierten Nanopartikeln ist allerdings die Wech-

selwirkung zwischen Katalysator und Substrat, insbesondere unter Reaktionsbedin-

gungen, nur unzureichend verstanden. Diese Arbeit untersucht drei fundamentale

Aspekte von Katalysatoren: Herstellung von Metallkatalysatoren, Entwicklung funk-

tionaler Trägermaterialien und Untersuchung reaktionsinduzierter Partikel-Reifung.

Eine neuartige Deposition von Metallclustern in Lösung aus 12-PdII-oxo-metallate

Molekülen wird vorgestellt. Durch reduktive Oberflächenpolarisation bilden sich

kleine Palladium(0)-Cluster auf einer Au(111) Oberfläche. Die erhaltene Partikelmor-

phologie kann durch die Anwesenheit von Wasserstoff während der Deposition verän-

dert werden. Die elektrochemische Rastertunnelmikroskopie zeigt einlagige Cluster,

die zu Beginn der Wasserstoffentwicklungsreaktion ein deutliches Schwellverhalten

zeigen.

Darüber hinaus wird in dieser Arbeit eine neuartige geträgerte Präparation von

halbleitenden Kohlenstoffnitridfilmen vorgestellt. Diese zeigen großes Potential

sowohl hinsichtlich der Stabilisierung als auch der Funktionalisierung von Metall-

katalysatoren. Auf Au(111) und hochgeordnetem Graphit wird triazido-s-heptazin
unter Stickstofffreisetzung thermisch polymerisiert. Die hohe Oberflächenwechsel-

wirkung auf Au(111) ermöglicht ein ausgedehntes 2D-Filmwachstum mit kristallinen

Domänen. Eine alternative Aktivierung der reaktiven Azidgruppe mit UV-Licht bei

110 K zeigt ein aufrecht stehendes Reaktionsintermediat, das sich nach anschließen-

dem Aufheizen komplanar zur Oberfläche anordnet. Neben dem Aufdampfen des

Ausgangsstoffes ist eine Präparation aus Benzol möglich, die die Anwendbarkeit er-

leichtert.

Schließlich wird die Dynamik von Gold-Nanopartikeln auf Glaskohlenstoff unter

CO2-Reduktionsbedingungen untersucht. Die zuvor beobachtete Katalysatoraggrega-

tion reduziert die katalytische Aktivität. Um die Interaktion zwischen Katalysator

und Substrat zu verbessern, wird der Glaskohlenstoff mit O2-Plasmabehandlung und

Schwefelimplantation modifiziert. Beide Oberflächenfunktionalisierungen sind unter

den Bedingungen der reduktiven Reaktion stabil. Die oxidierte Oberfläche zeigt eine

deutlich geringere Katalysatoraggregation und damit einen verbesserten chemischen

Umsatz.
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1. Introduction

1.1. Motivation

Anthropogenous impacts on the earth’s ecosystem lead to climate change and mass

extinction.[1,2] The exploitation of fossil fuel – both for the production of energy

and chemical feedstock – causes the emission of greenhouse gases and has been

identified as the main climate change accelerator, besides deforestation and intensive

land cultivation. Concerning energy production, current efforts focus on switching

to renewable electricity sources. However, one must be aware that the electricity

sector accounts only for approximately 12% of the global energy demand (2.1 out of

17.6 Terawatt in 2010).[3] While still 66.3% of electrical energy are produced from

fossil fuels,[4] the possible expansion of sustainable energy production by additional

wind turbines, photovoltaic collectors etc. is well established from a scientific and

technological point of view.

The major climate-changing impact is still related to the chemical feedstock pro-

duction. 90% (150 million tons) of all greenhouse gas emissions in Europe can be

traced back to the production of 26 chemical compounds.[5] The majority of them are

used for fertilizers, polymers, and basic organic or inorganic substances, which are fur-

ther processed for consumer products like personal care items, food preservatives, and

furnishings.[6] Even in regions with low to moderate population and wealth growth

such as Europe, the chemical production of these compounds is still growing and ex-

pected to reach greenhouse gas emissions of 200 million tons by 2050, if no retrofits

take place.[5]

In order to replace the majority of fuel-based production processes of chemical feed-

stock, new technological approaches are needed. While photocatalysis promises a di-

rect chemical conversion by sunlight, its efficiency strongly depends on the geographic

location and seasonaly heavily varying day-night cycles. While this holds also for the

renewable electricity production, electric power can be stored and transported. Al-

though the conversion of chemicals by renewable electricity might indicate a reduced

efficiency at first glance, due the additional energy transformation, electrocatalytic

processes promises high faradaic efficiency and chemical selectivity, needed to com-

pete with fossil fuel-based chemicals. In this way, the chemical feedstock production

could even be used as a long-time energy buffer, in addition to established short-term

storage systems, such as batteries and pumped-storage power plants. Electrocatalysts
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Introduction

are well-suited for such a purpose, as they require little ramp-up times compared to

thermocatalytic processes, that need a time-consuming warm-up phase. In order to

substitute energy-intensive high-pressure or thermochemical processes, which could

as well be driven by renewable electric energy, although at higher energy consumption,

chemical transformations induced directly by electric current are the most promising

approach.

1.1.1. Electrosynthesis: New Approaches to Chemical Feedstock

Electrosynthesis allows well-established renewable energy sources, such as wind, hy-

dro, and solar energy to directly power chemical transformations. Replacing thermo-

catalytic processes itself already results in reduced CO2 emissions, but this impact

could dramatically be improved if also the starting chemical materials would be pro-

duced in a sustainable way. This could be achieved by adapting a circular economy

similar to the earth’s hydrological cycle (see Figure 1.1). Atmospherically occurring

N2, CO2, and H2O provide a universal feedstock and could be upconverted to valu-

able chemical products by electrocatalysts, that use the electrical power to promote

the chemical reaction. The resulting fossil fuel-free chemical portfolio is manifold and

allows to derive chemical compounds of global importance, like hydrogen (current

production 50 Mt/year), hydrogen peroxide (2.2 Mt/year), ethylene (115 Mt/year),

propylene (73 Mt/year), methanol (40 Mt/year), and ammonia (175 Mt/year).[3]

Figure 1.1. (Photo)electrocatalysis could play one major role in transforming the current en-

ergy sources to non-petrochemical. From Z. W. Seh et al., Science 2017, 355, 146. Reprinted

with permission from AAAS.
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The electrochemical reduction of H2O results in the formation of H2 (blue arrows

in Figure 1.1), which is an important reducing agent and an excellent energy carrier.

While the current private transportation sector mainly focuses on battery-driven

vehicles, the energy demand for commercial transportation is better matched by

high energy density chemical fuels. A hydrogen-based energy economy has been

proposed already in 1930s.[7] The main process to produce hydrogen up to now has

been the water-gas shift reaction by conversion of natural gas or gasified coal. These

CO2-intensive processes can and have to be replaced today for technological as well as

economical reasons.

The price of proton-exchange membranes and alkaline electrolyzers has decreased

in the last decades by approx. 3 – 5% per annum. As a result, the break-even price

for hydrogen produced by wind energy is currently 3.23 Euro/kg in Germany and is

projected to further decline (see Figure 1.2).

Figure 1.2. Projection of wind energy produced hydrogen break-even price of up to the year

2030 in Germany in comparison with small-, medium-, and large-scale fossil hydrogen supply.

The price of wind energy produced hydrogen is expected to be cost-competitive with large-scale

fossil hydrogen between 2023 and 2029. From G. Glenk, S. Reichelstein, Nature Energy 2019,

4, 216–222. Reprinted with permission from Springer Nature.

Currently, the price for such renewable hydrogen is competitive with that from

small- and medium-scale fossil production and is expected to equal the price from

large-scale fossil production within the next decade. This includes an additional an-

nual cost reduction of 4% for wind turbines.[8] Theoretically, the electrochemical hy-
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drogen generation could be driven at elevated temperatures to reduce the required

electrical bias, but that is only worthwhile if thermal energy is freely available.[7]

Therefore, it could be advantageous to produce hydrogen at geothermic sites or in

combination with exothermic processes, which would result in earlier profitability.

1.1.2. Theoretical and Experimental Approaches in

Electrocatalysis

The crucial compound for electrosynthesis is the electrocatalyst at play. The hydro-

gen evolution reaction (HER), for example, is highly facilitated by the use of noble

metal catalysts which are expensive and hardly accessible in an ecofriendly way. It

is therefore reasonable to replace or at least reduce the amount of noble metal used,

while still maintaining the same chemical turnover. This requires dedicated catalyst

development strategies, exemplified in Figure 1.3 that shows two possible approaches.

Figure 1.3. Strategies to improve catalysts: Either by increasing the intrinsic activity by chang-

ing the chemical state of the catalyst, or increasing the number of active sites by modifying steric

properties. From Z. W. Seh et al., Science 2017, 355, 146. Reprinted with permission from

AAAS.

Changing the number of active sites per mass loading always comes with a geo-

metrical change of the catalyst and/or support structure. A high surface-to-volume
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ratio is generally beneficial, but is constrained by transport limitations of reagent and

products to and from the active site, similar to heterogeneous catalysis in general.

Additionally, the electrical contact of the active site to the external power source is

crucial in electrocatalysis. Ohmic voltage drops in the support can drastically reduce

the chemical turnover at a given potential.[9]

Alternatively, the intrinsic activity of each site can be changed, by tuning the chem-

ical state of the catalyst and thus the binding of reaction intermediates. For exam-

ple, the hydrogen evolution reaction is largely determined by the free energy of hy-

drogen adsorption.[10] On the catalyst surface M this adsorption requires the Volmer

step (H+ + e– +M HM), which is facilitated if hydrogen can bind strongly to the

catalyst. A weak binding, on the other hand, is beneficial during the hydrogen des-

orption, by either the Heyrovsky (HM + H+ + e– H2 + M) or the Tafel step

(2HM H2 + 2M). The catalyst activity can therefore be characterized by a key

descriptor, the hydrogen adsorption free energy. Figure 1.4 shows the hydrogen bind-

ing energies of different metal catalysts with their HER activity. This so called vulcano

plot suggests maximal activity at ∆GH ≈ 0.

Figure 1.4. Estimated hydrogen adsorption free energy of different metals against their exper-

imental HER performance at a given potential on basis of density theory function calculations.

The highest activity was found for ∆GH ≈ 0. Reprinted with permission from E. Skúlason et

al., The Journal of Physical Chemistry C 2010, 114, 18182–18197. Copyright 2020 American

Chemical Society.
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1.1.3. Cluster Catalysis

A common approach to improve the amount of active sites while still using the same

catalyst loading is the systematic reduction of particle size, down to the nanometer

scale. While larger nanoparticles still show properties that can be scaled down from

bulk size properties, electronic and geometrical shell closures come into play, once

sizes of hundred atoms or less are reached. This is the non-scalable size regime of

clusters, that show strongly size-dependent properties, unlike those of the bulk ma-

terial. This can imply drastic variations of catalytic activity by the addition of just

a single atom.[11] For example, Imaoka et al. [12] were able to show that Pt12 shows

a two-fold higher oxygen reduction reaction (ORR) activity compared to Pt13. The

preparation of atomically well-defined supported particles is challenging and the clus-

ter preparation, selection, and deposition protocols have been established in various

ambients. Very versatile vacuum cluster generation techniques in use are based on

laser-vaporization[13], magnetron sputter sources[14], collisional cooling in noble gases

and a possible supersonic expansion. The subsequent mass selection is achieved by

quadrupole mass spectrometry and the clusters are then softly landed on the support

in ultra-high vacuum conditions. Experimental studies on clusters in ambient con-

ditions are then achieved by a transfer from vacuum to ambient environments.[15,16]

Alternatively, clusters can be formed directly in liquids. Common approaches known

from nanoparticle synthesis, like ligand stabilization[17,18] or template synthesis[12,19]

were able to obtain reduced particle sizes to reach atomic numbers smaller than 100.

However, the ligand-assisted preparation allows only clusters with atomic numbers

that have an inherent stability (e. g. Pt13, Pt55). Although with a dendrimer template

also other atomic numbers are possible,[12] a systematic variation of cluster sizes re-

mains challenging. A detailed review of colloidal cluster preparation is given in [18].

1.1.4. Study of Catalyst Morphology – Electrochemical Scanning

Tunnel Microscope

Current challenges in the research on electrocatalysts are manifold. Besides the actual

performance, the morphology and stability of catalysts under reaction conditions are

very important. Nanoparticles with a large surface area are intrinsically metastable.

In order to study fundamental processes, like aggregation or dissolution at the

nanoscale, microscopy techniques are needed. As electrocatalysts are always elec-

tronically conductive, topography measurements can be performed by the scanning

tunneling microscope (STM). On the basis of the pioneering work of Young, Ward,
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and Scire [20] on a spatially resolved field gun, Binnig et al. [21] invented the STM.

It was shown that tunneling electrons allow for STM imaging also at the solid-liquid

interface.[22–24] Sonnenfeld and Schardt [25] were the first to add a salt to the liquid

and to control the potential of the tip and surface with respect to an external reference

electrode. This article was also the first pioneering in-situ study to show the successful

deposition of silver metal in an electrochemical scanning tunneling microscope

(ECSTM). In the following years, STM was mainly applied under vacuum conditions

by the surface science community and atomically resolved electrochemistry remained

rare. This changed with the pioneering work of Möller et al. [26], Baldauf and Kolb

[27], and Tansel and Magnussen [28] showed the potential of combining surface

science techniques in vacuum with the new arising field of surface electrochemistry.

This allowed for a better understanding of surface morphology changes directly under

catalytic conditions.

Besides the structural information, recent ECSTM experiments also provide insights

into the catalytic performance. Pandelov and Stimming [29] used the STM tip as a

microsensor, which can be placed above single catalytically active particles, thereby

oxidizing or reducing to the tip diffusing products. Within the diffusion limitations,

this can give insights in the relative catalytic performance of specific surface features.

Another approach to study catalytic activities was introduced by Pfisterer et al. [30].

They were able to correlate a higher noise in the STM signal with active sites. Here

the noise indicates reactive surface areas in the HER and ORR. This phenomenon is

tentatively attributed to the adsorption and desorption of reaction species during the

ongoing reaction. The reactivity differences of step edges and terraces corresponded

well with integral investigations of stepped single crystal surfaces.[31]

1.2. Scope of the Work

In order to tackle the challenges at hand, this work’s main goal was to establish a

new model catalyst system to investigate fundamental cluster morphology dynamics

during electrocatalysis with local microscopy and integral electrochemical techniques.

Such a model system would enable the further study of catalyst dynamics by means of

fast STM,[32] which allows imaging at video-rate scan frequencies even under reaction

conditions and paving the way for a deeper understanding of the catalyst-support in-

teraction, particle stability, and the catalytic processes at the atomic level. However,

the preparation of well-defined clusters from solution remains challenging and a novel
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preparation approach is therefore explored within this work. Besides the general re-

quirement for an electrocatalyst to be conductive and long-term stable, the surface

of the model system should be atomically flat for ECSTM imaging. As the catalyst-

support interaction is mainly governed by morphology and the support’s chemical

binding sites, different surfaces and modifications were explored. It is the idea of this

approach that the comprehensive mechanistic understanding of the involved reactions

at the solid-liquid interface can be applied to the field of energy conversion and trans-

ferred to develop technical applications with high chemical turnover, selectivity, and

durability.

1.3. Thesis Outline

The used experimental setups, materials, and the data treatment are described in

section 2. The focus is here on describing improved and self-built setups and routines,

while commercial and well-established systems are more briefly specified.

As all projects within this thesis have been performed in a collaborative manner,

each result section is prefaced with a list of contributors and their roles in the project.

Section 3 includes the submitted peer-reviewed journal publication about the novel

solution-based cluster preparation technique, which enables the preparation of small

palladium metal clusters. While this publication focuses on the deposition on gold

surfaces, the use of electrochemically more stable carbon nitride supports might

be advantageous for the use as catalyst support. A bottom-up synthesis of a 2D

carbon nitride film is presented in Section 4. Lastly, in section 5 the dynamics of

nanoparticles on pristine and modified carbon supports is investigated. While most

of the experimental work for this thesis was performed at the Chair of Physical

Chemistry at the Technical University of Munich (TUM), the experiments of section 5

were performed during a research stay at Stanford University with Christopher Hahn,

Jaime Aviles Acosta, and Thomas Jaramillo.
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2. Methodology and Experimental

Setups

2.1. Integral Electrochemical Methods

The basis of most electrochemical experiments is a three electrode setup, which has

been described extensively elsewhere.[33,34] The main components are a working (WE),

counter (CE), and reference electrode (RE), which are all connected to a potentiostat.

At a certain applied voltage between WE and CE, electrochemical processes take place

at the WE, while the concomitant charge transfer is neutralized by an external current

flow towards the CE, that is measured by the potentiostat. The RE allows for the

correct measurement of the WE potential as it is connected via a high ohmic resistance

to the potentiostat and experiences hence a minimal current flow. The potentiostat

regulates the WE potential to a given cell voltage setpoint. The resulting cell current

and cell voltage give insights into the electrochemical behavior of the studied material

at the working electrode.

In the work at hand, three different types of RE were used:

1. Reversible hydrogen electrode (RHE): The pH-independent RHE consists of a

platinum wire which is introduced into a glass reservoir filled with the elec-

trolyte and a hydrogen bubble. The latter can be created by applying a negative

potential to the platinum wire to evolve hydrogen. The RHE is prepared freshly

prior to each experiment. The open circuit potential (OCP) does not depend from

the RHE.

2. Platinum pseudo reference electrode: The OCP of platinum pseudo reference

electrodes depends on the species in the respective electrolyte. As adsorption and

reaction processes can occur also on platinum at certain potentials, the reference

potential is not strictly linear. It is only used for extremely compact experimental

setups.

3. Silver / silver chloride electrode: A double reservoir glass ceramic separated SI

Analytics ScienceLine electrode is used as Ag/AgCl electrode. Similar to the

RHE, the OCP does not depend on the Ag/AgCl electrode.
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Methodology and Experimental Setups

The ideal material for the CE is very conductive and (electro)chemically inert. For

this work, platinum wire was used as a counter electrode as it fulfills the desired spec-

ifications and is easy to clean. Although platinum can dissolve and influence the elec-

trochemistry on the working electrode, it remains a wide-spread CE material in mod-

erate potential ranges. Ideally, a membrane like a glass frit should be used to separate

CE- and WE-reservoir.[35]

2.1.1. Cyclic Voltammetry

Cyclic voltammetry (CV) is the electrochemical technique applied in a three electrode

setup that investigates the interplay between potential-induced faradaic reactions,

capacitive currents, and ion migration. Figure 2.1 exemplarily shows a typical

sequence of a CV measurement, where the voltage is steadily increased, starting

from reducing conditions. The applied potential is swept linearly in a sawtooth time

dependence (I) and the current response is recorded (H). At a given electrochemical

potential, a molecular redox-active species in the electrolyte will undergo a reaction

at the electrode surface. This electron transfer causes an increase in current (point B).

The redox species depletes near the electrode surface until the molecule concentration

of the oxidized form outweighs the reduced form (point C) – see corresponding

concentration profiles. The current response now decreases due to the mass transport

limitation. The same process is reversed after the upper vertex potential (switching

from so-called anodic to cathodic sweep), until the potential reaches its starting point

again. Points A and G can show different current values as a result of a concentration

hysteresis. In addition to the faradaic contribution, also capacitive currents occur due

to restructuring of the electrochemical double layer.

CV can help in understanding electrochemical phenomena on the WE surface re-

lated to both, adsorption and reconstruction processes as well as redox reactions of

dissolved species. Faradaic peaks in the CV correspond to a chemical redox reaction

Ox + ne– Red, which are described by the Faraday equation (2.1).[33]

N =
Q
n ·F

(2.1)

In (2.1), N is the amount of transformed chemical species, Q is the charge, and F is

the Faraday constant.
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Figure 2.1. (A –G) Concentration profiles of the reduced and the oxidized species versus

the distance into the bulk electrolyte (d=0: WE surface). The electrochemical system is excited

with an applied voltage profile (I). The resulting current response is plotted against themeasured

potential in (H). Reprinted modified with permission from N. Elgrishi et al., Journal of Chemical

Education 2018, 95, 197–206 under ACS AuthorChoice license.

The electrochemical redox potential is influenced by thermodynamics, as described

by the Nernst equation (2.2).[33]

E = E0 +
R · T
n ·F

· ln cox
cred

(2.2)

Here, E0 is the standard redox potential, R the ideal gas constant, T the temperature,

n the number of transferred electrons, F the Faraday constant cox, and cred the concen-

tration of molecular species in oxidized and reduced form.

Additionally, also kinetics influence the peak potential. A kinetic hindering of the

electron transfer leads to an overpotential η, that needs to be applied in excess to drive

the reaction at a given rate.[33]

η = E −Eeq (2.3)

Here, E is the actual applied potential while Eeq is the potential observed experimen-

tally at infinitesimal rates. The current response at a given rate is described by the

Randles-Sevcik equation. For more details see [37].

Also the peak shape can give mechanistic insights. An asymmetrical peak with a

very high slope in the onset can for example indicate a reaction of a previously ad-

sorbed species[38] or a reaction at step edges of the surface.[29] The applicability of
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CV is not only limited to faradaic phenomena; CV can also capture capacitive re-

structuring of the double layer and surface changes, like the lifting of the Au(111)

reconstruction.[39]

2.1.2. Impedance Spectroscopy

The measurement of the impedance of an electrochemical system can offer a better

understanding of the chemical composition of bulk and double layer, of adsorption

processes, and of the diffusion of involved ionic species at a given WE potential.

Principles and Functionality

Impedance spectroscopy investigates the different time scales of charge carrier dynam-

ics, namely that of electrons and ions. These contain information on conductivity and

diffusion, but also structural information on the studied system. The perturbation

of an electrochemical system by an applied sinusoidal voltage Û results in a current

response Î , which can be expressed as:

Û =U0 · ei(ω·t+φU ) (2.4)

Î = I0 · ei(ω·t+φI ) (2.5)

Here, U0 and I0 are the respective amplitudes, ω the angular frequency, and t the time.

The phase shift φ results from the current response time, φ = φI −φU .

The impedance Ẑ can thus be derived using the Ohm’s law:

Ẑ =
Û

Î
(2.6)

By applying the Euler equation eix = cos(x)+ i sin(x), one can represent the impedance

with separated imaginary and real part:[40]

Ẑ = Z0 cos(φ)− iZ0 sin(φ) = Zreal − iZimg (2.7)

A very practical way to visualize impedance spectroscopy is the Nyquist plot that dis-

plays the imaginary part versus the real part of the impedance, while each point rep-

resents a different applied frequency. The conductivity contributions of electrons and

ions vary in their time-scale, hence electronic properties are found at high frequencies

and ionic at low frequencies. In order to simulate and fit impedance spectroscopy data,

electronic equivalent circuits are used to describe the electrochemical response. Fig-
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ure 2.2a shows e. g. the ideal behavior of a Randles circuit element which consists of a

solution resistance –RS – , an electrolyte double layer –RQ– , and a Warburg element

–W–. The latter describes the semi-infinite linear diffusion in front of the working

electrode. The Warburg impedance is described by the following equation:[41]

ZW =
R · T

n2 ·F2 ·A ·
√
2D
·
(
1
co

+
1
cr

)
·ω−

1
2 · (1− i) (2.8)

where R is the ideal gas constant, T the temperature, n the transferred electrons,

F the Faraday constant, A the surface area, D the diffusion coefficient, and co the

concentration of oxidized and cr of reduced species.
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Figure 2.2. (a) Simulation of a Randles element (see inset for circuit diagram) shown in a

Nyquist plot. The used parameters match the dummy cell described in Section 2.2.4. (b) In-

fluence of the gas saturation ( Ar; O2) of the electrolyte (1M HClO4) during impedance

spectroscopy of Au(111). At low frequencies a significant difference is observed, suggesting a

different ionic double layer composition.

2.1.3. Experimental Setup

The Rotating Disk Electrode (RDE) is commonly used to study electrocatalysis. This

technique is also based on a three electrode setup (see chapter 2.1), but the working

electrode is mounted on a rotating shaft. This rotation of the WE allows for the control

of the mass transport from the bulk solution to the WE surface. A variation of the

rotation speed allows hence to disentangle the kinetic behavior of a catalyst frommass

transport limitations.
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Figure 2.3a shows the RDE setup. The glass cell, applicable for acidic media as used

in this thesis, allows for a temperature variation by a heating fluid passing through

the double-wall construction. The Teflon cap prevents contamination from entering

the cell and reduces gas exchange with the atmosphere. It has a lateral hole for the

gas inlet to ensure a gas purged solution and two ground glass joints for adding RE

and CE components. The gas bubbler ends with a frit to ensure the creation of small

gas bubbles. This trick drastically reduces the amount of time needed to degas the

solution. For the work at hand, usually ten minutes of gas purging were applied

before the experiment. A Luggin capillary with 90◦ angle geometry was employed

to connect the reference electrode. The counter electrode, protected by a frit, was

attached to the opposite joint.

(a)

rotating

shaft

CE

RE

WE

gas inlet

(b)

Ag/C brush contact

to 6.3 Banana jack

Gold contact pin

Teflon sample holder

Glassy Carbon sample

Figure 2.3. (a) Rotating disc electrode setup with electrochemical cell. The three electric

connections lead to the EC-4 potentiostat (not in the image). The gas inlet allows the cell to

be purged via an automated gas switch. The RDE itself is mounted on a linear positioning

system. (b) Exploded view of the inner parts of the RDE: The rotating shaft enables a sample

mounting via threaded connection. The electrical connection is ensured by a spring-suspended

gold-coated contact pin.
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The EC-4 potentiostat from Nordic Electrochemistry (not shown in Figure 2.3a)

is connected via 2 mm (RE, CE) and 6.3 mm (WE) Banana connections. A four-wire

technique to correct for ohmic drops in the cable is used for the counter and working

electrodes.

The RDE itself was designed by Wiberg [42]. It is now mounted on a motor-driven

linear positioning system (see appendix A.1 for hardware details). The rotation speed

can be controlled with the Nordic Electrochemistry EC-4 DAQ software, which

outputs a DC voltage to the motor control ESCON 36/2 DC. Figure 2.3b shows the

inner parts of the RDE. The crucial connection between the rotating shaft and the

potentiostat is implemented by a carbon-silver brush contact pressed against the

stainless steel rod. The critical electrical contact between the rotation shaft and

the sample is realized by electrical tester pins Feinmetall F100 with 100 cN spring

force. Three different types of sample holders were used (see Figure 2.4): Single

crystals have to be mounted with as little force applied as possible, therefore a clamp

design (a) is used. More robust cylindrical samples like amorphous glassy carbon are

simply pressed into a cylindrical Teflon holder (b). Flat samples like graphite can be

mounted with a drawer-type sample holder (c). Here, the sample is pressed towards

the electrolyte-exposed window by the gold contact pin. A groove is milled into the

edge of the sample holder to avoid that gas bubbles are trapped at the interface. Since

this slot breaks the point symmetry of the design, it will most likely interfere with

the laminar flow parallel to the surface during rotation. For that reason, this sam-

ple holder should not be used for kinetic studies, where exact mass transport is crucial.

Design of Impedance Spectroscopy Cell

Reliable impedance spectroscopy measurements require a coplanar arrangement of

the WE and CE with the RE placed in between. The area of the CE must exceed that of

the WE to avoid any current limitation. Figure 2.5 shows the home-built impedance

cell used in this work. The WE is lowered from above and touches the electrolyte level

that is adjusted in height to obtain a symmetric setup with respect to the external

RE (RHE or Ag/AgCl electrode). Argon gas flows continuously over the electrolyte

surface to maintain inert gas saturation in the solution, as this has a huge influence on

the measurement (see Figure 2.2b). Typically, impedance measurements take several

hours and hence the evaporation of solvent is considerable. Therefore, the cell volume

of 50 mL is relatively large.
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(a) (b) (c)

Figure 2.4. Sample holder designs for the RDE setup: (a) Clamp-like holder for sensitive

single crystals. (b) Cylindrical samples like glassy carbon, which are pressed into the Teflon

housing. (c)Drawer-like sample holder for flat samples like HOPG, which are inserted sideways

and pressed down by the gold contact pin.

2.2. Electrochemical Scanning Tunneling Microscopy

The electrochemical scanning tunneling microscope (ECSTM) combines the imaging

possibilities of a scanning tunneling microscope (STM) with the three electrode inte-

gral electrochemical setup. This enables not only the topography measurement under

electrochemical potential control, but can as well be used for local reactivity measure-

ments.

2.2.1. Principles of Scanning Tunneling Microscopy

The STM is a scanning probe method (SPM), where an extended surface is imaged by

means of a sharp tip that is vertically approached to the surface and laterally scanned.

STM exploits the tunnel effect through potential barriers of limited height and lateral

extension in order to map the local electron density as a function of lateral position.

The tunneling current Itun between the surface and the tip is governed by the effective
barrier heightΦ, the applied tunnel bias Vtun, and the tip-surface distance d. For small

biases around the Fermi level, it can be described in first approximation as:[43]

Itun ∝ Vtun exp
(
−1.025 ·

√
Φ · d

)
(2.9)
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WE

CE
Luggin Capillary

Electrolyte

Figure 2.5. Model of the electrochemical cell tailored for impedance spectroscopy measure-

ments. WE and CE are positioned in a coplanar way with the RE in the mirror plane. The

electrolyte filling height is adjusted to match the NS14 connection for the RE.

For ultra-high vacuum STM (UHV-STM), equation (2.9) is valid for distances larger

than a few angstrom, where the formation of chemical bonds is negligible. Under liq-

uid conditions, the tunneling deviates from the exponential behavior even at higher

distances and is therefore not adequately described by this simple model (see chap-

ter 2.2.2).[44]

2.2.2. Tunneling in Liquids

In this work, the tunneling process occurred mostly in liquids at the solid-liquid in-

terface. The tunneling process through an embedding medium, e. g. water or other

solvents is different from that at the sample-vacuum interface, which is well known

for UHV-STM.[45] The missing ordered structure of liquids and gases does not only

change the dielectric medium between the tip and surface, but it also induces struc-

tural and electronic changes to the medium in the tunneling gap itself.

Polar and Redox-Inactive Liquids

Due to the solvation stabilization of electrons in a liquid environment, the effective
barrier height Φ in ECSTM experiments is lowered drastically compared to ultra-high

vacuum conditions. In Table 2.1, the barriers for different experiments are summa-

rized.
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Table 2.1. Barrier heights for different tips, surfaces, and conditions.

tip substrate conditions Φ / eV ref.

Pt-Ir HOPG in air 0.6 [46]

Pt-Ir HOPG H2O 0.1 [46]

Pt-Ir Au(111) 10mM NaClO4/H2O 1.0 [47]

Au Au(111) H2O 0.17 [48]

Au Au(111) 1mM NaClO4/H2O 0.62 [48]

Au Au(111) 100mM NaClO4/H2O 1.6 [48]

Au Au(111) 500mM NaClO4/H2O 0.04 [49]

Besides the lowered tunnel barrier, the non-exponential behavior of the tunnel

current, at small tunnel gaps, known also for UHV-STM, begins already at larger gaps

in a water ambient.[47,50] The linearization of Itun for small distances d can be seen in

Figure 2.6a. This effect can be attributed to the reduction of the applied tunnel bias

Vtun for d < 8Å (see open circles in Figure 2.6a). Under UHV conditions, this drop

starts at d < 2Å. The reason for this earlier drop is a further reduced tunnel resistance

at smaller distances.[48]

In order to account for the potential drop, the one-dimensional barrier model from

equation (2.9) is rewritten with the conductivity term Gtun =
Itun
Vtun

to:

Gtun = Gd=0 · exp
(
−1.025 ·

√
Φ · d

)
(2.10)

where Gd=0 is the conductivity in the moment in which tip and sample touch. The

actual barrier height Φ can be derived from the slope of the ln(Gtun) versus d plot (see

Figure 2.6b). The addition of ions to the water leads to an electrochemical double-layer

(EDL) formation.[33] The Debye-length of the EDL is usually larger than the tunneling

distance and should only have a minor effect on the tunneling process. However, it

was found that the tunnel barrier is changing drastically when ions are added. Even

though Figure 2.6b suggests a tunneling barrier trend concerning the concentration of

ions, it was not possible to rationalize the origin of the different line slopes.[48]

Woo et al. [48] reported that a variation of the tunnel bias changes the tunnel gap in

a semi-logarithmic manner when the tunnel current is kept constant (see Figure 2.7a).
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(a) (b)

Figure 2.6. (a) The tunnel bias drops at lower distances (open circles). This results in a non-

exponential behavior of the tunneling current (filled circles). Reprinted from D.-H. Woo et al.,

Surface Science 2007, 601, 1554–1559, with permission from Elsevier. (b) Averaged conduc-

tivity behavior against tunnel gap distance for different solutions. Although a concentration trend

might be seen, the electrolyte composition does not scale in a predictable manner. Reprinted

from D.-H. Woo et al., Surface Science 2007, 601, 1554–1559, with permission from Elsevier.

The inverse slope corresponds to the tunnel barrier height. It varies strongly for

positive (negative) applied voltages: 0.56 eV (1.04 eV) in pure water, 0.66 eV (0.73 eV)

in 1mM NaClO4 solution, and 0.60 eV (1.76 eV) in 100mM NaClO4 solution. Besides

the polarity effect on the tunnel barrier, the authors report a strong dependence on

the tip shape.[48]

Toney et al. [52] have shown with x-ray scattering experiments that a charged silver

surface leads to the polarization of the first three molecular water layers. If the surface

is negatively charged, the hydrogen atoms of the water molecule point towards the

surface. In the case of a positive surface charge, the H2O rotate until the negative end

of the dipol points towards the surface. This molecular polarization was measured

by Hugelmann and Schindler [51] with an ECSTM. Figure 2.7b, which shows the

tunnel current against the tunnel gap, gives a deeper insight into the non-exponential

behavior. Apart from the strong deviation at higher distances, where the interfering

O2-reduction takes place (Faraday regime), the current shows a prominent sinusoidal

feature. The wavelength of this curve corresponds to layers of water in the tunnel

gap. The variation in current corresponds to tunnel barrier changes between 0.8 and

2.3 eV.[51]

Several theoretical techniques have been applied to provide a better under-

standing of the tunnel mechanism: numerical simulations[53], molecule dynamic
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(a) (b)

Figure 2.7. (a) Tunnel distance against the applied tunnel bias. The current was kept con-

stant at 0.3 nA. Reprinted from D.-H. Woo et al., Surface Science 2007, 601, 1554–1559, with

permission from Elsevier. (b) Oscillation of the tunnel current because of different water layers

in the tunnel gap. Reprinted modified fromM. Hugelmann, W. Schindler, Surface Science 2003,

541, L643–L648, with permission from Elsevier.

simulations[54], and density functional theory.[55] So far, a full explanation for the tun-

nel mechanism in liquids is lacking. The huge variation of tunnel barrier heights for

different tips or tip-surface distances pose a challenge for the interpretation the ob-

served chemical and morphological contrasts in ECSTM experiments.

Redox-Active Adsorbates

If a redox-active species is placed between tip and surface, the tunnel mechanism

might change to a two step electron transfer (ET), as first described theoretically by

Schmickler and Widrig [56]. Experimental findings in this field are best described by

the Kuznetsov-Ulstrup model.[57,58] In addition to the regular tunnel current, a fur-

ther current contribution is suggested.[58] Figure 2.8 shows the charge transfer from

the support’s Fermi level to the lowest unoccupied molecular orbital (LUMO) of the

redox molecule, if fluctuations lower the LUMO until alignment with the Fermi edge.

For the second ET, three scenarios are possible: (1) The resonant ET includes an im-

mediate charge transfer without relaxation of the redox molecule or the environment.

Since an additional channel for the overall electron transfer from the tip to the support

is opened, this leads to the highest current enhancement of the three cases. (2) Some

redox molecule can vibrationally relax before the ET. If the electronic coupling of the

redox center with the support is weak, the ET rate is small and the second ET to the

tip is independent of the first and again resembles a Franck-Condon transition. (3) A

strong electronic coupling of the molecule leads to a high ET rate which results in an

intermediate situation, partially resonant or vibrationally relaxed.[59]
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TipSupport Molecule

Figure 2.8. Electron transfer mediated by a redox-activemolecule in the tunnel gap. Reprinted

modified with permission from I. V. Pobelov, Z. Li, T. Wandlowski, Journal of the American

Chemical Society 2008, 130, 16045–16054. Copyright 2008 American Chemical Society.

2.2.3. Tip Current Contributions

The current Itip measured at the ECSTM tip consists of three contributions, as de-

scribed by equation (2.11). The tunnel current Itun depends on the tunnel bias Utun,

and the tip-surface distance d. The faradaic current Ifar depends on the electrochemi-

cal tip potential Utip and the tip area A exposed to the electrolyte. Finally, the capac-

itive current Icapa originates from a double layer restructuring, induced by changes to

the tip or working electrode potential. Similar to the faradaic contribution, also the

area of the tip influences the capacitive current.

Itip(Utun,Uwe,d,A) = Itun(Utun,d) + Ifar (Uwe,A) + Icapa

(
dUtip

dt
,
dUwe

dt
, A

)
(2.11)

If the ECSTM is used for topography measurements, only the tunnel current is of in-

terest as a tip contribution. This current usually ranges from pA to uA, which can be

superimposed by the faradaic and capacitive currents – usually in the range up to the

mA scale. In this work, several strategies were employed to disentangle those three

contributions and achieve a good signal-noise ratio:

• As both unwanted current contributions depend on the tip area, the most obvi-

ous strategy is to aim for a small tip surface exposed to the electrolyte. This can

be achieved by coating the majority of the tip with a polymer (see chapter 2.4.2

for experimental implementation).

• The capacitive contribution is only measured at sudden and high potential

changes. During an ECSTM experiment the tip and surface potential should

therefore only be changed by approx. 10 mV increments.
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• Usual tip materials are Platinum/Iridium alloys, which are known to be very

good catalysts for the hydrogen and oxygen evolution reaction. The potential

range in which the ECSTM tip is operated should be chosen accordingly to avoid

reaction at the tip (see Figure 2.14b for the range determination).

• If the leakage current of the two unwanted contributions exceeds the usual, low

pA range, the ECSTM measurement can be conducted at higher tunnel currents,

which boosts the imaging capabilities.

2.2.4. Experimental Setup

The ECSTM setup with all attached measurement and control electronics is shown in

Figure 2.9. The ECSTM itself is placed on three metal plates with different diameters

inside of the aluminum cube and therefore with varying eigenfrequencies. As each

metal plate will only vibrate at its own eigenfrequency, a damping of mechanical

vibrations with different frequencies is ensured. A gas-tight aluminum cube reduces

external electromagnetic fields and air turbulence. It permits working under inert

gas atmospheres, including a saturation of the gas atmosphere with the electrolyte

solvent to reduce drift phenomena. The chamber sits on a massive granite plate and

is suspended inside a wooden box with bungy cords. This again helps to decouple

external vibrations and acoustic noise from the setup. The vibration of the bungy

suspension is damped by eddy brakes at each side of the granite plate. The eddy

brakes are implemented via strong neodymium magnets on the granite plate, which

induce a current in some mm distant copper metal plates fixed to the outer wooden

box (see inset Figure 2.9).

The STM part of the setup is controlled by RHK SPM100 electronics. The elec-

trochemical control is implemented with a Picostat potentiostat from Molecular

Imaging. Three DAQ boards (National Instruments 6341, myDAQ, and Data Trans-

lation 3016) establish the interfaces to the two computers (Fujitsu Esprimo P710 and

Dell Precision 390). The RHK software XMPro v.2.0.1.6 is responsible for the STM

measurement and the National Instruments Labview v.2018 graphical programming

environment is used for the communication with the DAQ boards.

The ECSTM itself used in this work was developed by Wilms et al. [60]. Fig-

ure 2.10 shows the two main parts: the STM base containing the sample and the STM

head with the sharp metal tip. Both parts contain piezos, which allow the geometrical
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Figure 2.9. The ECSTM measurement setup: The insets show the eddy brake to damp me-

chanical vibrations of the bungy cords, the Labview EC Software, and the tip height adjustment

tool.

movement of the tip with respect to the sample. The base piezos are responsible for

the coarse approach of the tip to the surface. The head scanner piezo permits lateral

movement and a height expansion of a few nanometers, which is needed for scanning

over the surface. The head part is set on top of the base after mounting the sample

and tip. The electrical connection is ensured with a Lemo multicontact connector.

Tip Approach

The tip approach of this beetle type STM towards the surface is done in two steps. (1)

The black rotor with three inclined planes is lowered with the scanner piezo and tip

until it rests on the three base piezos. (2) The rotor is then rotated by a slow expan-

sion of the base piezos and a fast contraction. This leads to a little slip of the rotor

planes on the spheric sapphires and the tip is further lowered. After each coarse base

piezo step the scanner piezo is fully elongated and the tunneling current is monitored.

When the current reaches the setpoint, the approach is completed.[60] The parameters

and sawtooth voltage profiles are given in appendix A.2. The rotor three 120 degree

planes, allow for a maximal movement of 0.3 mm.[62] The tip length has therefore to

be adjusted before the approach (see inset in Figure 2.9), to avoid a tip crash during

step (1). On the other hand, the tip has to stick out sufficiently, otherwise it will never

reach the surface because of the limited approach range.
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rotor

Figure 2.10. The ECSTM design by Wilms et al. [61] with base and head parts, which can

be easily disassembled for sample and tip exchange. The cell contains the electrolyte and the

sample. The head part with the tip mounted in the scanner piezo is lowered from above and

the inclined rotor is placed on top of the three base piezos.

Four Electrode Setup

In addition to the well-known three electrode setup for electrochemical experiments

(see section 2.1), the ECSTM tip is introduced as a fourth electrode.[63] There are two

general ECSTM working principles: The tip voltage can be adjusted with regard to

either the WE or the RE. The former working principle leads to a constant tunnel

bias, whereas the latter ensures that the tip potential is fixed during an electrochem-

ical experiment. Both approaches display their advantages in certain experimental

situations. While referencing the tip voltage to the working electrode potential (con-

stant tunnel bias) results in a more reliable imaging, it also bears the risk of unwanted

faradaic reactions at the tip if harmful voltages are reached.

Figure 2.11a shows the electronic wiring of the setup schematically. The tip is

grounded via the RHK SPM 100 electronics and all other electronics are referenced

with respect to this grounding. This is important to avoid ground loops, that would

induce noise. The SPM 100 generates the high voltages, that control the piezo motors

for the tip movements. During the setup, the base and scanner piezos can be discon-

nected via two switches inside the wooden box to avoid an electrical discharge during

the exchange of sample and tip. The measured STM current signal is transformed

into a voltage signal by either of two current amplifiers. The internal amplifier board

uses OPA128LM and OP07CP operational amplifiers and is located inside the ECSTM
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Figure 2.11. (a) ECSTM four electrode setup. Dashed lines indicate several connections.

(b –d) Different ECSTM measurement modes and their respective wiring: (b) ambient STM

operation in air, whereby the electrochemical feedback is deactivated through connection of

CE and RE, (c) ECSTM operation with potential control either versus internal or external RE,

and (d) disconnected electrochemical cell for testing with a RC circuit.

head. The external Femto DLPCA-200 current amplifier facilitates the switching of

amplification and temporal response, due to its accessibility. This is extremely helpful

for electrochemical measurements since the used ECSTM currents can easily reach up

to several nA, while ambient STM measurements usually do not exceed the pA range.

A jumper switch in the STM head and a flip switch at the backside of the SPM 100
determines which amplifier is used. The tunnel current voltage is fed into the SPM
100 electronics and is digitized by the PCI DAQ card 3016 in PC 1. While most of the

measurement control is done with analog potentiometer controls, the data acquisition

is performed via a RJ45 interface by the XMPro (version 2.0.1.6) software on PC 1.

The ECSTM has been exclusively used in the constant current mode, where the ver-

tical tip position (i. e. piezo voltage) is regulated to match the current setpoint while

31



Methodology and Experimental Setups

scanning. The feedback control responsible for the height regulation is based on a

proportional and integral control, which acts like a low pass filter:[64]

u(t) = Kp

[
et +

1
TN

∫ t

0
etdt

]
(2.12)

Hereby, Kp is the gain factor, TN the time constant, and e(t) the control deviation,

which result in the output u(t). Increasing the gain value Kp will influence both

proportional and integral part, while the time constant only influences the integral

part. The input current can be taken into account linearly or exponentially by the

SPM 100 electronics. A linear current input offers more robustness against sudden

topographical height changes during measurement, while the exponential fits better

to the experimental dependence of the tunneling current and distance described in

equation (2.9) leading to a more accurate translation of the current signal into topog-

raphy. Established initial values for approach and first measurements are Kp = 3 and

TN = 2 and a linear current input. The digitization range of the tunnel current voltage

can be set to improve the height resolution of the topography, but should only be used

when the surface is flat and no sudden obstacles are expected. The thermal drift of the

system might change the tip-surface distance. The scanner piezo can only compensate

a limited displacement and therefore the piezo offset (regulated on a separate piezo

section) should be continuously adjusted to a central elongation position. In this way

the scanner section of the piezo can adjust in both directions equally and does not

require large control voltages. The tilt between the tip and the orthogonal surfaces axis

will result in a tilted current signal. This could be compensated by the SPM 100 elec-

tronics, but more advantageous is the rotation of scan direction until it aligns with the

contour line of the surface. The scan area is controlled by the software, but is limited

by the voltage range of the x- and y-part of the scanner piezo. The range can only be

adjusted via the potentiometer controls at the SPM 100. The measurement area should

not fall below 20% of the total voltage range, otherwise a loss in resolution could occur.

The electrochemical measurement is enabled through the Picotstat potentiostat

from Molecular Imaging, which can reference the three potentials of WE, CE, and

RE versus an additional fourth potential and therefore allows the introduction of

the tip as a fourth electrode. The National Instrument data acquisition board 6341
builds up the interface between the National Instrument Labview software on PC 2

and the Picostat. The applied WE voltage, the measured cell potential, and current

are directly connected to the Picostat. Depending on the referencing mode, which can
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be determined by the software on PC 2, the relay either directly uses the bias voltage

from the SPM 100 or a calculated value Utun (see equation (2.13)) to shift the picostat

potentials up or down.

Utun =Uwe −Utip (2.13)

Hereby, Utip is the potential of the tip with respect to the reference electrode. Fig-

ure 2.11b –d shows the four different modes the ECSTM can be operated. The picostat

electronics demands a small current flow between the WE and CE in order to control

the voltage. In dry conditions this is not feasible and the WE potential would float and

influence the STM measurement. Therefore a 50 MOhm resistor is placed between CE

and RE, which allows for the regulation of the potentiostat. Figure 2.11c depicts the

wiring in electrochemical conditions. The WE can either be referenced versus an in-

ternal electrode, i. e. a platinum wire, or against an external reference electrode. In the

second case, the internal Pt wire is shorted to the CE wire, which avoids the floating of

the internal Pt wire. Figure 2.11d shows the debug mode, in which the electrochemical

cell is disconnected and replaced by an –RC– element, similar to an electrochemical

double-layer.

Drift compensation

The STM measurement, especially with immersed tip, can encounter strong drift of

the tip horizontal and vertical in respect to the surface. This drift is a result of very

small temperature differences, caused by the thermal expansion of certain setup parts,

e. g. tip. For the study of surface dynamics of certain features or particles it is impor-

tant to measure the same spot for a longer time. It is therefore very advantageous to

be able to correct this movement and retain the same absolute measurement position.

While the vertical drift can be easily adjusted during the measurement with the z

offset, the lateral movement cannot be corrected while imaging by the RHK SPM 100
electronics.

The drift correction is implemented with the existing x modification input of the

SPM 100 and an added y modification input. The electronic modifications at the log

board of the SPM 100 is shown in appendix A.3. Those two analog inputs to the SPM
100 allow the x- and y-addition to the scanner piezo voltages and externally shift the

STM imaging area. For the interface between the SPM 100 and the PC 2 a National

InstrumentsUSBmyDAQ analog-digital converter is used. A Labview programwritten

by Schmid et al. [65] enables the control over the drift correction.
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Methodology and Experimental Setups

Sampleholder and Cell Design

The sampleholder for ECSTM should fulfill the mechanical stiffness needed for STM

measurements, the chemical inertness for electrochemistry, and a simple sample trans-

fer. The two sampleholders used in this work are shown in Figure 2.12a – b. The sam-

pleholder design in Figure 2.12a was designed by Wilms et al. [60]. The key compo-

nents are: 1 The CE and internal quasi RE, which can be used as an additional CE

in case of an external reference electrode. Both electrodes are metallic Pt wire. 2 A

polyetheretherketone (Peek) electrolyte vessel, which is shown in Figure 2.12c – d. Flat

samples like HOPG or gold-coated glass can be mounted in the flat vessel type (Fig-

ure 2.12c). Single crystals like 4 or other cylindrical shapes fit well in the original

design by Wilms et al. [60] (Figure 2.12d). 3 A Kalrez o–ring with 4 mm diameter

and a high chemical inertness ensures a tight sealing. The components 4 – 7 ensure

a good fitting of the sample. With the three screws in 7 the o-ring is squeezed and an

electrolyte leakage is avoided. 8 The metal tub incorporates all parts and ensures the

electrical connection with the built-in gold metal pins. The Lemo socket in the sam-

pleholder nozzle allows the electrical connection to the Picostat. The main difference
between the two sampleholder designs is the improved handling of contact pressure-

sensitive single crystals. While in sampleholder 2.12a the sample has to be flipped and

dropped into the peek vessel, the novel design 2.12b allows a careful placement of the

sample on top of the sample tablet 9 and the peek vessel can be mounted while no

sample flipping is needed.

2.3. Further Experimental Setups

2.3.1. Atomic Force Microscopy

Atomic force microscopy (AFM) is another scanning probe technique. Instead of a tun-

neling current, the intrinsic attraction and repulsion of materials is exploited to gain

structural insights. For more details see reference [66]. A Park XE-70 AFM operated

in non-contact measurement mode was used in this work. It has a flexure-guided X,

Y, and Z scanner, which allows the measurement of large samples up to 50x50 µm

without background curvature. The approach is enabled by an optical microscope.

2.3.2. Scanning Electron Microscopy

A detailed description of the Scanning Electron Microscope (SEM) can be found in

reference [67]. In this work a FEI Magellan 400 XHR SEM with FEG source was used.

It was operated at 5 kV electron beam energy and a dwell time of 100 ns.
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2.3.3. X-ray Photoelectron Spectroscopy

The x-ray photoelectron spectroscopy (XPS) is used to probe the core level of surfaces.

The x-ray beam leads to an ejection of electrons with a certain kinetic energy. This

energy allows chemical insights on the studied surfaces. A detailed description can be

found in reference [68].

Three XPS setups were used in this work: (I) A Leybold-Heraeus LHS 10 spec-

trometer with a non-monochromatized aluminium K-alpha source (1486.7 eV). The

chamber background pressure was below 5× 10−8 mbar. (II) The project described in

chapter 4 was measured with a XPS setup located at the Chair E20 of the Physics De-

partment and further described here [69]. A pass energy of 20 eV was used for all

measurements. Due to the limited reproducibility of the sample mounting and x-ray

intensity, no absolute intensity values are shown and compared between two different
measurements. (III) For the chapter 5 a PHI VersaProbe 1 was used to perform XPS. A

Mg K-alpha (1254 eV) was used as a x-ray photon source. The samples were glued on

the transferable sample holder with conductive silver epoxy glue.
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Methodology and Experimental Setups

(a)
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Figure 2.12. (a) The sampleholder design by Wilms et al. [60] in explosion view. (b) Improved

sampleholder for sensitive single crystals, derived from (a) and designed in this thesis. The

components in (a – b) are described in the text. (c – d) Cut views of the Peek sample holder for

different samples. (c) is used for HOPG and gold films on glass samples, while (d) is utilized

for gold single crystals.
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2.4. Materials and Chemicals

The used chemicals and materials, including the suppliers used in this work are listed

in Table 2.2.

Table 2.2. Materials and chemicals used in this work.

Surfaces

Au(111) single crystal Mateck Ø8 x 4.3 or Ø10 x 5.0 mm

Au(111) on glass Arrandee

Au(111) on mica Georg Albert University Heidelberg

HOPG HOPG H grade: µmasch

HOPG A grade: TipsNano, NTMDT

Glassy carbon HTW Sigradur G

Electrochemistry

Pt wire for CE/RE Mateck (purity 99.9%)

Ag/AgCl reference electrode SI Analytics, ScienceLine

Argon Westfalen Argon 6.0

Hydrogen Westfalen Hydrogen 6.0

Ultrapure water Milli-Q Reference System, 18.2 MΩcm−1, TOC <5 ppb

STM

Pt/Ir tip wire Advent Research Materials Ltd,

Pt/Ir 80:20, Ø 0.25 mm

Base scanner Piceramic 45260

Head scanner Piceramic 37389

Piezo glue EPO-TEK H20E

Tip coating Apiezon®Wax W, TM: 403K

STM o-ring DuPont Kalrex Ø 3.99 x 0.99 mm
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Methodology and Experimental Setups

2.4.1. Surface Preparation

Au(111)

In this work, three different gold samples were used: Au on glass, Au on mica, and

Au single crystals. While gold samples on glass and mica cannot be cleaned after

usage, the Au single crystal can be electrochemically etched. The Au(111) single crystal

surface preparation is based on the report from Kibler [70]. The gold crystal is etched

at 3 V vs Pt in 3 M H2SO4 for 2–3 min, until a red gold oxide layer is formed. The

oxide layer is then dissolved in 6 M HCl. The gold crystal is rinsed with ultrapure

water (18.2 MΩcm−1). Subsequently, the crystal is heated with a hydrogen flame until

red heat and kept there for 2–4 min. The crystal is cooled down slowly under Argon

gas atmosphere. Depending on the quality of the crystal and the annealing process

a flat crystal with large (≈ 100 nm) terraces will be obtained. The Au film samples

are flame annealed in a similar manner, but due to the thin Au layer a delamination

can easily occur. Therefore, the sample is heated very carefully, by slowly moving

it through the flame and as soon as a red color occurs, the heating is stopped. The

Au surface structure can be determined by measuring the potential of zero charge:

Au(111)(1x1) results in 0.56 V vs RHE and Au(111)(
√
3x22) gives 0.65 V vs RHE.[71]

Highly Oriented Pyrolytic Graphite

The highly oriented pyrolytic graphite (HOPG) is freshly cleaved with scotch tape

prior to each experiment. In order to avoid carbon flakes on the surface, that could

be picked up the STM tip, we used a clean Kimtech wipe to finger-press loose flakes

on the surface.

Glassy Carbon

As glassy carbon (GC), 5x5 mm cylindrical Sigradur G-Discs samples from

Hochtemperatur-Werkstoffe GmbH were used. They are delivered with one

polished side (Ra<50 nm) and are pressed into the Teflon sampleholders, as shown

in Figure 2.4. The samples are repolished prior to each measurement on a polishing

cloth using sequentially two solutions: suspended (1) Ø 0.1 and (2) 0.05 µm AlOx

particles. The movement on the polishing cloth should correspond to an eight, in

order to remove equally the carbon material from all over the surface.
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For the project described in chapter 5 a diamond based polishing suspension was

used, as residues of AlOx were seen in SEM to remain on the sample. An addi-

tional electrochemical polishing step can as well remove remaining residues. In the

three electrode setup, the surface was therefore swept ten times between -0.5 and

0.5 V vs Ag/AgCl with 50 mVs-1 scan rate.

Gold Nanoparticle Preparation

The Au nanoparticles for the experiments in section 5 were prepared by physical vapor

deposition from gold in a molybdenum crucible. A flux of 0.2 Å/s was adjusted with a

quartz microbalance and then the shutter was opened for 10 s. The intrinsically poor

wetting of gold on glassy carbon leads to spontaneous nanoparticle formation. The

sampleholder contained several GC samples, which were rotated to ensure an even

deposition.

2.4.2. STM Tip Preparation

The resolution of an STM is mainly determined by the shape and the chemical condi-

tion of the used tip. As a stable and inert tip material only Pt/Ir has been used in this

thesis. The general approach for the preparation of a suitable STM tip is the mechani-

cal rupture of a metal wire. Due to the metallic binding, which allows the non-elastic

deformation, an opposed force acting on the wire leads to narrowing and finally full

separation, resulting in two sharpened ends.

Within this thesis two ways of tip preparation have been used: (1) Cutting tips by the

mechanical rupture of the Pt/Ir wire. (2) Electrochemical etching in alkaline solution

until finally gravimetrical pull leads to rupture.

Mechanical Cutting

For the preparation of cut tips, the wire is fixed with a pointy-noise plier. Subse-

quently, a diagonal cutter is placed in an angle of 45 ° and the wire is ripped apart

with limited pressure on the cutting device. The mechanically cut tips are mainly

used for STM measurements under ambient conditions, as the coating of those asym-

metric tips was not as successful as with etched tips. Figure 2.13a shows a STM tip

created by mechanical cutting.
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Methodology and Experimental Setups

(a) (b) (c)

Figure 2.13. (a) Mechanically cut tip. (b – c) Two examples of etched tips before (left) and

after coating (left). The two different immersion depths, (b) 1 mm and (c) 0.8 mm during the

etching process influence the sharpness of the tip and the obtained shape of the coating. The

white bars represent 0.2 mm.

Etching Procedure

The etching of the Pt/Ir wire is another approach to create STM tips. The end of the

wire is protected with an adherent plastic tube and dipped into the etching solution

(aqueous 1M KOH + 2M KCN), until unprotected metal wire is exposed to the elec-

trolyte. By applying a positive square AC voltage between the tip and a conductive

graphite beaker, the wire is etched.[72] A two step etching routine was used, as seen in

the current response to the applied AC voltage in Figure 2.14a. In the first part, a 5 V

square wave with a offset of -2 V was applied to quickly reduce the wire diameter. Af-

ter a time of approx. 200 s the second etching part starts, now without voltage offset.
This is indicated in Figure 2.14a by the second vertical line. The milder etching with

a lower current ensures a less roughened tip surface. The etching immediately stops

after the current drops below a given threshold (in Figure 2.14a after 855 s), which

indicates a suddenly reduced surface area as result of the occurred wire cut. The pro-

tective plastic sleeve is removed from the dropped tip, which is ready for use after

rinsing with water, acetone, and isopropanol.

Throughout this thesis, several different etching conditions have been tested to op-

timize the tip sharpness as well the ability to recover from crashes. Variation of tips

shapes also influence strongly the coating result (see Figure 2.13). Tips with an immer-

sion depth of 0.8 mm showed the best performance after coating. The high voltages

during the etching procedure lead to gas evolution at the tip from the water splitting

reaction. This bubble formation interferes the etching and results in asymmetric tip

shapes. The spikes in the low-current phase in Figure 2.14a are attributed to this re-

lease of gas bubbles. The smaller the spikes are, the more symmetrical is the resulting

tip.
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Tip Coating

The tips are polymer-coated for the use in the ECSTM setup (as explained in chapter

2.2.3). The tip is therefore pushed through a melted wax film (Apiezon®Wax W, TM =

403K). Hereby, the majority of the metal tip gets coated, except for the sharp apex,

that remains uncovered. Figure 2.13 shows the coating result of etched tips.
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Figure 2.14. (a) Current response of tip etching routine. The vertical lines indicate the two

phases which differ in the additional –2 V offset of the 5 V AC square voltage wave in the first

phase. The second phase without the offset shows a lower current, which leads to a smoother

tip surface. The spikes in the second phase are attributed to bubble formation at the wire. (b)

Cyclic voltammogram of a Pt/Ir tip in 0.1 M HClO4. The HER and OER reaction limit the potential

range in which the tip can be operated.

Tip evaluation

In order to improve the tip preparation, the evaluation of ECSTM tips is important.

While it is very difficult to predict the imagining capacities of a fresh tip, we still in-

spect the tip shape with an optical microscope before the coating procedure. The coat-

ing itself can bemore easily assessed by electrochemical methods. After connecting the

tip as WE in a three electrode setup we performed a CV exclusively in the non-faradaic

regime from 0.4 to 1.5 V vs RHE to determine the capacitance of the tip without de-

stroying it (see Figure 2.14b). Typical values of well coated tips are 9.5× 10−10 C. The

exposure of a tip to the potentials outside of this range, will reduce the quality of the

tip and should therefore be avoided before and during imaging. A more simple and

less destructive approach for the characterization of an adequate coating is the immer-
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Methodology and Experimental Setups

sion of the tip in the electrolyte at the non-faradaic potential regime, while measuring

the tip current. While th capacitive current decays after some time, the targeted final

leak current should be below 30 pA.

2.5. Data Evaluation and Reproducibility

2.5.1. Documentation

Every measurement performed throughout this work is listed with all relevant param-

eters and a unique identifier inMicrosoft Excel spreadsheets, which are compiled and

converted to reading friendly and long-time supported file formats (see section 2.5.2).

Any further modifications of the ECSTM setup are documented in a scanned hand-

written labjournal. Both data and documentation, are stored on the file server of the

Chair of Physical Chemistry at the Technical University Munich.

2.5.2. Proespm Software

The data analysis was performed with a self-written Python 2.7 command-line

program named proespm, published under GNU General Public License 3.a A copy

of the current source code can be obtained at www.github.com/n-bock/proespm.

This software automates the data processing steps, the compilation to readable

output formats such as image and html files, and also includes external lab journal

information. Furthermore, it also creates a data management structure on the file

server for an easy access to the stored raw data.

The key component of the software package is the creation of the interactive and

explorable html reports for each sample, containing all performed preparation and

analysis techniques. Each measurement is linked to the information stored in the Mi-

crosoft Excel labjournal, identified by its file name, and also to the raw and processed

data files for further analysis.

The current version supports the processing of Cyclic Voltammetry, Impedance

Spectroscopy, Chronoamperometry, Raman Spectroscopy, X-ray Photoelectron Spec-

troscopy, Scanning Electron Microscopy, Atomic Force Microscopy, and (Electrochem-

ical) Scanning Tunneling Microscopy data.

ahttps://www.gnu.org/licenses/gpl-3.0.de.html
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Towards Size-Controlled Deposition of Palladium
Nanoparticles from Polyoxometalate Precursors: An
Electrochemical Scanning Tunneling Microscopy Study
Nicolas Bock+,[a] Astrid De Clercq+,[a] Lukas Seidl,[b] Tim Kratky,[a] Tian Ma,[c]

Sebastian Günther,[a] Ulrich Kortz,[c] Ueli Heiz,[a] and Friedrich Esch*[a]

We present a novel in situ electrochemical approach to deposit
small size-controlled palladium(0) clusters from 12-PdII-oxo-
metalate precursors. These clusters are formed through the
reductive surface polarization of a Au(111) support. Electro-
chemical scanning tunneling microscopy (EC-STM) reveals that
the electrochemical reduction occurs at much lower potentials
than that for simple Pd salt solutions. The resulting particles are
one atomic layer high and show a narrow size distribution.
Precursor mass transport limitations and preconditioning of the

solid-liquid interface at low potentials influence the obtained
morphology. In particular, a concomitant reduction mechanism
via formation of molecular hydrogen is discussed. The depos-
ited clusters show the typical behavior of small metallic Pd
islands in EC-STM: The apparent cluster height increases
reversibly when lowering the potential close to the onset of
hydrogen evolution, which is attributed to hydrogen adsorp-
tion.

1. Introduction

In the search for an efficient production of alternative green
mobile energy carriers such as hydrogen and other synthetic
solar fuels, a fundamental understanding of their catalytic
synthesis at the solid-liquid interface is crucial. Platinum Group
Metal (PGM) alloys remain the most active catalytic material in
many of these applications and moreover they seem to be
inevitable in neutral solutions, which could give benefits in
terms of durability compared to the standard harsh acidic or
alkaline conditions.[1] As their high cost inhibits widespread
commercialization, an effective strategy has been to reduce
metal loading by finely dispersing it in the form of
nanoparticles.[2] The particles’ size can be controlled down to
atomic precision. For nanometer-sized metal clusters, this opens

up the possibility to steer their morphological and electronic
properties for a desired reactivity, exploiting quantum effects in
the non-scalable size regime. Such atom-by-atom size depend-
ences have been intensely studied at the solid-gas interface,
demonstrating that single atom differences can indeed cause
significant variations in catalyst performance.[3] While size-
selected clusters can be prepared in vacuum systems by laser
ablation or magnetron sputtering and subsequent mass
selection, an extension of these studies to the solid-liquid
interface has been hampered by the limitations of a sample
transfer from vacuum into liquid under atmospheric conditions.
Nevertheless, beneficial turnover rates per atom were reported
for some specific sizes and reactions in liquid.[3–6]

An alternative strategy is the wet-chemical deposition of
metal complexes with an exact number of noble metal atoms in
a surrounding stabilizing ligand shell. Examples for such an
approach are the impregnation of a support by platinum
octanethiolate[7] or polyoxopalladates(II) (POPs) and the subse-
quent calcination and reduction towards the active metallic
state.[8] POPs have also been investigated as molecular
precursors for heterogeneous catalysts through incorporation
into metal organic frameworks (MOFs).[9] POP-based heteroge-
neous catalysts with a well-defined size distribution show
promising catalytic properties ranging from cross-coupling
reactions[10,11] to hydrogenations.[8] The calcination step, how-
ever, leads to an unwanted increase in size and therefore the
unique potential of these complexes as precursors for size-
selected clusters remains largely unexplored.

Otherwise, direct wet-chemical synthesis of metal particles
in the liquid phase[12] can be achieved by the dendrimer[13] or
micelle-encapsulation[14] technique. Here, Imaoka et al. demon-
strated that so-formed Pt12 clusters on a carbon support show a
more than 2-fold increase in reactivity compared to Pt13 in the
oxygen reduction reaction (ORR).[13] However, even if these wet-
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chemical methods pave the way for a deposition beyond flat
surfaces, e.g. onto powders and into porous supports, they
encounter specific limitations related to the removal of the
protective ligand shell and require a compromise between
activation and agglomeration.[15]

In this work, we explore instead a different, electrochemical
route, to dissociate and deposit POP precursors to form metallic
Pd clusters. The family of discrete POPs shows distinct
stoichiometries – POPs with n=12 up to 84 could be
prepared[16] and are sufficiently labile to be decomposed
electrochemically, or alternatively by pH changes or contact
with molecular hydrogen.[8,17,18,19,20,21] We decided to study in
particular the POP with an “open-shell” structure,
[SrPd12O6(OH)3(PhAsO3)6(OAc)3]

4� (SrPd12, structure see Fig-
ure S1), which we reduced directly at the solid-liquid interface,
obtaining well-defined palladium(0) cluster sizes. Synthesis and
structural details can be found in Yang et al.[17] This “open-shell”
polyanion SrPd12 was selected due to its presence of acetate
and phenylarsonate ligands, the former being sterically less
demanding than the latter. This structural feature is expected to
facilitate electron transfer in the reduction process, as com-
pared to for example the highly symmetrical, closed-shell
CaPd12 nanocube or BaPd15 nanostar with exclusively phenyl-
arsonate ligands.[17]

Other POPs and PdII-containing heteropolytungstates have
already been used to electrodeposit extended Pd films that
showed high stability, fast hydrogen sorption/desorption
kinetics, and high electrocatalytic activity in reactions such as
hydrazine and alcohol oxidation.[18,19,20,21] However, the unique
microstructure of these Pd films has neither been studied in
detail at the nanoscale nor optimized. Other 3d transition
metal-containing POMs, such as MnII-containing heteropolyan-
ions, were successfully deposited and characterized at the
nanoscale with intact ligand shell[22] and with stripped
ligands,[23] but without reducing the oxygen framework prior to
the catalytic application.

Here, we use a combination of electrochemical and micro-
scopic techniques to determine the possible deposition mecha-
nisms and their effect on the particle morphology. Electro-
chemical Scanning Tunneling Microscopy (EC-STM) has already
proven to be a powerful method to investigate in situ, at the
local scale and under potential control the deposition of small
Pd particles from simple salt solutions and their properties.[24–29]

As supports, both reconstructed Au(111)–(22×
p
3) and unrec-

onstructed Au(111)–(1×1) surfaces were used, as well as Highly
Oriented Pyrolytic Graphite (HOPG). Pd on Au supports is
known to be active in the hydrogen evolution reaction (HER).
Since the boundary between Au and Pd represents the most
active centers, a controlled fine Pd dispersion that maximizes
the boundaries is of particular interest.[29]

In addition to deposition experiments at constant potential,
cyclic voltammetry (CV) studies have been performed. Previous
CV studies of a variety of POPs showed a dominance of the
pronounced redox behavior of the oxidized palladium(II) metal
centers that get reduced concomitantly with the irreversible
POP decomposition.[30] A similar behavior was expected as well
for the POP used in this work, [SrPd12O6(OH)3(PhAsO3)6(OAc)3]

4�

(SrPd12). By steadily lowering the substrate electrode potential,
the electrochemical reduction of the PdII metal centers to Pd0

and the concurrent deposition of metallic Pd on the working
electrode surface is expected to occur, while the attached
ligands are stripped off and remain in solution.

Moreover, we focus in this article on the morphology of the
obtained particles under reactive conditions at the verge of
hydrogen evolution. Beyond this electrocatalytic application,
the size-controlled deposition of Pd particles might have a
larger impact in particular for specific fine-chemical syntheses:
As Pd is well known to facilitate C� C coupling reactions, a
systematic investigation at the solid-liquid interface is expected
to give insight into the catalyst dynamics and the strong
solvent influence on the reaction yield.[31]

2. Results and Discussion

2.1. Electrochemical Reduction of SrPd12

In order to investigate the deposition process in detail, a highly
resolving local method is required – here, in situ EC-STM has
been used. The Au(111) support is reconstructed after prepara-
tion in flame annealing. Under potential control, this recon-
struction is stable up to 0.4 V vs RHE (reversible hydrogen
electrode). In order to lift the reconstruction without formation
of Au adatoms, a chemical treatment in Cl� containing solution
is applied. Cl� traces have been removed before the deposition
experiments. If not stated otherwise, these experiments were
performed on unreconstructed surfaces. As electrolyte for the
deposition, a neutral phosphate buffer was chosen, as both the
SrPd12 and the created nanoparticles are more stable in neutral
solutions. Phosphate ions are known to form just an amorphous
adlayer in neutral pH,[28] at potentials above 0.5 V vs RHE. OH�

anions, as well present in the electrolyte, are known to adsorb
at potentials above 0.4 V vs RHE (see Figure S2 in the
Supporting Information).[28,32]

We started with an experiment on the unreconstructed
surface in which the surface potential is subsequently lowered
stepwise, starting from 0.6 V vs RHE, after adding SrPd12 to the
phosphate buffer electrolyte. As shown in the EC-STM images
acquired at different working electrode potentials in Figure 1,
no deposition is observed in the potential region of 0.4 to 0.6 V
vs RHE, even over a time span of 1 hour (Figure 1a). However,
the SrPd12 gets indeed into the surface vicinity, as demon-
strated by quartz microbalance measurements that indicate an
increased double layer viscosity and loading upon POP addition
(Figure S3). The metal deposition sets only in when lowering
the potential below 0.2 V vs RHE. This potential is much lower
than that of supported Pd oxide (PdII/Pd0) that we determined
to be around 0.7 V vs RHE in this electrolyte (see Figure 2) or to
the underpotential deposition from Pd-salt precursors such as
Pd(NO3)2,

[33] PdCl2,
[34] and PdSO4 from aqueous electrolytes.[35]

Although the μM SrPd12 concentrations used in this work are
relatively low as compared to other Pd electrodeposition
studies,[26,33,36] we still see immediate deposition of small single-
layer-high particles when the surface potential is set below
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0.2 V vs RHE, which indicates that sufficient amounts of SrPd12
precursor are present near the surface.

As observed in the line profiles of Figure 1, the deposited
particles have an apparent height that corresponds to that of a
monoatomic step of the Au(111) surface, in line for two
materials of similar lattice constants. This height should not be
influenced by the presence of residual POP -ligands or SrII ions
that are all expected to be released into solution during
deposition. This is evidenced by XPS spectra of the working
electrode after rinsing with water and transferring to UHV (see
Figure S4) where As and Sr are absent. Detailed Au 4d5/2 spectra
(Figure S5) evidence the presence of a Pd 3d1/2 shoulder. This
shoulder indicates the presence of metallic Pd.

For comparison, arrows pinpoint the Pd 3d1/2 energy
position of Pd2+ and Pd4+ species, respectively. The deconvolu-
tion of the overlapping Au 4d5/2 and Pd 3d core level peaks can
be performed, but does not lead to precise peak intensity
values. Instead, the Pd MVV Auger electron yield is used to
quantify the amount of deposited Pd particles (see Figure S6)
confirming that the particles resolved in EC-STM entirely consist
of Pd.

The low POP reduction potential compared to that of single
Pd ions could be caused by thermodynamic, as well as by
kinetic effects. The ligand structure around the oxygen-bridged
Pd core in SrPd12 will shift the standard electrode potential of
the PdII/Pd0 couple. Furthermore, an overpotential could arise
from reorganization energy contributions linked to the ligand
removal upon reduction or limited electron transfer through
the ligand shell.

We exclude that the SrPd12 deposition is related to local
changes in the pH that cause their decomposition outside
neutral conditions. It has been shown that only minimal pH
gradients would appear near the working electrode in similarly
buffered phosphate electrolytes, especially near the pKa point

where our experiments were performed (resulting in pH differ-
ences <1).[37]

In order to further understand the reduction mechanism,
cyclic voltammetry (CV) has been performed. Figure 2(a) shows
the reduction behavior of the SrPd12 precursor on an Au(111)
surface. The deposition cycle (red) was started at a potential
where little POP is oxidized but above the PdOx reduction. As
no PdOx reduction feature is visible, the SrPd12 is not yet
decomposed so far. At potentials below 0.3 V vs RHE, the
electrochemical SrPd12 reduction appears in the form of a broad
peak. This reduction step yields metallic Pd particles, which
matches well with the H ad-, absorption, and evolution features
on Pd observed thereafter.[38] The lower vertex potential over-
laps with the onset of the hydrogen evolution reaction (HER),
therefore we expect further SrPd12 precursors reduction in the
solution, leading to less specific, additional Pd deposition. Such
processes lead e.g. to the formation of Pd black when purging
a SrPd12 solution with hydrogen gas (see Figure S7). Continuing
with the anodic sweep of the CV, we observe hydrogen
desorption from the Pd particles at 0.2 V vs RHE and oxidation
of the metallic Pd particles at 0.9 V vs RHE. After exchanging
the electrolyte to remove SrPd12 precursors in the solution, the
CV measurement is repeated and indeed the PdOx is reduced at
0.7 V vs RHE.

Figure 2b describes the electrochemical behavior observed
when cycling towards higher, oxidizing potentials, starting from
near OCP conditions. Since the SrPd12 ions are negatively
charged, they are attracted to the surface at anodic potentials
and can undergo an oxidation process. Most likely, the ligands
are oxidatively separated and bare PdOx is deposited. The
known phosphate adlayer observed at these potentials seems
not to hinder this electron transfer and hence a surface blocking
effect as seen for sulfate[26] can be excluded. The presence of
PdOx manifests again in a reduction peak, here around 0.75 V vs

Figure 1. In situ EC-STM images (a-f) of the deposition of Pd clusters from the SrPd12 precursor solution by lowering the Au(111) working electrode surface
potential in subsequent potentiostatic steps; particles evolve at potentials below 0.2 V vs RHE. The 50 nm horizontal profiles (right) corresponding to the lines
in (a) and (f), which indicate the successful deposition of small single-layer-high Pd clusters. Imaging conditions: a–e) Ub= � 100 mV; f) Ub= � 200 mV,
It=0.7 nA at the indicated working electrode surface potentials. Image size: 90×80 nm2. Concentration: 0.3 μM SrPd12 in phosphate buffer (total amount
corresponding to 1.1 Pd-monolayers).

ChemElectroChem
Articles
doi.org/10.1002/celc.202100131

1282ChemElectroChem 2021, 8, 1280–1288 www.chemelectrochem.org © 2021 The Authors. ChemElectroChem published by Wiley-VCH GmbH

Wiley VCH Donnerstag, 25.03.2021

2107 / 195858 [S. 1282/1288] 1

Towards Size-Controlled Deposition of Pd Nanoparticles from Polyoxometalate

Precursors

46



1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

RHE, that sets in already with the very first cycle, i. e. before
applying the low voltages as used for the reductive deposition
in Figure 2a. The PdOx product of the oxidative deposition
requires hence the same reduction potential as the supported
PdOx particles generated by reductive deposition of SrPd12. The
kinetic and thermodynamic barriers observed there seem no
longer to apply.

The PdOx reduction peak lowers in potential from 0.75 to
0.70 V vs RHE after stronger oxidation obtained by applying
higher upper cycling potentials, a common observation for
deposited Pd nanoparticles.[39] Furthermore, the CV spectra
demonstrate how the hydrogen adsorption peak develops and
shifts to ~0.2 V vs RHE with increasing cycle number. However,
one has to take into account that also reductive deposition
takes place at these potentials, which further increases the
amount of deposited Pd in the successive cycles. The small shift
of the hydrogen adsorption peak has been explained with a
decrease of the lateral epitaxial Pd expansion with increasing
layer thickness according to the d-band model.[40,41] We there-
fore deposited several ML of Pd in this experiment.

This oxidative approach promises another way to create
atomically precise metal clusters, but would require a different
support, since the Au(111) surface tends to roughen and form
extended islands at higher potentials, which makes a distinction
between Pd and Au particles hardly possible and hence
prevents a detailed morphological analysis.

2.2. Resulting Particle Morphology and Dispersion

In the following, we continue with the reductive deposition,
observing the initial stages of the electrochemical Pd deposition
process and imaging the obtained particle morphology at high
resolution by in situ EC-STM. As described before, the SrPd12
deposition requires a considerable low potentials, occurring
only below 0.2 V vs RHE, where the reconstructed surface is
stable. Hence no Au islands form that would act as nucleation
sites for the deposition, when starting with a reconstructed
surface. Even when starting with unreconstructed surfaces, the
slow reconstruction kinetics keep the surface free from Au
adatoms and holes, on the time scale of the deposition
experiments.

As can be seen in Figure 3, a similar deposition of small
particles takes place on both reconstructed and unrecon-
structed surface terraces, rather independent from the applied
potential steps. Importantly, as shown in the inset of Figure 3a,
one does not observe a preferential adsorption at step edges
that would manifest in a step meandering, as observed for the
small overpotential deposition of various Pd salts in different
electrolytes by Köntje, et al..[33] Instead, the low potentials
applied here result in a uniform and random distribution of
small Pd particles on the flat Au(111) terraces, similar to the
deposition from Pd salt solutions with moderate[42] to large
overpotentials.[26,43]

While the nucleation on terraces is similar, the central
question is whether the POP deposition gives access to a better
size control. When characterizing area and height distributions
in Figure 3c, care has been taken to apply only rather short
potentiostatic treatments, to minimize concomitant coalescence

Figure 2. Cyclic voltammograms of Au(111) surfaces in a SrPd12-POP solution. a) Reductive deposition process (red line) at high POP concentrations, starting
from 0.9 V vs RHE directly in the cathodic direction, showing no PdOx reduction features at 0.7 V vs RHE, but instead a broad peak at 0.2–0.3 V vs RHE,
assigned to the electrochemical POP reduction. The cycle continues with entangled processes of H ad-, absorption, and evolution indicative of deposited Pd.
This Pd gets oxidized in the anodic sweep at 1.0 V vs RHE. After rinsing and refilling with fresh electrolyte (blue line), a clear PdOx reduction peak at 0.7 V vs
RHE gets visible. b) Oxidative deposition process and following reduction of the PdOx species on Au(111), starting from intermediate potential 0.5 V vs RHE,
but cycling first towards higher anodic potential limits, where Pd species and deposited POPs get oxidized. The cathodic PdOx reduction peak is now clearly
visible from the first cycle on, indicative that Pd deposition has taken place at oxidizing potentials. Subsequent cycles demonstrate the ongoing deposition.
Hereby, a pause of several seconds has been applied after every second cycle, in order to avoid the depletion of the SrPd12 precursor and to enhance the
observed peaks. One CV of each pair is shown. The PdOx reduction, H ad-, absorption, evolution, and desorption features increase with every pair of cycles
and indicate the typical behavior of Pd on Au and at coverages that reach multilayer amounts. Applied concentrations: a) 10� 3 M SrPd12, pH 4 phosphate
electrolyte, argon-purged; b) 10� 5 M SrPd12 in pH 5.2 phosphate electrolyte, argon-purged.
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and alloying with Au adatoms. Two recipes have been used: In
Figure 3a, two short pulses of 500 ms at a low potential of 0.0 V
vs RHE lead to a coverage of about 5%, as determined by the
observed surface area, while in Figure 3b three longer treat-
ments of 30 s at a less negative potential of 0.2 V vs RHE lead to
a lower coverage of about 2%.

With both treatments, we observe similar distributions. In
particular, both led almost exclusively to single-layer-high
particles (�95%) with an apparent height of about 0.2 nm. This
is in line with an expected epitaxial growth, as seen in most
previous studies,[26,33] except for the very slow deposition in
highly dilute electrolytes on the reconstructed surface by Uosaki
et al., in which 3D particles up to three layers high have been
found.[27] Note that different tip radii might slightly influence
the observed area, but not the observed height distributions.

Remarkably, the prevalent observed particle areas at the
small-size-onset are roughly 2.0 (a), resp. 1.5 nm2 (b), corre-
sponding to an average particle diameter of 1.4 to 1.6 nm. This
apparent average diameter, enlarged by tip convolution effects,
fits well the size observed for one single-layer-high Pd12 clusters
supported on a boron nitride support by STM under vacuum
conditions.[44] The two area histograms show distinct differ-
ences: the higher coverage histogram in (a), obtained by short
potential pulses, is peaked at smaller cluster areas, while the
histogram in (b), obtained by much longer potential treatments,
is somewhat broader. Shorter deposition times seem therefore
beneficial for the formation of small, size-controlled clusters,
although the limited set of experiments makes it difficult to
assign these to single, specific parameters. The histogram
related to (b) shows furthermore indications for a peak
sequence with about 2 nm2 distance. This could be related to a
preferential deposition close to already deposited Pd12 units,
especially if the deposition is slow enough to overcome
transport limitations. That the high coverage sample (a) does
not show such a peak series, might be related to an enhanced

ripening due to a higher particle coverage. For future deposi-
tion strategies, it might be helpful to deposit metal clusters
from neutral[45] or positively charged POPs that do not get
repelled from the surface upon reduction, instead of the
strongly negatively charged one used here. This could be easily
feasible as the potential of zero charge of Au(111) in phosphate
electrolyte is around 0.6 V vs RHE.[46]

2.3. Hydrogen-Induced Deposition of SrPd12

Due to the low potentials required, the electrochemical SrPd12
deposition takes place in a potential region where hydrogen
adsorption starts to take place, especially once first traces of Pd
have been deposited. This adsorption occurs already well
before hydrogen evolution sets in (at potentials that depend
strongly on the preparation conditions, about � 0.1 V vs RHE on
bare Au(111), 0.0 V vs RHE on Pd films, see Figure 2). In order to
better understand how hydrogen formation and the presence
of adsorbed hydrogen might modify the deposition, we
performed several experiments described in the following.

We started with studying the SrPd12 deposition on an HOPG
support, where the blank surface, contrary to Au(111), does not
develop hydrogen at all in the investigated potential range, as
seen in Figure S8. Upon POP addition and cycling, however,
hydrogen adsorption and evolution can be seen as well. Hence
Pd deposition must have taken place and occurred, at least
initially, without the presence of adsorbed hydrogen. Later on,
an intricate entanglement of deposition and hydrogen evolu-
tion is evidenced by the observed crossing of the CV currents at
low potentials in the first two cycles. This points to a hydrogen-
induced deposition of new active sites for hydrogen evolution
during the voltage sweep. These consist of increasing amounts
of deposited Pd0 that shifts the hydrogen adsorption and
evolution potentials towards more positive values in the second

Figure 3. In situ EC-STM images of the deposition of Pd clusters from the SrPd12 precursor solution after two different preparation pathways: a) on
unreconstructed Au(111) after 2 pulses of 500 ms at 0 V, inset: larger overview including steps with no preferential deposition; b) on reconstructed Au(111)
after 3 treatments of 30 s at 0.2 V vs RHE. The faint parallel lines observed on certain parts of the surface indicate the presence of the herringbone
reconstruction. c) Corresponding histograms of particle area and height. The clusters are almost exclusively one atomic layer high and show an area dispersion
that starts with areas compatible to those observed for supported Pd12 clusters in UHV (apparent diameters of 2 nm, hence areas of 3 nm

2,[44]). The particle
morphology is measured at 0.5 V vs RHE (a), resp. 0.4 V vs RHE (b) surface potential. Imaging conditions: a) Ub= � 150 mV, It=2 nA. b) Ub= � 28 mV,
It=0.35 nA. Concentration: 0.1 μM SrPd12 in phosphate buffer (total amount corresponding to 0.5 Pd-monolayers).
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and third cycle, until the shoulder at 0.2 V vs RHE appears as
observed for Pd/Au(111). Due to the limited interaction
between Pd cluster and the HOPG terraces, the cluster
aggregate upon deposition, mostly at step edges, and the size
distribution is lost.

From our hydrogen purging experiments we know on the
other hand, as already mentioned, that the SrPd12 polyanions
are unstable in the presence of hydrogen gas – an instant
formation of black Pd aggregates is observed in solution
(Figure S7). Such an effect has already been exploited for the
wet-chemical synthesis of large Pd aggregates with sizes
around 8 nm by reduction of heteropolytungstates containing 1
or 2 PdII ions.[47] We can therefore anticipate that this chemical
reduction mechanism, in parallel to the electrochemical one,
leads to the formation of particles with higher aggregation
probability, lowering the size-control.

In order to get a closer insight via EC-STM measurements,
we tried out different pretreatments of the solid-liquid interface
at low potentials, where adsorbed hydrogen forms, at the verge
of hydrogen evolution. These hydrogen species are not imaged
by EC-STM, but have a strong impact on the Pd deposition
when subsequently adding the POP, SrPd12, at a surface
potential of 0.3 V vs RHE or higher, where no deposition would
occur in a pristine solution, even after a prolonged time of
more than one hour (as demonstrated in Figure 1). The
pretreatments consisted in (i) keeping the Au(111) surface at
0.1 V vs RHE for 90 min (result shown in Figure 4a) or (ii) at a
lower potential of 0.0 V vs RHE for a shorter time of 10 min
(result shown in Figure 4b) or (iii) after applying 6×500 ms
potential steps at � 0.1 V vs RHE and waiting for about 20 min
(result shown in Figure S9). We then added SrPd12 and indeed,
a spontaneous Pd particle deposition is observed that leads to
completely different, large, flower-like aggregates shown in
Figure 4.

This spontaneous deposition happens within a timeframe of
less than five minutes, as these structures appear already in the
very first acquired image and do not change thereafter in size
or shape. The flower-like particles are randomly distributed,
though a preferential attachment to step edges is observed.
The apparent island shape in Figure 4a,b (left) depends strongly
on the tip quality. Sometimes, one can still recognize voids and
a strong height heterogeneity within the prevalently single-
layer-high islands – this points to structures that form by a hit-
and-stick aggregation followed by an only partial coalescence.

The process ends probably due to the consumption of a
chemical species present at the solid-liquid interface and/or the
electrolyte. This limiting species is not surface-near SrPd12, even
if only very small concentrations were used, corresponding to
just 1.6 equivalent Pd monolayers that can be deposited at
maximum: When lowering the surface potential again, the
particle deposition as described earlier resumes. As shown in
Figures 4a (right) and in Figure S9, further small Pd particles of
an average equivalent diameter of 2.5�0.9 nm are deposited
from the same solution. Those small spherical particles are
randomly dispersed and are not preferentially deposited near
the flower-like structures or step edges. The small particles

therefore correspond well to the previously described electro-
chemical reduction mechanism.

The limiting species is hence hydrogen-related. Its formation
seems to be confined to the solid-liquid interface that gets
saturated upon the pretreatment – if the hydrogen species
could evolve directly into solution, it would probably accumu-
late in quantities that react off the entire amount of solved
SrPd12. However, we cannot exclude that adsorbed hydrogen
leaves the Au(111) surface after going back up in potential and
that the chemical reduction occurs already in solution. In any
case, the aggregation indicates that the POP reduction takes
place in the vicinity of the nucleation centers, either directly by
adsorbed hydrogen or from hydrogen in solution.

The influence of present hydrogen species on the Pd
particle deposition was also stressed by previous investigations
with EC-STM[43] and in situ TEM[48] that observed the formation
of rough porous aggregates when applying potentials where
hydrogen forms on the surface. They attributed the changes in

Figure 4. In situ EC-STM images indicating the formation of larger, flower-
like Pd islands of one atomic layer height after different pretreatments of the
solid-liquid interface at low potentials before addition of SrPd12. Under these
pretreatments, hydrogen species are formed. Experiment series (a): Aggre-
gates appearing after keeping the surface for 90 min at 0.1 V vs RHE and
sequentially adding SrPd12 precursor at a surface potential of 0.3 V vs RHE,
i. e. at a potential where no deposition would occur in a pristine solution
(left; compare with Figure 1); when lowering the potential again to 0.1 V vs
RHE without changing the solution (right), small particles can again be
deposited, in addition to the already present flower-like particles. Experiment
series (b): Similar effects can be obtained by keeping the surface for only
10 min at a lower potential of 0.0 V vs RHE and adding the precursor again
at 0.3 V vs RHE (left).; investigating a surface area kept directly under the tip
(right) reveals the tip influence on local potential and transport: Less and
much smaller aggregates are observed, down to sizes compatible with Pd12
(see arrows), decorating elbow sites. Imaging conditions: It=0.2 nA;
Ub= � 100 mV (a, left), Ub= � 300 mV; (a, right) Ub= � 40 mV (b). All images
have been taken at 0.3 V vs RHE working electrode surface potential.
Concentration: 0.4 μM SrPd12 in phosphate buffer (total amount correspond-
ing to 1.6 Pd-monolayers).
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morphology to a competition for direct surface access between
adsorbed hydrogen and the Pd precursor.

While usually the deposition was performed with a retracted
tip, the experiment in Figure 4b explicitly addresses the
influence of the tip during the deposition process. The left
image displays the particle distribution when the tip was
distant, the right one the distribution directly under the tip.
One observes immediately that much less and smaller clusters
have been deposited. The integrated area that is covered by Pd
particles decreases by a factor of four. For Pd deposition on
Au(111) from salt solutions, such a tip shielding effect was
already hypothesized by Naohara, et al.[43] who suggested a
precursor diffusion limitation to be responsible for a reduced
deposition directly under the tip. Such transport limitation, by
electrostatic and geometric shielding, will be even more
important for large and four times negatively charged precur-
sors such as the SrPd12. In these experiments, the tip potential
was constantly kept at 0.35 V vs RHE, also during the 10 min of
0 V vs RHE. This tip potential could also affect the local working
potential of the surface under the tip, locally changing the
effect of pretreatment and subsequent deposition.

Noticeably, at the low coverage of particles forming under
the tip, we can observe a distinct preference for specific
nucleation sites. As this deposition took place on a recon-
structed Au(111) surface, we attribute the line order to the
presence of elbow sites of the herringbone structure where
nucleation is favored, as reported for UHV vapor deposited[49,50]

or electrochemically deposited Pd particles on reconstructed
Au(111).[27] The preference for defect sites and steps after
hydrogen preconditioning underlines a considerable mobility of

the particles forming in the deposition process, in line with the
observed tendency to aggregate.

All the mechanistic considerations regarding chemical and
electrochemical reductive deposition of SrPd12 up to now
demonstrate the importance of a rational control of the surface
potential before and during the deposition process for obtain-
ing size-selected particles. In addition, an even better control
could be gained at higher pH to further reduce the hydrogen
production while remaining in the POP stability window.

2.4. Morphology Changes under Reaction Conditions

If the presence of adsorbed hydrogen changes the POP
deposition dramatically, the question arises how stable the
deposited particles are, once formed, under HER conditions.
Since the XPS measurements suggested that the Pd particles
are metallic, it is interesting to see whether they show the
characteristic hydrogen adsorption signatures in STM. To that
purpose we investigated the morphology in situ, in a fresh
electrolyte, at low potentials. After the particle deposition
(preparation as in Figure 3a), the reactor cell was thoroughly
rinsed and refilled with pure phosphate buffer solution, in order
to remove all non-reacted SrPd12, while keeping the sample
under potential control at 0.6 V vs RHE. The surface potential
was then, in single potentiostatic steps, lowered to 0.0 V vs RHE
and back to 0.6 V vs RHE for two consecutive cycles while being
imaged by EC-STM (Figure 5).

A clear swelling of the Pd clusters is observed when
lowering the electrochemical potential (Figures 5b, 5g). The
shift in the height histogram in Figure 5d indicates an increase

Figure 5. In situ EC-STM images indicating the influence of the surface potential on the apparent Pd particle morphology at the onset of hydrogen evolution:
a-c) Images taken at indicated surface potentials; d, e) corresponding histograms of apparent particle area and height indicate a reversible increase of both at
low potentials. f,g) Zoom images on potential-dependent particle morphology during a second potential cycle taken at indicated surface potentials. h)
Corresponding line profile (dotted lines in f and g) indicates that only the Pd particle morphology changes while Au step edges remain unchanged. Imaging
conditions: It=2 nA, tip potential kept at 0.65 V vs RHE. Concentration: 0.1 μM SrPd12 in phosphate buffer (total amount corresponding to 0.5 Pd-monolayers).
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by roughly 20%. This change in height concerns only the
deposited Pd particles and not the Au support, as is clearly
visible in the potential-dependent line profiles in Figure 5h. This
points to the more active nature of the deposited Pd particles
and rules out a tip-induced effect. Concomitantly, the apparent
area increases by 70%, but, contrary to the straightforward
height evaluation, this increase depends strongly on the thresh-
old values used for the cluster area detection and might mostly
be induced by a tip convolution effect linked to the height
increase.

The swelling effect is reversible, as can be seen in Figure 5c.
Since the corresponding histograms largely overlap with the
initial ones, it is only a minute fraction of particles that
undergoes ripening or irreversible changes. Such swelling of Pd
particles has been observed before, on a Pt(111) support[51] and
was attributed to hydrogen ad- and absorption into the Pd
adlayer. Absorption, i. e. uptake into the bulk, can be excluded
in our case, as the particles are just 1 ML in height and
hydrogen absorption on Pd/Au(111) has been shown by Baldauf
et al. to take only place starting from 2 ML.[52] The apparent
height increase related to hydrogen adsorption might thus be
explained by an electronic effect, i. e. an adsorbate-induced
change in the electronic density of states.

Hydrogen-induced coalescence is only sporadically ob-
served in these experiments, most particles do not ripen even
at very close distance. We conclude that the particles, once
formed, are stable under HER conditions, in contrast to the
SrPd12 precursors that decompose under these conditions. In
addition, the particles show indeed the same characteristic
hydrogen adsorption signatures in the STM images at different
surface potentials that are found for metallic Pd nanostructures
deposited from salt solutions.

3. Conclusions

This study investigates by EC-STM a novel Pd cluster prepara-
tion technique on Au(111) where size-controlled particles are
deposited by reduction of SrPd12 precursors. This reduction
occurs at potentials below 0.2 V vs RHE and requires potentials
lower by roughly 0.5 V, compared to the reduction of bare PdOx

particles in the same electrolyte, due to thermodynamic and
kinetic effects related to the extended, complex SrPd12-ligand
shell. Besides the deposition by reductive decomposition, also
an oxidative approach is investigated, in which deposition
occurs via ligand removal prior to a subsequent Pd oxide
reduction. Single-layer-high Pd clusters resulting from the
reductive approach could be imaged in situ and show a very
narrow size distribution, as long as low concentrations and
short deposition times are applied.

Besides the electrochemical reduction, an alternative depo-
sition route is observed, if hydrogen intermediates are present
on the surface. This later route leads to large, flower-like Pd
islands. Hydrogen-induced effects on the onset of the reduction
in the electrochemical route can be excluded by deposition
experiments on an HER-inert HOPG surface. Finally, the
deposited small Pd clusters were studied at potentials around

the onset of HER, where they behave similar to metallic Pd
nanostructures that increase in apparent area and height due
to hydrogen absorption.

This study paves therefore the way to deposit size-
controlled Pd clusters for more systematic studies on size
effects in cluster catalysis at the solid-liquid interface.

Experimental Section
All materials in contact with the electrolyte and sample like
glassware and PEEK sample holder were cleaned with Caro's acid
followed by rinsing at least three times with boiling ultrapure
water. Unless stated otherwise a neutral 0.05 M phosphate buffer
electrolyte was used, which was prepared from ultrapure water
(18.2 MΩ), H3PO4 (Suprapur, Merck), and NaOH (monohydrate,
99.99%, Merck) with a pH of 6. The SrPd12 stock solution (0.2 g/L) is
made in the same electrolyte and added during the experiment as
indicated.

Cylindrically shaped Au(111) single crystals (Ø 8 or 10 mm, MaTecK)
were used as substrates and cleaned prior to each experiment by
oxidation in 3 M H2SO4 (Suprapur, Merck) until the formation of a
reddish layer, which was removed with 6 MHCl. Subsequently, they
were flame-annealed with a hydrogen flame at red heat for two
minutes and slowly cooled down in high-purity argon atmosphere
leading to the reconstructed Au(111)(22×

p
3) surface. As the

reconstructions already lifts at the open circuit potential, it is
important to control the potential prior to the insertion of the gold
sample. The unreconstructed Au(111)(1×1) surface is prepared as
the reconstructed surface, but followed by an additional 30 min
immersion into a 0.05 M potassium chloride solution.

The HOPG sample (7×7×0.6 mm, NT-MDT) was freshly cleaved
with scotch tape prior mounting in the sample holder.

The integral electrochemical methods were performed with an
ECi200 potentiostat from Nordic Electrochemistry Aps. A platinum
wire (MaTecK, 99.9%, Ø 0.8 mm) was used as counter electrode. As
reference electrode freshly prepared reversible hydrogen electrode
or Ag/AgCl (Science Line, SI Analytics) were used as reference
electrode. For comparability, all potentials have been converted to
values referenced to a reversible hydrogen electrode (RHE). The
measurements were corrected for ohmic drop measured by the
potentiostat after the measurement if stated in the figure.

All EC-STM experiments have been performed with an EC-STM,
developed by Wilms, et al.[53] and equipped with an SPM100
electronics (RHK Technology Inc.) for imaging. The electrochemical
potential control of the studied surface is enabled through a
Picostat potentiostat (Molecular Imaging Inc.). In this work, all
mentioned tip and surface potentials are referenced versus the
reference electrode. To this purpose, platinum wires (MaTecK,
99.9%, Ø 0.8 mm) were used as both, counter, and pseudo
reference electrode, but the potentials were converted to values
referenced to a RHE. The Ir/Pt tips were prepared by mechanical
cutting or electrochemical etching in KOH/KSCN solution. In order
to reduce overlaying faradaic currents, the majority of the tip,
except for the apex, was coated with Apiezon wax. The remaining
tip area exposed to the electrolyte was controlled prior the
experiment by the measurement of the tip leakage current, while
being in the electrolyte and not in tunneling condition. Usually tips
showed a leakage current below 30 pA. The samples were fixed in a
PEEK sample holder and contacted from the backside. STM images
were analyzed by the Gwyddion software[54] with a line-by-line
linear background subtraction. The apparent height was referenced
to the average background height of the terraces and the height
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scale calibrated for Au(111) steps (0.24 nm). Line profiles were taken
horizontally in the fast scanning direction in order to minimize the
effect of drift.
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Figure S1: Molecular structure of [SrPd12O6(OH)3(PhAsO3)6(OAc)3]4-. 

 

 

  

Figure S2: Impedance spectroscopy of a Au(111) surface in phosphate buffer at different applied 

potentials (DC voltages indicated vs RHE). Measurement parameters: 10 mV amplitude and frequency 

range of 0.1 mHz to 10 kHz. The rising imaginary impedance at higher applied voltages, observed in 

the Nyquist-plot, indicates the increased capacitance due to phosphate surface adsorption that sets in 

at potentials above 0.4 V vs RHE. This might explain the high overpotential needed for SrPd12 reduction, 

as phosphate desorption is required to enable electron transfer between surface and SrPd12. 
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Figure S3: Three-electrode quartz crystal microbalance (EQCM) measurement of a polycrystalline Au 
sample on a quartz resonator in phosphate buffer at 0.4 V vs RHE indicating the effect of SrPd12 addition 
to the argon-purged solution (after 150 s, 0.2 g/L SrPd12). The EQCM measurements were carried out 
by measuring the quartz crystal admittance in the vicinity of the its resonance frequency using a network 
analyzer. From a fit of the real part of the admittance with a Lorentz function, the resonance frequency 
f (peak position) and the damping w (full peak width at half maximum) were extracted as a function of 
time. One observes that the damping (∆w=w(t)-w(t=0)) increases and the resonance frequency (∆f=f(t)-
f(t=0)) lowers. As the absolute change in ∆f exceeds slightly the damping change, one can conclude 
that both, viscosity of the electrolyte close to the surface and mass loading of the double layer increase. 
This points to a SrPd12 incorporation into the double layer, in agreement with the CV capacitance 
increase after the SrPd12 addition, shown in Figure S8. 

 

 

Figure S4: Stacked x-ray photoelectron spectroscopy overviews of a Pd-covered Au(111) working 
electrode after rinsing with ultrapure water and transfer to UHV conditions. The Pd particles have been 
deposited by applying a potential of 0.2 V vs RHE for 10 min (low coverage), resp. 30 min (high 
coverage) in a SrPd12 (c=6 nmol/L) containing 0.5 M phosphate buffer electrolyte. In the resulting XPS 
spectra, only Au, Pd, and adventitious carbon are detected, indicating that the ligands are stripped off 
during deposition and not co-deposited. The assigned peaks proof the presence of Au and Pd as well 
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as small impurities (adventitious C, Na and O) indicating that the ligands of SrPd12 are stripped off during 
deposition and not co-deposited. XPS parameters: pass energy: 100 eV, x-ray energy: 1486.7 eV. 

 

Figure S5: Detailed Au 4d5/2 spectra evidence the presence of a Pd 3d1/2 shoulder. This shoulder 
indicates the presence of metallic Pd. For comparison, arrows pinpoint the Pd 3d1/2 energy position of 
Pd2+ and Pd4+ species, respectively. The deconvolution of the overlapping Au 4d5/2 and Pd 3d core 
level peaks can be performed but does not deliver precise peak intensity values. Instead, the Pd MVV 
Auger electron yield can be used to quantify the amount of deposited Pd particles (see Figure S6). 

 

  

Figure S6: Detail of the Pd-specific MVV-Auger signal in the photoemission spectra of Figure S4. In a 
separate experiment, photoelectron spectra were taken from a reference Pd foil and the acquired Pd 
MVV Auger electron emission yield is about twice as intense with respect to the Pd 3d core level peak 
intensity. Dividing the signal intensities by the inelastic mean free paths (8.4 Å for Pd MVV and 20.2 Å 
for Pd 3d) leads to the expected relative peak intensities of a pure surface species. In this case, the 
Auger peak is about 5 times larger than Pd 3d peak intensity. The Pd MVV intensity measured on the 
Pd-loaded Au electrode can now be related to the measured Au 4f peak intensity. Taking the Pd 3d and 
Au 4f cross sections into account and using the inelastic mean free path of the ejected Au 4f electrons 
(16.5 Å) leads to a Pd surface coverage of 32±5 %. This number agrees well with the estimated surface 
area fraction of 40±20 % covered by Pd particles that is observed by STM (170x170 nm2) after the 
deposition process prior to XPS characterization. The combination of XPS and STM data proves that 
the particles on top of the Au electrode consist of Pd. 
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Figure S7: 5 µM SrPd12 0.5 M H3PO4/NaOH solution before (left) and after purging with H2 gas (right): 
In less than 1 min, the solution turns black and flakes form, that can easily be recognized by eye. 

 

 

 

Figure S8: Cyclic voltammogram of a highly ordered pyrolytic graphite surface (HOPG, ZYA) in 0.5 µM 
SrPd12 containing 0.05 M HClO4 electrolyte. The strong increase of the double layer capacitance 
compared to the blank measurement indicates the presence of surface-near SrPd12 ions. The reduction 
behavior is seen to be strongly influenced by the Pd deposition due to cycling. From cycle to cycle, 
deposited Pd0 continuously shifts the potential for hydrogen evolution towards more positive potentials. 
This explains the cross-over in the reduction current traces, as freshly deposited Pd further enhances 
the HER. The fact that the HER starts at potentials positive to 0 V RHE is caused by the absence of 
molecular H2 in the electrolyte. In the third cycle, a distinct hydrogen adsorption peak at 0.2 V vs RHE 
is observed.  
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Figure S9: In situ EC-STM image of the Pd particle morphology obtained after another type of 
pretreatment where hydrogen species form. Here, the Au(111) surface was exposed to 6x500 ms 
potential steps to -0.1 V vs RHE (starting from 0.4 V vs RHE) in 0.1 M phosphate buffer, prior to the 
addition of SrPd12 (amount corresponding to 0.3 equivalent Pd-monolayers). (a) After POP-addition, still 
at 0.4 V vs RHE, flower-like structures form instantaneously in a process, that probably is limited by 
hydrogen availability. (b) As the surface is set to 0.2 V vs RHE, remaining SrPd12 in solution can still be 
deposited in form of small particles. Imaging conditions: Ub=-100 mV, It=311 pA. 
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Carbon nitride materials CNx have received sustained interest ever since first being

mentioned by Liebig [74] in 1834, especially since semiconductive nitrogen-rich

carbon nitride networks have shown huge potential for (photo)catalysis, e. g. water

splitting or carbon dioxide photoreduction.[75,76] Besides their direct application for

metal-free catalysis, the diverse nanostructures allow to tune N-rich binding pores for

the stabilization of supported metal catalysts. Recently, a carbon nitride network was

used to incorporate single Pd atoms for C–C coupling reactions.[77] The ability to bind

catalyst particles from single atoms to entire clusters in an ordered way,[78] would

steer size-dependent reactivities with high control. This plays a crucial role especially

for the non-scalable size regime, where atom-by-atom size dependencies have shown

strong support influence on reactivity[79] and ripening[80]. While nitrogen-bridged

triazine (C3N3)- and heptazine (C6N7)-based 2D-CNx structures are the most studied,

the structural variety of 2D-CNx materials is manifold and opens up the possibility

to draft catalyst supports with multiple binding sites, that could even combine

photocatalysis on the carbon nitride with electrocatalysis on supported particles.
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Figure 4.1. Polymerization of TAH precursor molecule with nitrogen gas release to carbon

nitride network (dashed bonds indicate further heptazine units). Suggested novel on-surface

synthesis on gold and graphite surfaces after deposition of TAH molecules via liquid or vacuum

deposition methods.

Despite intensive research with laser-electric discharge methods[81], chemical va-

por deposition[82], electrodeposition[83], spray deposition[84], liquid-gas interface

separation[85], and exfoliation[86], a formation of structured CNx layers, often called

graphitic carbon nitride (g-C3N4) remains experimentally challenging. Especially the

formation of single atomic layers is still hardly accessible with current methods.[87]

In this work we present our attempts to form single graphitic carbon nitride layers

of bridged s-heptazine (C6N7) units on Au(111) and highly oriented pyrolytic graphite

(HOPG) surfaces (see Figure 4.1). Such well-defined surfaces were used extensively

before to steer classical organic reactions such as Ullmann coupling[88] or N––N bond

coupling from aryl azides[89] and enabled the formation of a variety of structural mo-

tifs by on-surface polymerization. A previous report by Gillan [90] on the carbon

nitride formation demonstrates, that the hydrogen content in the formed network in-

creases its corrugation as –NH– groups allow a rotation and break the in-plane sym-

metry. Therefore, we opted for a hydrogen-free 2,5,8-triazido-s-heptazine (TAH) as a

precursor for the on-surface polymerization. The synthesis from melamine via melem

and 2,5,8-trihydrazino-s-heptazine to the final product TAH was performed and de-

scribed by Krinninger [91]. The three –N3 azide groups are very reactive and known

to react both thermally at 458 K[92,93] and light-induced[94,95]. The C6N7-core of TAH

(C6N7(N3)3) is completely planar and while the azide group is slightly bent, it is still

centered in the molecular plane of the C6N7 core.[92] These precursors form closed

packed, layered crystals that indicate the feasibility of co-planar adsorption and flat

2D coupling along the surface.
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4.1. Vapor and Liquid Deposition of TAH Precursor

Crucial requirement for an extended molecular network is a well-ordered initial pre-

cursor superstructure. This is especially of importance as the polymerization by azide

decomposition of TAH is known to be highly exothermic, releasing energy-rich nitro-

gen molecules. This tends to counteract the formation of a monoatomic layer.[93] In

order to deposit well-defined single layers of TAH precursor molecules, we used both

vacuum evaporation and liquid deposition techniques. The starting compound TAH,

with the three reactive azide groups is known to react above temperatures of 458 K.[92]

An evaporation is therefore only possible, if the vapor pressure below this reaction

temperature is high enough and if the molecule remains intact during this evapora-

tion. The molecule flux needs to be high enough to obtain a film deposition within

minutes. Miller, Holst, and Gillan [93] showed by thermogravimetric-differential
analysis (see Figure 4.2) that the heated TAHpowder looses weight already above 25 ◦C

(298 K). As this method is chemically unspecific, it is unclear if the TAH is evaporated

intactly or whether part of the reactive azide groups are already decomposed. In order

to rule out a decomposition of the TAH molecule, a further mass analysis of the gas

products is needed. At 190 ◦C (463 K), the weight drops drastically, which is attributed

to the actual TAH polymerization process and release of gaseous nitrogen. Above this

reaction temperature the weight gradually decreases, as the carbon nitride thermally

decomposes or restructures.[93]

Figure 4.2. Thermogravimetric-differential analysis shows a weight loss above 25 ◦C (298 K).

The sudden decrease at 190 ◦C (463 K) is attributed to the gas release during the polymer-

ization. At higher temperatures the formed carbon nitride is decomposed. Reprinted with per-

mission from D. R. Miller, J. R. Holst, E. G. Gillan, Inorganic Chemistry 2007, 46, 2767–2774.

Copyright 2007 American Chemical Society.
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Intact Evaporation

In order to perform amass analysis of the evaporated products and to explore the evap-

orability of the precursor, a TAH-filled tantalum crucible was placed in front of a mass

spectrometer and heated in vacuum conditions. Figure 4.3 shows the TAH molecule

and its fragments, detected during a temperature ramp from room temperature to

600 K (0.05 K/s). Throughout the heating series, traces of H2O, CO, and CO2 were de-

tected, which resulted from the residual gases in the vacuum system (p < 5·10−8 mbar).

At temperatures above 415 K, the TAHmolecule (C6N7(N3)3: 296 amu), as well as frag-

ments, including N2 (identified by mass 14 and 28 amu) were detected. Three distinct

spikes are visible above 460 K throughout all TAH fragment masses, which we assign

to explosion-like desorption of TAHmolecules at hot spots. The resistance-heated tan-

talum cup filled with TAHmight develop small temperature gradients throughout the

powder, leading to possible molecule ejection or autocatalytic explosions at hot spots.
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Figure 4.3. Vapor products and their fragments detected in a mass spectrometer, while heat-

ing to 600 K (temperature ramp 0.05 K/s). Throughout all temperatures H2O, CO2, and CO

were detected. The TAH mass at 296 amu and its fragments were detected above tempera-

tures of 415 K. Three signal spikes are found across all detected molecule masses, which are

attributed to ejection of intact TAH.

The detected masses at 470 K are shown in a semi-logarithmic plot in Figure 4.4.

At this temperature the highest TAH intensities were detected. Surprisingly, no pure

heptazine core C6N7 signals (mass 170 amu) were found in the fragmentation pattern.

However, the C3N3 triazine element and also C3N4 with additional nitrogen from the

azide group were found. If the heptazine unit was fragmented into one triazine, a ring
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closure of the remaining molecule is expected. This would also result in the mass of

a C3N4 unit. The masses that could be detected were assigned to the following chem-

ical compositions: C4N6, C4N5, C4N4, C2N3, and C2N2. However, their structural

motifs remain unclear. Importantly, the unique fragmentation pattern of the TAH

molecule allows the clear identification of the precursor molecule its distinction from

melamine, which was the starting compound in the TAH synthesis. Furthermore,

it proves the intact evaporation of TAHmolecule before thermal decomposition sets in.

0 50 100 150 200 250 300
mass / amu

10
3

10
2

10
1

10
0

10
1

in
te

ns
ity

 / 
a.

u.

N
H 2

O
N 2

/C
O

CO
2

C 2
N 2

C 2
N 3 C 3

N 3
C 3

N 4
C 4

N 4
C 4

N 5 C 4
N 6 C 6

N 1
6

Figure 4.4. The mass spectrum of the gas products of TAH powder at 470 K shows the TAH

molecule, its fragments, and the residual chamber gas with H2O, CO, and CO2.

In order to study the temperature window where TAH can be evaporated intactly,

the TAH and nitrogen mass traces are plotted in Figure 4.5a. As the mass 28 amu

could also result from residual CO in the vacuum system, the analysis of the N2

mass trace was carried out with the mass 14 amu signal. The detected nitrogen

results both from the fragmentation of the TAH molecule and the nitrogen-releasing

polymerization reaction itself. This explains the presence of the same signal spikes

in both mass traces, which originated from the already mentioned ejection of TAH

molecules. In order to disentangle the two contributions, we fitted the TAH mass

baseline to match the one from mass 14 amu (see Figure 4.5b). Simultaneously, the

nitrogen and TAH signal started to increase at 415 K. Until the temperature of 445 K,

the nitrogen signal matches well the mass trace of the TAH molecule, which implies

that the nitrogen originates only from the fragmented evaporated TAH. This late

onset of evaporation compared to the report byMiller,Holst, and Gillan [93] might
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be explained by a reduced sensitivity of our experimental setup. Above 450 K the

slope of nitrogen exceeds the one of TAH significantly, which suggests the onset of

the polymerization reaction. This onset temperature is in good agreement with the

literature-known reaction temperature of 458 K.[92] Therefore, the temperature range

from 415 to 445 K offers us the opportunity to evaporate the intact TAH molecules,

without triggering the reaction already in the powder crucible. This is especially

important for the repeated use of the molecular evaporator for surface preparation

under vacuum conditions.
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Figure 4.5. (a) The mass trace of TAH ( 296 amu) and nitrogen ( 14 amu) during a heating

experiment measured with a mass spectrometer. The spikes are present in both signals and

therefore interpreted asmolecule ejections (see text for further explanation). The nitrogen signal

exceeded at a certain point the TAH slope. At this point the polymerization reaction sets in and

additionally nitrogen as a side product is released. The signal decay originates from the full

polymerization of all TAH powder in the crucible. (b) The TAH signal is fitted to match the

nitrogen onset. The ideal evaporation temperature range is highlighted in , where TAH is

evaporated, but no polymerization occurs.

For the deposition of TAH films in a reasonable time scale, a significant molecular

flux is needed in the temperature range below 445 K. We used a quartz microbalance

to confirm the evaporation flux and deposition of TAH. The microbalance was placed

in a line-of-sight geometry in front of a freshly filled tantalum crucible. The tempera-

ture was measured with a type K thermocouple, spot-welded to the tantalum cup. The

microbalance working principle is based on the oscillation of a quartz crystal at its

resonance frequency. As soon as molecules are deposited on the quartz, the oscillation

changes. From the impedance analysis, the negative frequency shift ∆f and the broad-
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ening of the resonance can be derived. With the Sauerbrey equation the deposited

mass ∆m can be estimated:[96]

∆m = −
A · √ρqµq ·∆f

2f 2
0

(4.1)

Where f0 is the resonant frequency, A the crystal area, ρq the crystal density, and µq the

crystal shear modulus. With the TAH density of 1.829 g/cm3,[97] the deposited layer

thickness can be derived. Figure 4.6 shows the deposition rate of TAH molecules over

time. After reaching the chosen evaporation temperature of 442 K, the molecular flux

stabilizes and remains relative constant for longer deposition times. We believe the two

prominent sigmoidal spikes to be measurement artifacts. As soon as the temperature

dropped below 420 K, the evaporation decreased significantly. The film preparation

performed within this temperature range allowed various consecutive depositions in

the vacuum setup without refilling the crucible. The deposited amount calculated here

is several times higher than the corresponding STM images of thermally polymerized

carbon nitride suggest (see Section 4.2.2), however one has to take into account the

desorption of precursor molecules upon heating up, prior to the reaction.
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Figure 4.6. The deposition rate of TAH molecules is plotted versus the time as a function of

the applied evaporator temperature.

4.1.1. Influence of Molecular Topology on the Adsorption

Only little is known about the adsorption behavior of the TAHmolecule on single crys-

tal surfaces. Zheng et al. [94] performed an extensive DFT study of gas-phase hep-

tazines with different substituents. Figure 4.7b shows the extended π-system across
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the C6N7 core with a similar electronic structure as the triazine. The π-conjugation

is enabled through the 2pz orbitals of the carbon and nitrogen atoms. Inline with

the heptazine structure the intrinsic element-specific electronegativity, the positive

carbon charge increases when inserting the atom into the heptazine structure, while

the negative nitrogen charge is lowered even further. Our precursor however, is a

heptazine substituted with three azide –N3 groups. Here, the in-plane azide groups

not only change the molecule symmetry from D3h to C3h, but also alter the electronic

structure of the C6N7 core. The electron donating azide group weakens the adjacent

N–C bonds in the heptazine cycle. However the stabilization due to the π-system

and the strong donor-acceptor interaction between the lone electron pair of the –N3

groups and the π∗-orbitals of the C6N7 core are strong enough to compensate this

charge transfer. The highest occupied molecular orbital (HOMO) decreases in energy

when the azide is added. The lowest unoccupied molecular orbital (LUMO) increases

in energy. This results in a overall HOMO-LUMO gap of 4.14 eV.[94] The theoretical

band gap values of the yellow-colored TAH powder were confirmed experimentally by

UV-Vis spectroscopy, revealing two absorbance peaks at 275 and 295 nm (4.51 resp.

4.2 eV) attributed to the π→ π∗ and n→ π∗ transitions.[98] Figure 4.7c – d shows the

HOMO and LUMO representation of the TAH molecule. The heptazine core shows

an alternating orbital polarity, as known for alternant aromatic hydrocarbon systems

according to the Hückel rule.[99]

(a) (b) (c) (d)

Figure 4.7. (a) TAHmolecule structure with heptazine C6N7 core and three –N3 azide groups.

(b) π-system shows a delocalization throughout the heptazine. (c – d) The HOMO and LUMO

model of the TAH molecule. (b –d) Reprinted adapted with permission from W. Zheng et al.,

The Journal of Physical Chemistry A 2004, 108, 97–106. Copyright 2004 American Chemical

Society.

The extended π-system throughout the C6N7 core of TAH could promise a strong

interaction with extended surfaces: It has been shown that the electronic orbital

structure of similar hydrocarbon determines whether a physisorption or chemisorp-

tion character dominates the binding. Especially nonalternant aromatic systems have

shown huge differences on specific surfaces. Chemisorption was observed for a non-
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alternant aromatic system, like azulene on a copper surface, while physisorption oc-

curred on a silver surface.[100] The isomer and alternant napthalene instead showed

a physisorption character on both surfaces.[101] Density functional theory simulations

(DFT) predict a physisorption on Au(111) for a heptazine molecule with three diacety-

lene rests instead of the azide groups.[102] In order to understand the surface-specific

behavior, we investigated the TAH adsorption by means of x-ray photoelectron spec-

troscopy (XPS), temperature programmed desorption (TPD) and scanning tunneling

microscopy (STM) on two surfaces: graphite and Au(111). Gold with high valence

electron density high is expected to interact more stongly.

4.1.2. Deposition on Au(111)

In the following first experiments on the deposition of TAH, the molecule has been

vapor-deposited on Au(111)/glass support for 30 min, at 440 K evaporator tempera-

ture. The gold film on the glass support had been annealed in air prior to the experi-

ment to yield a Au(111) surface termination (see section 2.4.1 for further preparation

details). The sample was then transferred through air to the XPS setup. Figure 4.8

shows the resulting XPS spectra. Besides gold, carbon, and nitrogen, also an oxygen 1s

(O1s) signal at 531.4 eV was detected. This indicates an adventitious carbon impurity,

which was introduced during the atmospheric sample transfer.[103]

All measured spectra are shifted to match the a reference value 84 eV of the Au4f7/2
signal.[104] Transition metals are known for their asymmetric peaks shapes and there-

fore the one gold contribution is fitted with theDoniach-Sunjic function. All the other

signals are fitted with Voigt functions. These represent the convolution of a Gaussian

(accounting for the instrumental broadening) and a Lorentzian function (accounting

for the limited lifetime of the respective core hole). In order to obtain reliable XPS

results, the identical fitting routine was applied to all samples.

The molecular flux from the quartz microbalance measurement suggests a deposited

film of approximately 12 nm thickness. However, Figure 4.8c shows the gold 4f (Au4f)

signal of the sample substrate. The Mg-Kff x-ray source is expected to penetrate only

up to 2 nm into the bulk. Therefore, the presence of an Au4f signal can only be

explained by a lower deposition rate, due to evaporator-sample misalignment or a

slightly increased sample temperature that could not be measured during the deposi-

tion or XPS measurement, but what might have increased in front of the evaporator

sufficiently to make multilayer desorption (310 K) occur.

The carbon 1s (C1s) signal shows two major contributions. By comparison to com-

patible reference data, the larger peak can be divided equally into two experimentally
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unresolved sp2 carbon contributions at 287.4 and 287.9 eV from the C6N7 core. In each

heptazine unit containing six carbons, three respective carbons are chemically identi-

cal, identified as C1 and C2 in Figure 4.8b. The carbon atoms adjacent to the electron

donating azide groups are expected to show a slightly lower binding energy than the

γ-carbon and are therefore attributed to the signal at 287.4 eV. The chemical shift of

the TAH carbon species is in good agreement with 288.3 eV, the N–C––N signal of al-

ready polymerized carbon nitrides known from literature.[105] The peak at 284.5 eV

can be attributed to the alkyl compounds (C–C) in adventitious carbon impurity that

is always found on samples transferred through air. However, the presence of oxygen

signal suggest also a contribution from ketone (C––O) or ether (C–O–C) functional

groups, as well common for adventitious carbon.[103] These oxygen-containing groups

have a C1s binding energy of 288.2 and 285.8 eV and are hidden below the other

signals. Due to the low coverage, this contribution it is not considered in the signal

fitting. Possible shake-up satellite from the π-system of the TAH molecule, which are

expected at approximately 292 eV were not resolved.

The nitrogen 1s (N1s) signal in Figure 4.8e shows four nitrogen contributions, which

match the nitrogen atoms in the molecular structure (see Figure 4.8b). During the fit-

ting we kept the ratios within the heptazine core (Ncenter:Nring = 1:6) and the azide

group (Ncentral:Nouter = 1:2) constant. The lowest binding energy signal at 398.1 eV

can be assigned to six nitrogen atoms of the C6N7-ring, while the central nitrogen

at 399.6 eV is shifted to higher binding energies. Although tertiary amines are usu-

ally found at 401.5 eV[106], the delocalized π-system can explain the lowered binding

energy of this nitrogen atom.[94] The binding energies of the six nitrogens of the C6N7-

ring are in good agreement with literature-known values for already polymerized TAH

molecules at 398.8[105] or 399.1 eV[106].

The N1s signals of the azide group can be divided into two contributions. The

binding energy of 400.6 eV is associated to the two outer nitrogens, while the central

nitrogen with the positive charge appears with a binding energy of 403.8 eV. A

previous report with ether-group stabilized azides shows XPS signals at 401.8 and

405.4 eV, slightly higher in binding energy compared to our results.[107] This deviation

can be explained by an electron back-donation in the anti-binding π* orbital of the

adjacent heptazine. The intensity of the reactive azide group signals showed only

69% of the expected intensity when comparing to the heptazine N1s signals. This

suggests that the TAH molecule lost one out of three azide group in average during

the XPS measurement. This x-ray induced photolytic azide decomposition (discussed

in detail in Section 4.2.3) leads most probably to the formation of an amine species at

399.8 eV. The removal of one azide group in average is also reflected in the decreased
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Figure 4.8. X-ray photoelectron spectra of TAH vapor-deposited on Au(111) for 30 min at an

evaporator temperature of 440 K. (a) The overview spectrum shows carbon, nitrogen, gold, and

oxygen signals. (b) Molecular structure with color-coded atoms that match the four nitrogen

and two carbon contributions. (c) The gold 4f signal of the Au(111) surface. (d) The C1s

spectrum with the two TAH-carbon contributions ( carbon adjacent to the azide group and

triazine-briding carbons). Adventitious carbon is present due the sample transfer in air. (e)

N1s spectrum with two signal contributions for each azide and heptazine unit. The centered

nitrogen of the azide group shows the highest binding energy, followed by the remaining azide

nitrogen. The amine and the sp2 nitrogen form the heptazine core. As one azide group

was removed, the formed amine species is fitted by .

overall nitrogen content. The total measured C:N ratio was 0.45 and does not match

the expected atomic ratio 0.38 of TAH. This calculation includes a correction for the

different N1s and C1s cross sections.[108]

The ease of making carbon nitride materials will be decisive for its applicability.

Simple preparation techniques are therefore advantageous. We investigated the depo-

sition of TAH on Au(111) surfaces also from a solvent-based approach. We dipped the

gold sample in TAH/benzene solution (cTAH: 0.35 mM) and retracted the sample after

15–30 min. The remaining liquid film on the gold surface had a volume of approxi-

mately 10 µL as estimated from the deposition of droplets on similar surfaces. At such
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(a) (b)

Figure 4.9. Optical microscopy images of (a) vapor-deposited TAH on Au(111). The film thick-

ness estimated via the Sauerbrey equation is 12 nm. The sample was already exposed to x-ray

and 385 nm UV light and is expected to be fully polymerized. (b) The gold surface with liquid-

deposited TAH film from benzene solution. The solution concentration was matched to result

in 12 nm layer thickness. The sample was not exposed to radiation or elevated temperatures.

volumes and concentrations, the calculated remaining TAH layer after solvent evapo-

ration should correspond to 12 nm film thickness. Again, the sample was transferred

to UHV and investigated by XPS. Figure 4.10a shows the overview XPS spectrum with

the gold, carbon, nitrogen, and oxygen signals. The appearance of the Au4p peak, not

seen for the vapor-deposited sample, indicates a lower TAH coverage. However, opti-

cal microscopy reveals rather an aggregation of TAH on the support and hence a lower

apparent XPS signal (see Figure 4.9). Indeed, AFM measurements probe the presence

of nanoparticles that are higher than 2 nm and therefore were not be fully penetrated

by XPS (see Figure 4.15b). The vapor-deposited sample in contrast shows only little

agglomeration. The aggregation of TAH molecules can be explained by capillary flow

effects during the solvent evaporation.[109] Initial attempts with a spin-coater did not

prevent aggregation. For a homogeneous deposition, more advanced liquid deposition

approaches such as electrospray ionization deposition, possible with subsequent mass

filtering, are needed.[110] The presence of TAH between the aggregates is confirmed by

detection of the local fluorescence response related to TAH, upon excitation with laser

light.

Figure 4.10b shows the C1s signal, with the heptazine and adventitious carbon con-

tributions. The amount of adventitious carbon for the liquid-deposited sample (deter-

mined by referencing against the Au4f signal from the overview spectra) decreased by

25% compared to the vapor deposition, confirming at least a full removal of the ben-

zene solvent. The N1s signal in Figure 4.10c contains the same signal contributions as

in the vapor-deposited sample. The TAHmolecules had 61% of the azide groups from
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the synthesis left, i. e. the same amount as for the vapor-deposited sample. Again, the

TAH molecule reacted under the x-ray beam. Besides the TAH aggregation during the

deposition, the liquid sample preparation can fully substitute the vapor deposition.
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Figure 4.10. X-ray photoelectron spectra of TAH on Au(111), liquid-deposited from a benzene

solution. While a similar amount has been deposited as by vapor deposition in Figure 4.8, the

here detected XPS signal is lower due to aggregation. (a) The overview spectrum incluedes a

Au4p signal. (b) The C1s signal with the two heptazine ( , ) contributions and the adven-

titious carbon. (c) The N1s signal with two nitrogen species for the heptazine ( , ) and the

azide ( , ), respectively. As one azide group reacted during the XPS measurement, a formed

amine species is added ( ). The color-coding is referenced to Figure 4.8b.

4.1.3. Deposition on Highly Ordered Pyrolytic Graphite

We investigated the TAHdeposition as well onHOPG for two reasons. On the one hand

we intended to optimize the formation of a well-ordered network by modulating the
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interaction to the support, expected to be much lower on graphite. On the other hand,

for a technological perspective: A pure carbon support, cheap, easy to prepare, and

electrochemically stable would be the ideal platform. As with the gold sample, we de-

posited the TAHmolecule on the HOPG surface with the vapor and liquid approaches.

Optical microscopy revealed a similar behavior for both depositions, on HOPG as on

gold. More large aggregates were found on the liquid-deposited HOPG sample, but

here as well the area between large particles was covered with TAH molecules. Vapor

deposition and liquid deposition resulted in similar XPS spectra on HOPG.
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Figure 4.11. X-ray photoelectron spectra of TAH liquid-deposited on HOPG from a benzene

solution. The deposited TAH amount was identical to that on the gold sample. (a) The overview

spectrum with carbon and nitrogen signals. (b) The C1s signal with two , heptazine con-

tributions, adventitious carbon, sp2 carbon from HOPG, and graphite shake-up satellite.

(c) The N1s signal with two nitrogen species for the heptazine ( , ) and the azide ( , ),

respectively. The color-coding is referenced to Figure 4.8b.
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Figure 4.11 shows the XPS spectra of a liquid-deposited sample, which were shifted

to match the HOPG signal at 284.3 eV.[104] The overview spectrum shows the carbon

and nitrogen photoelectron and Auger signals. The C1s signal is dominated by the sp2

carbon contribution from HOPG at 284.3 eV. The graphite peak is known for its asym-

metry and the adjacent signal at 285 eV is therefore a convolution of the asymmetrical

sp2 carbon and the adventitious carbon contribution. At 287.7 and 288.4 eV the two

carbon species from the heptazine are found. At 291 eV the shake-up satellite due to

the π→ π∗ transition can be found, known for graphitic materials.[111] Again, the N1s

signal consists of four peak contributions. The heptazine sp2 nitrogen is located at

398.4 eV and the central one at 399.9 eV. The azide group is divided into the outer ni-

trogens at 400.9 eV and the inner nitrogen at 404.3 eV. As before, x-ray beam damage

lead to 63% of the original azide amount. The resulting amine peak appears in the fit

at a binding energy of 400.6 eV, still with a slightly lower intensity than expected, but

less deficient than for the deposition on Au(111). While a previous study reports the

possible reaction of highly reactive azide groups e. g. azidoformate or cyanogen azide,

with benzene solvent to azepines (as shown in Figure 4.12) and hence we observe the

same azide concentration on the liquid-deposited as on the vapor-deposited sample,

this side reaction does not occur during our liquid deposition approach.

Figure 4.12. The literature-known decomposition of azide group and reaction with benzene

solvent was not observed in our case.[95]

Table 4.1 summarizes the peak positions of the XPS signals for the two deposition

approaches on the two surfaces. Literature values are also listed, but it has to be noted

that these values originate from already polymerized carbon nitride. As a general trend

we can state that the values for the gold sample are slightly lower in binding energy

by 0.3±0.1 eV than of the graphite sample and of the bulk reference data. This shift of

all peaks can be explained by the enhanced core hole shielding by the metal substrate.

The ejected photoelectron is attracted by the positive charge of the created core hole,

but if this charge is partly screened by the metal surface charge density, the electron

leaves the surface with a higher kinetic energy. The binding energy appears then to

be lowered.[112] This effect was observed as well for other adsorbed π-systems like

porphyrins and phthalocyanines. A tetraphenylporphyrin monolayer showed a shift

for both N1s and C1s of approximately 0.5 eV on an Au(111) surface compared to the

multilayer signal.[113] The presence of this effect pronounces a low coverage similar to
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a monolayer. However, it was not possible to determine the TAH surface coverage by

STM, as the TAH did not self-assemble and was highly mobile on the surface.

Table 4.1. Summary of N1s and C1s peak positions of the TAH molecule for different deposi-

tions methods (vapor- and liquid deposition) on Au(111) and HOPG surfaces. Literature values

are given for comparison, but only values for already reacted carbon nitride networks CNx are

reported so far.

Au(111) HOPG CNx polymer

vapor liquid vapor liquid

C––N–C 398.08 397.85 398.42 398.44 399.06[106], 398.8[105]

N–C3 399.61 399.61 399.87 399.9 400.36[106], 400.1[105]

–N––N––N 400.57 400.39 400.77 400.85

–N––N––N 403.81 403.74 403.97 404.31

Chept, 1 287.35 287.29 287.71

Chept, 2 287.93 287.61

287.69

288.39 288.6[106], 288.3[105]
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4.2. Polymerization to Carbon Nitride

The polymerization of TAH offers a synthesis route to carbon nitride without release

of hydrogen. This reduces the amount of possible reactants for termination by forma-

tion of primary and secondary amines and enables a higher selectivity and structural

uniformity in the network formation. Miller, Holst, and Gillan [93] observed the

explosion-like reaction of TAH at 470 K. The yellow powder turns into a porous, fluffy,
and brown powder, that transforms into yellow-tanned after several weeks of storage

in air, due to possible hydrolysis. The carbon nitride is thermally stable for short time

periods at 873 K, then slowly decomposes over hours. The thermogravimetric analysis

shows an overall release of three N2 molecules per TAH unit during the reaction.[93]

This indicates only a partial polymerization, as a full network formation would result

in the formation of four N2 molecules per TAH.

We start here with the polymerization of TAH powder to carbon nitride at 473 K,

both in argon atmosphere and under vacuum conditions (p < 5 · 10−2 mbar). Fig-

ure 4.13 shows the infrared spectra of attenuated total reflection IR spectroscopy

(ATR-IR) measurements before and after the reaction. The TAH molecule shows the

four specific vibrations from the heptazine ring at 818, 1356, 1526, and 1601 cm-1,

in good agreement with the literature values at 818, 1359, 1529, and 1608 cm-1.[93]

Hereby, the vibration at 818 cm-1 can be traced back to the triazine subunit.[114] The

region at 2260 – 2140 cm-1 was previously assigned to the azide group.[115] While

in the TAH spectrum an azide signal at 2169 cm-1 can be found, the two reacted

samples show, if at all, only minimal azide traces left. An indication for a highly

linked network formation of carbon nitride is the absence of primary and secondary

amine groups around 3200 cm-1. For both samples the N–H contribution was very

small, suggesting a good linkage, expected for reactions in absence of water.[114] In the

fingerprint region below 2000 cm-1, both spectra of the reacted sample are similar to

those observed for other bulk carbon nitride syntheses.[116] The heptazine and triazine

vibration signals are broadened and damped, which can be attributed to the polymeric

character of the product. Tong et al. [116] observe an oxygen-induced cleavage of the

heptazine-bridging amine group, which resulted in the increase of oxygen signals at

1712, 1088 and 972 cm-1. As none of these signals occur at the reacted samples, the

interaction with oxygen can be excluded.

TAH with the three azide groups shows a 2.55x higher molar heat of forma-

tion (C6N7(N3)3 8N2 + 6C) than hydrogen terminated heptazine (C6N7H3

3.5N2+1.5H2+6C),[94] which indicates the immense energy stored in the azide group.
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Figure 4.13. IR spectra of TAH precursor and bulk reaction products reacted at 473 K under

argon or vacuum conditions. The TAH molecule was identified by the s-heptazine, triazine and

azide vibrations. The azide contribution vanishes for the reacted carbon nitride, while N–H

species are formed. A detailed signal analysis can be found in the text.

The resulting irreversible formation of nitrene radicals has to be steered appropriately

to yield well-ordered 2D films that are well interlinked. The binding of the precursor

and potential intermediates to the surface are hence expected to play a crucial role

in the network formation. Besides the impact on the film morphology, the volatile

nature of TAH that permits its deposition by evaporation can at the same time lead

to an evaporation before and during the reaction (see Section 4.1). As the on-surface

reaction is performed with very small TAH concentrations, a partial desorption of the

reactant will strongly influence the network formation. In the following the on-surface

reaction is studied on HOPG and Au(111).
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4.2.1. Triazido-Heptazine Interaction with Graphite

As the TAH polymerization evolves gaseous nitrogen as a side-product, mass spec-

trometry enables us to follow the reaction. However, already the mass spectrometry

study of the powder evaporation described in section 4.1 showed a constant evapora-

tion of TAH before and throughout the reaction. For a mass detection with elevated

sensitivity, a sniffer was placed above the surface while heating (distance < 0.2 mm).

This instrument houses a mass spectrometer and has an increased sensitivity due to

exclusion of external background signals and a high product collection efficiency.[117]

However, this setup is limited to the mass 100 amu and the fragment mass 78 amu was

therefore used to identify the mass 296 amu of TAH itself. In order to disentangle the

nitrogen signal from intact TAH from that of the nitrogen-releasing reaction, the TAH

fragment trace was scaled in intensity to match the nitrogen mass 14. All the nitro-

gen signal that exceeds the TAH signal can then be assigned to the on-surface reaction

of the TAH molecule. Figure 4.14a shows the gaseous products that are detected by

the mass spectrometry during the temperature ramp from room temperature to 533 K

under UHV conditions.
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Figure 4.14. (a) Gaseous products evolving during heat-induced desorption and reaction of

TAH on HOPG. The vapor deposition yielded a multilayer starting coverage. The heating rate

was 1 K/s. (b) [3 + 2] Cycloadditions of R–N3 azide with sp2 carbon in fullerenes that oc-

cur already at 333 K. This reaction is the first step of several possible pathways, followed by

subsequent N2 release.
[118]

Similar to the powder sample in Figure 4.2, the evaporation of intact TAH starts at

330 K. The majority of the detected nitrogen can be attributed to TAH evaporation,
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as the signals largely overlap. The first peak in the desorption signal is assigned to

the multilayer desorption, which is expected to show the lowest binding energy. The

shoulder above 380 K is attributed to monolayer desorption from HOPG. Above 425 K

no nitrogen is detected and therefore, we believe that the further increase of TAH

signal above 450 K is a measurement artifact that might be related to background

contributions due to nozzle heating. This early desorption of TAH explains the lack

of excessive nitrogen generation at reaction temperature around 445 K, which would

be expected for the polymerization. The binding between the HOPG and TAH is not

strong enough to exceed the enthalpy of vaporization. However, above 350 K we ob-

serve a nitrogen that is somewhat larger than the TAH signal, as the result of some

ongoing TAH reaction activity. A possible reaction in this context might be the [3

+ 2] cycloaddition of the organic azide to the HOPG surface, similar to the one ob-

served upon fullerene functionalization, that occurs already at temperatures of 333 K

(see Figure 4.14b).[118] However, such reaction pathways would lead to nitrogen atoms

binding to the surface. As only vanishing N1s signal intensity was detected in the XPS,

the TAH desorbs mostly unreacted.
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Figure 4.15. (a) Optical microscope image of thermally polymerized carbon nitride on HOPG.

The aggregate structure which resulted from the liquid deposition remained stable during the

reaction. (b) AFMmeasurement of the carbon nitride sample with indicated line profile revealed

the submicrometer particle size. Image size: 7x7 µm.

While the vapor-deposited HOPG sample did not result in any reaction products

detected by means of XPS, however, the liquid-deposited sample with its aggregate

structures lead to carbon nitride signals. The aggregate structures did not fully

desorb during the heating to 453 K. Figure 4.15 shows optical microscopy and AFM
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measurements. The aggregates were uniformly distributed over the surface without

any preferred surface site. A reordering during the elevated temperatures seems

unlikely. The line profile indicates the submicrometer size of the particles. The carbon

nitride in those particles is expected to be fully decoupled from the HOPG surface

and hence, we expect the same chemical nature as in the powder polymer.

XPS has been applied to understand the chemical changes during the reaction. The

reaction of the azide group to a tertiary amine, as shown exemplary in Figure 4.16,

offers the possibility to follow the reaction by the decrease of N1s azide signal and

the increase of a novel N1s amine contribution. The different binding energy of the

newly formed amine compared to the central heptazine amine can be explained by the

delocalized π-system.

Figure 4.16. Possible condensation pathways of the TAH polymerization to carbon nitride

under the release of nitrogen via an assumed nitrene radical intermediate. The reaction is

initiated either by light irradiation or thermal activation. The two azide ( , ) contributions vanish,

while the tertiary amine increases, if the network is formed. However, also azo, sp2 nitrogen,

primary, or secondary amines can occur. The and heptazine nitrogen contributions do

not change their intensity throughout the reaction. The two carbon heptazine species in the

TAH molecule are chemically indistinguishable after the removal of the electron-donating azide

group.

Figure 4.17 compares the XPS spectra of the aggregates on HOPG with carbon ni-

tride nanosheets prepared via a melamine synthesis. The preparation of the carbon

nitride nanosheets consisted of the melamine powder reaction, the liquid exfoliation

with ultrasonication, and the drop-cast deposition on Au(111).[119] The carbon sig-

nals in Figure 4.17 vary only because of the different supports. The nanosheets were

supported on gold and therefore the C1s signal in Figure 4.17a shows only two contri-

butions from the heptazine carbon at 288.3 eV and the adventitious carbon from the

sample transfer at 285.1 eV. The HOPG sample instead, contains the previously ob-

served contributions from the sp2 carbon from HOPG and additionally at 288 eV the

heptazine carbon (see Figure 4.17c). An XPS study by Burdina et al. [81] attributes a

double-peak feature in C1s spectra to amorphous CNx species, while crystalline ones
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only lead to a single contribution. Hence, both our samples are expected to have a

crystalline character.

The nitrogen signal gives insights into the chemical species of the formed amine.

Figure 4.17b shows the XPS spectra of the nanosheet sample with the outer heptazine

nitrogen at 398.6 eV and the central tertiary heptazine amine at 399.8 eV. The lat-

ter was coupled in intensity during the fitting to the heptazine sp2 nitrogen atoms to

match the atomic ratio of 1:6. At 401 eV the novel amine species appears, which again

indicates by the chemical XPS shift the formation a tertiary amine. The amount of

novel linking nitrogen species is similar to that of the central amine in the heptazine

and matches therefore very well an overall linking nitrogen content of one per hep-

tazine unit. The nitrogen signal from the TAH polymerization on HOPG again shows

the two respective contributions from the heptazine at 398.7 and 399.9 eV. The novel

linking nitrogen species can be found at 401.2 eV. The condensation pathways de-

scribed in Figure 4.16 suggest the possible formation of several nitrogen species, that

would be found at similar binding energies. Indeed, the Lorentz width of the signal

was much higher than the nanosheets sample, which indicates the presence of more

than one nitrogen linking species. Also the shift to higher binding energies suggest the

presence of primary and secondary amine species and hence more N–H terminations.

The total intensity of the linking nitrogen suggest 3.7 nitrogen atoms per heptazine

unit, which significantly surpasses the theoretical value of 1. While the XPS cannot

fully resolve the small differences in binding energies of the different condensation
products, the formation of N–H terminations appears very likely, as hydrogen and

water are present under UHV conditions.
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Figure 4.17. (a –b) XPS analysis of carbon nitride nanosheets prepared from melamine and

drop-casted on Au(111). (a) The C1s signal shows the heptazine and adventitious carbon

signal. (b) The nitrogen signal consists of the heptazine ring, the central heptazine amine,

and the linking nitrogen species. Both, the intensity and the chemical shift of the latter suggest

the primary formation of tertiary amines and hence a good linkage. (c – d) The polymerized

liquid-deposited TAH on HOPG: (c) The C1s signal is dominated by the HOPG substrate with

the sp2 carbon and the shake-up satellite. Additionally, adventitous carbon is present.

The heptazine carbon can be found at 288 eV. (d) The nitrogen signal shows besides the

heptazine, and the tertiary amine also the linking nitrogen signal. The intensity of the latter

exceeds the expectations from tertiary amine linkage. For details see the text.

4.2.2. On-Surface Polymerization on Au(111)

Similar to the HOPG sample, TAH was vapor-deposited on the gold single crystal and

the reaction was induced by heating. The gaseous products were detected by mass

spectrometry. Figure 4.18a shows the gaseous nitrogen and TAH intensity during a

heating-induced reaction starting from room temperature to 627 K. Again, all the ni-

trogen signal that exceeds the TAH signal can be assigned to the ongoing polymer-

ization reaction. Note that here the deposition time was adjusted to reach a coverage

below one monolayer of TAH. Although we deposited only a submonolayer coverage,

already from 310 K TAH molecules started to desorb, similar to the multilayers on the
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HOPG sample. The polymerization reaction sets in at 405 K, which can be identified by

the sudden extensive release of nitrogen, while the TAH signal remains constant. The

successful polymerization on the gold support suggests a higher interaction between

TAH and gold compared to the HOPG sample. The reaction temperature is 40 K lower

compared to that in the powder sample, the polymerization is hence catalyzed by the

gold surface. The reduced reaction temperature was evidenced by the measurement of

a fully reacted carbon nitride N1s XPS signal after the sample was heated to 438 K. The

measured spectra were consistent with samples heated to temperatures above 445 K.

Whether the desorption of TAH molecules at 310 K originates from the first or a

higher layer is answered by the variation of the deposited coverage. Figure 4.18b

shows the reaction of a TAH/Au(111) sample with a multilayer coverage. The onset of

the desorption is identical to that of the previous sample, however a clear multilayer

desorption peak emerges. Again the TAH desorption continues throughout the

reaction at a rather constant level. Why the amplified TAH signal does not match the

nitrogen signal above temperatures of 350 K, similar to the HOPG sample remains

unclear. We hypothesize background signals from the sniffer nozzle, observed for

large TAH dosages when the nozzle gets heated. As the multilayer desorption was

observed at the same temperatures as the previous sample, we attribute the TAH

desorption for the submonolayer coverage to a second layer desorption. TAH is

expected to adsorb in well-ordered layers as it does in its crystal structure.[102,120]

Since the first adlayer is strongly polarized by the support, the interaction to the

second layer will be stronger as the interaction between second and higher layers.

We therefore attribute the second broad desorption peak to a second TAH layer

that experiences a strong, coverage dependent binding to the surface. This is in

good agreement with second-layer features observed with STM performed on these

samples. The molecule-surface interaction between first-layer TAH and gold matches

well the enthalpy of vaporization of the TAH molecule and ensures the persistence of

TAH throughout the heating. It is advantageous for a successful 2D film growth, that

the desorption of the amorphous multilayer occurs before the reaction sets in.

The chemical analysis of the product by means of XPS gives insights into C3N4 prod-

uct yield and N–H termination, similar as for the powder-like sample in section 4.2.1.

Here, a liquid-deposited gold sample was heated for 15 min to 473 K in vacuum, with-

out exposure to UV or x-ray light. The sample was then transferred to a separate XPS

vacuum system. The overview spectrum in Figure 4.19a shows the expected presence

of oxygen, carbon, nitrogen, and gold. The high-resolution scan of the Au4f signal in

Figure 4.19b reveals the existence of a single gold species. Similar to the powder and

82



(a)

3 0 0 4 0 0 5 0 0 6 0 0

int
en

sity
 / a

rb.
 un

it

t e m p e r a t u r e  /  K

r e a c t i o n

2 n d  l a y e r
d e s o r p t i o n

T A H  ( 7 8 )

N 2  ( 1 4 )

(b)

3 0 0 4 0 0 5 0 0 6 0 0

int
en

sity
 / a

rb.
 un

it
t e m p e r a t u r e  /  K

r e a c t i o n
m u l t i l a y e r
d e s o r p t i o n

2 n d  l a y e r
d e s o r p t i o n

T A H  ( 7 8 )

N 2  ( 1 4 )

Figure 4.18. Gaseous products during heat-induced desorption and reaction of TAH on

Au(111) with (a) submonolayer coverage (2 min vapor deposition) and (b) multilayer cover-

age (8 min vapor deposition) . The heating rate was 1 K/s for both samples. The TAH signal

was fitted to match the onset of the nitrogen signal.

nanosheet samples, the C1s signal in Figure 4.19c shows only two contributions, from

the sp2 heptazine carbon atoms from the adventitious carbon. Figure 4.19d shows the

N1s signal with the two heptazine signals at 298.4 and 299.3 eV. The linking nitrogen

species can be found at 400.6 eV. The intensity analysis results in 1.9 nitrogen atoms

per heptazine unit, which suggests that about every third linking nitrogen atom is a

terminating one, pointing more to a chain rather than a network formation (2 · 0.5
bridging + 1 · 1 terminating N atom per heptazine). Both, chemical shift and intensity

are more similar to the nanosheet N1s spectrum than to the results on HOPG (powder-

like sample), indicating a high degree of linkage. The gold surface appears to influence

the condensation mechanism, which leads to a higher cross-linking of the heptazines.

This and the possible formation of nitrene intermediates is discussed in Section 4.2.3.

The total carbon to nitrogen content suggests a stoichiometry of C3N3.8. Although

the value fits well the expected theoretical value of a fully linked carbon nitride net-

work, the N–H termination suggested by the N1s signal together with STM images

(see Figure 4.20), indicate that the heptazine carbon signal is overestimated in our XPS

evaluations. As stated earlier, the presence of oxygen-containing carbon groups from

the adventitious carbon – which were not considered during the fitting – are convo-

luted for the heptazine carbon signal and might be the reason for this overestimation.

The vapor-deposited sample shows similar XPS spectra and hence confirms the im-

proved network formation on the gold surface as compared to the powder-like HOPG

samples.
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Figure 4.19. X-ray photoelectron spectra of TAH, liquid-deposited on Au(111) from a benzene

solution. The sample was heated to 473 K to induce the polymerization. (a) The overview

spectrum reveals the presence of gold, carbon, oxygen, and nitrogen. (b) C1s signal with the

heptazine contributions and adventitious carbon. The possible presence of oxygen-containing

groups, as suggested by the presence of an O1s signal, were not considered. (c) N1s signal

with nitrogen species for the heptazine and the amine nitrogen respectively. The novel

linking nitrogen species is expected to include different, tertiary and secondary amine species.

The color-coding is referenced to Figure 4.16.

The structure of the polymerized carbon nitride films on Au(111) was studied with

UHV-STM (see Figure 4.20). The samples were vapor-deposited, heated and subse-

quently imaged under UHV conditions without exposure to air. Therefore no intro-

duction of adventitious carbon is expected. Although the same evaporator and similar

deposition times and distances were used for the film preparation, the sample showed

a lower surface coverage after annealing to 673 K instead of 623 K (see Figure 4.20a).

This could be due to slight decomposition as shown by the thermogravimetric-

differential analysis in Figure 4.2. Similar results due to the higher annealing tem-

perature were also observed by Wang and Gillan [114] for the triazine-based carbon

nitride. The thermal decomposition to nanographitic particles and carbon nanotubes

can set in at temperature above 550 K.[114] Figure 4.20a – b shows STM image of sev-

eral Au(111) terraces separated by monoatomic steps. The carbon nitride film appears
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to not overgrow the edge of an Au(111) step, but the growth appears to preferrable

start from the edges on the adjacent terraces both, upper and lower. However, also

nucleation on the terraces themself is observed. The film height was extracted with

line profiles for each respective image. It has ans apparent height between 0.13 and

0.19 nm. Especially in Figures 4.20c – d a second layer of carbon nitride can be ob-

served. However, this second layer is laterally not as extended as the first layer. With

an apparent height of 0.25 nm, it is higher than the first layer. This height corresponds

well to the stacking height of 0.3 nm in crystalline TAH[120,121] – the different first
layer height includes electronic effects related to the strong interaction with the sup-

port. However, also the second-layer has to be polymerized, as a desorption was not

observed even after heating to 673 K. Whether this second layer forms during heating

from the first layer TAH has to be further investigated. From the XPS results, a certain

N–H termination of the carbon nitride film is expected and this is indeed observed in

the STM images at least when taking the holes and island borders into account. The

termination of the film does not show a higher height or interaction with the STM tip,

which suggests the absence of sterically demanding end groups. Especially secondary

amine termination is expected to lead to a rotation of the adjacent heptazine unit, at

least in bulk carbon nitrides.[90] Hence, we expect mainly primary NH2 terminations.

Figure 4.20d shows a detailed STM image in which the crystalline carbon nitride struc-

ture can be anticipated. This structure was only observed in the first layer. The lattice

constant of a = 0.78 nm is in good agreement with the value 0.73 nm determined with

TEM.[121]

85



On-Surface Polymerization of Triazido-Heptazine towards Carbon Nitride Films

(a)

0 3 5
0

0 . 1 3

x  /  n m

he
igh

t / 
nm

(b)

0 4 5
0

0 . 2 7
0 . 5 5

x  /  n m

he
igh

t / 
nm

(c)

0 7
0

0 . 1 9
0 . 4 4

x  /  n m

he
igh

t / 
nm

(d)

a

a

0 2
0

0 . 1 5

x  /  n m

he
igh

t / 
nm

Figure 4.20. STM images of polymerized carbon nitride films on Au(111): (a) Low coverage

deposition (2 min) and subsequent heating to 673 K. The arrows indicate the alignment of the

reconstruction with the carbon nitride film. (b –d) Low coverage deposition of TAH, heated to

623 K under UHV conditions. (c) Again, the arrow highlights the alignment of the reconstruction

with the film. (d) The first layer of carbon nitride shows a crystalline structure, which results

in a lattice constant a: 0.78 nm. STM details: UB: 1.5 V, IT: 400 pA (a) 330x330 nm2, (b)

100x100 nm2, (c) 50x50 nm2, and (d) 20x20 nm2 image size.
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Figure 4.20a, c shows the interplay between the carbon nitride film and the

Au(111)(22x
√
3) reconstruction. The gold herringbone reconstruction aligns well with

the film termination. It remains challenging to disentangle whether the herringbone

structure steers the film growth or the surface reconstruction reorders during the poly-

merization. A concomitant gold hole formation can also be observed (see island bor-

ders in Figure 4.20c). The presence of a high gold adatom mobility might allow the

recovery of the surface reconstruction after the film formation. The influence of an

organic film on a metal surface was already observed for the growth of graphene on

copper, where a reconstruction occurred after an annealing step.[122]

4.2.3. Reaction Stimulus: Azide Pyrolysis and Photolysis

Azides are a highly reactive functional group, that can exist either as acid or as aryl

azides. While the former can release also N3 on activation, the aryl azides exclusively

form N2 and a nitrene group. Besides the thermal activation, light irradiation also

decomposes the azide group. This offers a second route to carbon nitride networks,

besides the thermolysis of the azide group. The formed nitrene species has two non-

bonding electrons for the population of two p-orbitals and therefore can exist in either

a singlet or a triplet state. The spin conservation especially upon photoexcitation

dictates the formation of a singlet state after the azide decomposition. However, an

intersystem crossing can lead to a triplet state that is energetic favored, where two

non-bonding electrons are separated into different orbitals. The example of phenyl

azide demonstrates that the two spin states have a different reaction behavior.[123,124]

While the phenylnitrene singlet can undergo ring expansion, the triplet state leads

to azoarenes.[89] Yamada, Shizuka, and Matsui [125] suggest for triazide structures

(subunit of heptazine) a singlet formation but no ring opening. While phenyl azides

form under ring opening azepin structures, the triazide six-ring remains intact.

In the following the photolysis of the TAH azide is compared to the previous results

from pyrolysis. The exposure of yellow TAH powder to UV light (365 nm, 3.4 eV) at

room temperature under vacuum conditions led to a brownish color. Therefore, the

polymerization can be triggered below the calculated TAH band-gap of 4.14 eV.[94]

Raman spectroscopy was used to compare the polymer structure from on-surface re-

actions induced by heating to 453 K or UV light at room temperature (see Figure 4.22).

The samples studied here were prepared by liquid TAH deposition. A Raman excita-

tion wavelength of 785 nm was used to supress the known fluorescence of the carbon

nitride film and to avoid broad fluorescence-related peaks underlying the background,
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that dominate for higher excitation energies. The TAH powder signal shows several

peaks, which vanish after the reaction. Also the peak width increased comparable to

the IR spectra in Figure 4.13. As both spectra of the reacted samples are similar, no

significant structural difference is expected for the two reaction stimuli.
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Figure 4.21. Raman spectra of TAH powder and polymerization products either by light or

heat-induced reaction, measured with 785 nm laser excitation.

Our TAH-based carbon nitride Raman signals can be compared to carbon nitride

nanosheet spectra by Jiang et al. [87] who prepared nanosheets from melamine.

They found the heptazine vibrational modes at 543 cm-1 (in-plane vibration) and

705, 751 cm-1 (both out-of-plane vibration). Also in our case, the TAH powder

showed blue-shifted signals at 566, 713, and 777 cm-1. After both reactions, these

contribution convoluted to one broad signal at 837 and 852 cm-1 respectively. This

blue-shift suggest a material contraction, however further research is needed to

confirm this hypothesis. Jiang et al. [87] attributed a further blue-shift of the sp2

bending vibration, from 1234 to 1250 cm-1 to the difference between bulk and single

layer carbon nitride.[87] Therefore, the peak position of 1302 cm-1 that we observe,
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suggests single-layer coverage for our samples. This is supported by the very little

signal contribution at 1481, 1555, and 1616 cm-1 as these represent crystalline bulk

vibrations.[87]

In order to study further the structural differences between the light and the heat

induced reaction, UHV-STM was used to image the polymer morphology after pho-

toreaction. TAH molecules were vapor-deposited on Au(111) for 2 min and illumi-

nated with UV light for 30 min at 110 K in UHV conditions. Figure 4.22a shows the

STM image of the carbon nitride film. A higher surface coverage is observed than pre-

viously for the thermally activated samples. This can be explained by the absence of

multilayer desorption prior the reaction. Besides domains of ordered flat-lying carbon

nitride (see Image inset), novel, standing-up aligned molecule structures are found

throughout the sample giving rise to linearly stacked molecule arrays. The lateral

extension of these structures suggests already a partial heptazine linkage while the in-

creased height seems to indicate an upright orientation, i. e. a binding via the linking

nitrene nitrogen atom directly to the surface. This seems to reduce the photoreactiv-

ity of the remaining azide groups, as not all react off (see TPD in the following). Such

nitrene-surface species have been proposed before.[89] The height profile shows the dif-

ference between a flat heptazine unit, as observed before and the standing molecule.

The height difference of 0.09 nm suggests a total height of 0.25 nm for a standing

molecule. This is much less than the expected ~0.8 nm of a heptazine diameter, but

electronic effects might have a strong impact on the STM height.

The sample in Figure 4.22a was heated to 573 K. The gaseous products were again

detected by mass spectrometry (see Figure 4.22b). However, it was not possible to

measure the TAH mass 78 amu, as the signal intensity was too small. The nitrogen

signal shows a similar curve as without previous UV irradiation, but with lower inten-

sity by a factor of 3. The signal onset was shifted to higher temperatures compared

to the sample without light exposure. This suggests that a part of second layer TAH

molecules has already reacted. The reaction peak of the nitrogen signal at 460 K how-

ever, has the same shape as before. Here, still the same reaction seems to take place,

even if the molecules have a different orientation. This is evidenced by STM measure-

ments after the heating, which revealed a similar filmmorphology as observedwith the

heated-only sample in Figure 4.20. It seems the UV irradiation at 110 K forms a reac-

tion intermediate. The upright orientation of the molecules requires sufficient energy

to overcome the surface physisorption and hence a surface-bond appears likely. The

gold-bound species is expected to be a nitrene, which is formed after the photolysis.

This was observed before for other transition metals like copper.[89] A further discus-
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Figure 4.22. (a)UHV-STM image of TAH supported on Au(111) after 30 min UV light (365 nm)

exposure at 110 K. The measurement was performed at room temperature. The inset shows

a molecular structure of two flat-lying linked heptazine units. The line profile shows the height

difference between flat and standing heptazine molecules. (b) The sample was heated to 573 K

after the STMmeasurement. The signal shows the nitrogen intensity in themass spectrometer

with previous UV light exposure and the trace without light treatment.

sion about the metal bond with nitrenes is given in Section 4.3. The coincident poly-

merization onset in Figure 4.22b suggest that the kinetic barrier is not changed by the

intermediate formation. This implies that the azide activation is the rate-determining

step.

X-Ray Induced Reaction

In XPS, the supported TAH showed a reduced azide content already directly after the

deposition. The loss of about one azide group out of three can be explained by the

x-ray beam damage during the first spectrum. Figure 4.23 shows the decrease of the

azide signal with ongoing x-ray irradiation. One azide group per TAH remains intact

after the prolonged x-ray light exposure. This was observed for both, the liquid- and

vapor-deposited sample. The partially decomposed TAH remains stable over night

under UHV conditions. The linking amine contribution did not follow a systematic

trend. As described earlier, in the case of a perfect network formation, the linking

amine content would follow the inverse trend of the azide content (Figure 4.23b) and

90



finally reach the value 1 in Figure 4.23c. The deviation from the expected behavior can

be explained by the low XPS signal-to-noise ratio, a result of the pass energy of 20 eV

and short measurement duration.
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Figure 4.23. X-ray photoelectron spectra of TAH liquid-deposited on HOPG from a benzene

solution. (a) The N1s signal is observed over x-ray exposure time. The black lines represent

the fit result with the color-coded contributions, which refer to Figure 4.16. The raw data is not

shown for clarity. (b) The azide ( , ) contributions decay with ongoing x-ray exposure. (c) The

linking amine content did not increase in the same systematic way as the azide decomposition

occurred. The dashed, horizontal line shows the expected content for a full network formation.

4.3. Metal Bond with Unsatisfied Octet Atoms

The STMmeasurements in Section 4.2.3 indicated a vertical surface-bound nitrene in-

termediate. We had the chance to have a glimpse on a related, molecular system, in or-

der to explore a metal bond to an isoelectronic carbene by XPS. A novel octanuclear N-

heterocyclic carbene complex class was introduced byAltmann and Pöthig [126]. This

pillarplex molecule consists of two calix[4]imidazolium[2]pyrazole[127] ring-shaped
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ligands, which are bridged with eight silver or gold atoms (see Figure 4.24a). The ring

shape structure allows the intercalation of a linear guest molecule. Such host-guest

interaction has received sustained interest for e. g. biological sensing, drug delivery,

or catalysis.[128] The use of a spatial confined catalyst, which includes a specific site

of for a certain intermediate can facilitate the product selectivity. The carbon dioxide

reduction reaction e. g. described in Section 5 requires well adjusted CO binding site,

as a molecular cavity can offer, were retention times are sufficiently long that multi-

electron transfers can occur.[129]
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Figure 4.24. (a) Au–pillarplex structure with two carbene ligand rings bridged via eight gold

atoms. Reprinted with permission from P. J. Altmann, A. Pöthig, Journal of the American Chem-

ical Society 2016, 138, 13171–13174. Copyright 2016 American Chemical Society. (b) XPS

spectra of Au-pillarplex drop-casted on Au(111) surface reveals shifted gold contribution from

the pillarplex. (b) The Au4f signal of the Au(111) surface and the Au-pillarplex. The latter

is shifted to higher binding energies, because of the oxidation state +I.

The pillarplexes were drop-casted on Au(111) from an aqueous solution and studied

with XPS. Figure 4.24b reveals the Au4f pillar contribution shifted by 1.5 eV to higher

binding energies. This aligns well with the +I oxidation state of the eight gold atoms in

the pillarplex.[126] The measurement of the Au4f signal shows that the carbene-bound

gold species can be identified even on a gold surface. This paves the way to further

study the found nitrene intermediates in Section 4.2.3 with XPS analysis.
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Nanoparticle Dynamics
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The chemical pathways towards the production of renewable chemical feedstock

described in section 1 include the activation of CO2, which occurs as a byproduct of

current high-scale petrochemical reactions and as an end-product of carbon fueled

combustion processes. The chemical portfolio which can be derived from CO2 is

manifold and includes CO, CH3OH, or C2Hx. However, the hydrogenation of CO2

with thermal catalysis is energetically demanding, and even a selective hydrogena-

tion, which would allow for the generation other products apart from CH4, remains

challenging.[130] Especially C2Hx-products such as ethane, which could substitute

natural gas, are only accessible through electrochemical reduction.

The first step in the electrochemical transformation of carbon dioxide into any

product is the CO2 reduction to CO (CO2 + 2H+2e– CO+H2O). In various cata-

lyst systems a possible subsequent reaction can lead to a further transformation of CO.

In general, metal catalysts can be divided into four groups depending on their main

reduction product: H2, CO, HCOO– , and >2e– products.[131] All carbon-containing

products apart from CO rely on adsorbed CO for further reaction. This multi-step

reaction challenges the catalysts to match the adsorption energies of all involved

reaction intermediates so that there is high chemical turnover without catalyst

poisoning. Although the full reaction mechanism is not completely understood at this

point, the binding of CO as an intermediate after the first reaction step is known to

play a crucial role. If the CO-catalyst binding is weak, CO will desorb without further

reaction. A high binding energy, on the other hand, could lead to a full coverage

with CO and therefore poison the active sites if no further reaction is possible.

Understanding fundamental catalyst phenomena helps to provide insights into the
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complex processes that this multi-step reaction is composed of. This work focuses on

the crucial catalyst-support interaction in order to understand the aggregation of the

catalyst during the first CO-producing reaction step. A gold catalyst is used because it

almost exclusively produces CO under reaction conditions.

Materials like carbon black, glassy carbon (GC), or highly oriented pyrolytic

graphite (HOPG) have shown great potential as a support for electrocatalysis. These

carbon based materials are conductive, electrochemically and pH inert in a wide

range, and easily accessible. Although they are widely used in electrocatalysis, e. g.

in hydrogen fuel cells[132] or methanol fuel cells,[133] the essential catalyst-support

interaction remains opaque. It is necessary to understand the electronic and structural

properties of the interface in order to achieve a further improvement of the catalyst

performance. In this work, both glassy carbon and HOPG were used as a support

for nanoparticles. HOPG is atomically flat and hence ideal for SPM methods, but

its limited surface-to-volume ratio makes it less suitable for integral electrochemical

tests. Glassy carbon provides the same chemical sp2 state of the carbon atoms as

HOPG, but comes with a bally fullerene-type structure which is prone to more defects

and oxygen heteroatom termination at its boundaries.[134]

The gold nanoparticles were prepared by means of ex situ thermal vapor deposition

(see experimental section 2.4.1). The resulting deposition was confirmed to be uniform

with scanning electronmicroscopy images (SEM) (see Figure 5.2a). A particle detection

routine helped to quantify the particles in the SEM images.a Figure 5.2e shows the

surprisingly narrow distribution of the obtained nanoparticle sizes, given that no size

filter was applied during the deposition. This is very important as a previous study by

Pattadar and Zamborini [136] found that smaller nanoparticles and higher coverages

lead to an increase in the Oswald-ripening rate. That is, the size of the nanoparticles

affects their electrochemical equilibrium potential.

5.1. Nanoparticle Dynamics during CO2 Reduction

Reaction

Gold nanoparticles supported on glassy carbon were used to examine the particle-

support interaction during the electrochemical CO2 reduction reaction (CO2R) which

was driven at potentials below –0.65 V vs RHE in a CO2 purged KHCO3 electrolyte.

aUsed software for particle analysis: Gwyddion 2.53 by Nečas and Klapetek [135].
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Previous studies by Manthiram, Surendranath, and Alivisatos [137] show that a

negative polarization of dodecanethiol-capped Au catalysts in electrochemical con-

ditions leads to an aggregation of the nanoparticles. Thiol-capped nanoparticles are

known to stabilize catalysts in reductive conditions like HER and prevent ripening

processes. Figure 5.1a shows SEM images of the Au nanoparticles supported on glassy

carbon. The CO2R catalyst was exposed to several negative polarization times at

–1.2 V vs RHE in 0.1 M NaHCO3 electrolyte. The nanoparticles with an initial di-

ameter of 3–5 nm increase in size throughout the reaction and formed large dendritic

structures after a few minutes.[137]

(a) (b)

(c)

(d)

(e)

Figure 5.1. SEM images of Au nanoparticles (a) before and after (b) 10 min and (c) 100 min

exposition to a negative polarization at –1.2 V vs RHE in 0.1 M NaHCO3 buffer shows an ag-

gregation of the particles in dendritic structures. (d) The XPS S2p spectra reveals, that the

dodecanethiol for the nanoparticle stabilization is chemically bound to the gold. (e) After the

chemical exposure to reductive potentials, the thiol species remains only physisorbed after the

thiol-gold bond is ruptured below –0.6 V vs RHE. (a–e) Reprinted and adapted with permission

from K. Manthiram, Y. Surendranath, A. P. Alivisatos, Journal of the American Chemical Society

2014, 136, 7237–7240. Copyright 2014 American Chemical Society.

Manthiram, Surendranath, and Alivisatos [137] were able to model the particle

aggregation with a simple random walk model, which shows that the aggregates

remained mobile on the surface. Possible reasons for the particle movement might be

brownian motion, gas bubble formation, or electric field effects. However, the exact
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aggregation mechanism remains unclear, especially since the dodecanethiol-gold

bond cleavage below −0.6 V vs RHE influences the chemical potential of the particle

and therefore the observed aggregation. Interestingly, approximately two thirds of the

thiol species stays physisorbed on the gold nanoparticles or the glassy carbon support

after the rupture of the chemisorption bond between gold and the thiol ligand (see XPS

spectra before and after polarization in Figures 5.1d–e). The remaining dodecanethiol

influences the aggregation process more than dodecylamine, which is attributed

to dodecylamine’s higher solubility in water. This shifts the equilibrium between

physisorption and solvation towards the latter.[137] In order to disentangle the effect
of the chemi-/physisorbed thiol molecule from the bare catalyst-support interac-

tion, the aggregation of unmodified gold nanoparticles onmodified surfaces is studied.

5.1.1. Influence of Reaction Overpotential on Aggregation

Figure 5.2a shows an SEM image of a freshly deposited Au particles on glassy carbon.

Besides the uniformly distributed gold nanoparticles, there is also some residue from

the AlOx polishing suspension in form of large spherical particles. After switching

to a diamond based polishing suspension and electrochemical cleaning cycles before

deposition (see section 2.4.1), these impurities did not reappear in SEM images and

XPS spectra. Figure 5.2b – 5.2d shows a series of images of freshly deposited gold

particles exposed to various reductive potentials for 5 min. The dendritic structures,

which are known be built after negative surface polarization, were observed here as

well, while the small gold nanoparticles disappeared. The aggregation is strongly

dependent on the applied overpotential, as previously reported by Manthiram,

Surendranath, and Alivisatos [137]. The quantitative analysis of the particle areas

suggests a sigmoidal trend with increasing overpotential. The highest increase in area

occurred at a potential of −1.3 V vs Ag/AgCl. At −1.6 V vs Ag/AgCl, the average

particle area seems to saturate at 250 nm2. The total gold area in the SEM images

decreased with further aggregation. The sample exposed to −1.6 V vs Ag/AgCl

retained only 88% of the gold area after deposition, which suggests an increase in

height of the aggregates, given that further quantitative XPS measurements found a

constant gold content on the surface.
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Figure 5.2. SEM image of Au nanoparticles on glassy carbon (a) directly after deposition with

(e) a narrow particle diameter distribution and an average particle size of 8 nm. (b –d) –1.2,

–1.4, and –1.6 V vs Ag/AgCl were applied for 5 min, respectively. Dendritic structures were

formed, (f) which increased in size with higher overpotential until an area plateau at around

250 nm2 was reached. SEM data was measured by Aviles Acosta [138].
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5.1.2. Chemical and Structural Catalyst Changes

In addition to the structural catalyst properties, also the chemical nature of the sup-

ported particle is important to understand the catalyst system. Figure 5.3d shows the

x-ray photoelectron overview spectrum of the gold nanoparticles deposited on GC.

Carbon (74%), gold (12%), and oxygen (15%) were found in the freshly prepared

sample.
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Figure 5.3. X-ray photoelectron spectra with fitted Voigt signal contributions of a glassy car-

bon sample with freshly deposited gold: (a) C1s signal with contributions from glassy carbon

sp2, ketone, and ether groups which can be attributed to adventitious carbon or surface

terminating groups. (b) The Au4f signal suggests that the gold nanoparticles are in the metallic

state. The signal is slightly asymmetric, which is known for transition metals and therefore fitted

with Doniach-Sunjic functions instead of Voigt. (c) The O1s signal intensity is in good agree-

ment with the oxygen-containing carbon groups found in the C1s signal. The second signal

contribution at lower binding energies can be attributed to hydroxyl groups. (d) Overview spec-

trum with carbon signal (74%), oxygen (15%), and gold (12%). (e) During the CO2 reduction

at –1.0 V vs Ag/AgCl with different reaction durations, the ketone content decreased and more

ether groups were formed. The Shirley background is shown in .

Figure 5.3a shows the carbon 1s signal (C1s) which consists of three components.

The peak contribution at 284.3 eV can be attributed to the sp2 carbon from the

GC.[104] All spectra were shifted to match this value in order to compensate for the
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work function of the studied sample. The signal at 285.8 eV is a convolution between

the asymmetric peak shape of the sp2 carbon species[139] and ether groups (C–O–C).

However, as no π → π∗ transition was observed as a shake-up satellite at 291 eV,

the asymmetry of the glassy carbon sp2 species is expected to be not significant and

is therefore not further considered.[139] The contribution at 288.2 eV results from a

ketone (C––O) group. These two additional ether and ketone contributions to the GC

signal are known to occur for samples that were exposed to atmosphere and are hence

contaminated with adventitious carbon.[103] Another possible explanation is that the

GC surface itself contains ketone and ether groups. These can be introduced by the

electrochemical cleaning cycles, which were performed before the deposition.[140]

The electrochemical CO2 reduction accompanied by the strongly negative surface

polarization can influence possible surface functionalizations. Figure 5.3e shows the

content of the two C–O species normalized to the sp2 carbon signal. The ketone

contribution was reduced with prolonged reduction time, while the ether group

increased in signal intensity. The underlying mechanism of these surface changes

is unknown at this point, but it seems most likely that the surface itself contains

ketone and ether groups as the adventitious carbon impurity is introduced after the

electrochemical treatment. Further studies are needed to investigate whether the

surface shows a hysteresis after the cleaning cycles. In order to disentangle the two

additional contributions, in situ XPS analyses of the GC samples are required where

no adventitious carbon is present. The two carbon species also explain the large peak

of the oxygen 1s (O1s) signal at 532.1 eV in Figure 5.3c. The additional species at

527.7 eV is known to occur for hydroxyl groups.[141] However, this feature was not

found in any other GC sample and is therefore most likely an impurity of this specific

sample. Figure 5.3b shows the gold 4f (Au4f) signal of the gold nanoparticles in the

metallic state.

The chemical composition of carbon shown in Figure 5.4a did not change signif-

icantly throughout the reduction reaction. Since a different sample from the same

deposition batch was used for eachmeasurement time, minor changes in gold intensity

can be a result of small deviations in the amount of deposited gold. Also, a variation

of the adventitious carbon impurity introduced during the sample transfer to vacuum

conditions can dampen the gold signal. This could also explain the variations in the

oxygen signal, although a clear trade-off between adventitious carbon and gold signal

reduction was not observed. However, the gold nanoparticles remained on the surface

and also the oxygen-carbon groups seem to be stable at the applied reductive potential.
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Influence of Support on Gold Nanoparticle Dynamics

In order to study the kinetics of the aggregation mechanism, the temporal evolution

of the particle size after reaction conditions was investigated with SEM. A reduction

potential of −1.0 V vs Ag/AgCl was chosen to avoid a saturation of the aggregation

size. This potential marks the onset of the aggregation according to the trend observed

in Figure 5.2f. The gold particle diameter distribution after 30 s, 2 min, and 5 min of

reductive polarization extracted from an SEM image analysis is shown in Figure 5.4b.

Interestingly, only few changes were observed after 30 s of reduction reaction. After

2 min, the particle diameter distribution had broadened. The distribution after 5 min

did not differ significantly from the 2 min sample. This suggests a saturation of the

aggregation at this overpotential. Due to varying contrasts in the SEM images, the

particle detection can contain a certain error.
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Figure 5.4. Gold deposited on glassy carbon and exposed to the CO2 reduction reaction at

–1.0 V vs Ag/AgCl for different amounts of time: (a) Atomic composition of carbon, oxygen,

and gold obtained from XPS after different electrochemical conditions. The gold and oxygen-

containing groups were not significantly altered during the reductive conditions. (b) Particle

diameter distribution of untreated, pristine glassy carbon sample after 30 s, 2 min, and 5 min

of reductive polarization at –1.0 V vs Ag/AgCl in comparison with the diameter distribution of

glassy carbon without applied electrochemistry.

5.1.3. Support Morphology Influence

Another important factor in the possible aggregation, besides the chemical state and

the catalyst structure, is the morphology of the support. Better insights into the topog-

raphy of the carbon surface can be gained by applying atomic force microscopy (AFM).

The intrinsic roughness of glassy carbon can potentially provide a link between the
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particle dynamics and the surface morphology. Figure 5.5 shows AFM measurements

before and after the reductive surface polarization including the non-contact AFM

phase signal which emphasizes the chemical contrast and helps to identify the location

of the gold nanoparticles. While the particles were well dispersed before the reductive

surface polarization, aggregate structure are formed after applying –1.0 V vs Ag/AgCl.

The aggregates can be found in the pits of the corrugated glassy carbon substrate. This

finding highlights the importance of considering the support morphology when inves-

tigating aggregation mechanisms.

(a) Topography before CO2R

500 nm

(b) Phase before CO2R

500 nm

(c) Topography after CO2R

100 nm

(d) Phase after CO2R

100 nm

Figure 5.5. Atomic force microscopy images of gold nanoparticles deposited on glassy car-

bon (a) before the exposure to electrochemical conditions and (c) after CO2 reduction at

–1.0 V vs Ag/AgCl. (b, d) Images of the respective phases of the measurement emphasize

the chemical contrast and therefore the gold nanoparticle sites which appear in black.

5.2. Strategies for Tuning Interface Properties

The morphology and the chemical state of the support play a major role in the sta-

bilization of catalysts. The carbon support used in this project allows for the mod-

ification of the surface terminating groups, which influences the binding sites of the
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nanoparticles. Two types of surface modification were applied in this study: (1) Partial

oxidation of the carbon surface by oxygen plasma treatment and (2) the incorporation

of sulfur heteroatoms.

5.2.1. Carbon Surface Oxidation

Onewell-established approach tomodify carbon catalyst supports is an oxygen plasma

treatment which introduces defects and leads to a surface termination with oxygen-

containing groups.[142] The oxygen plasma treatment introduces several changes, one

of which affects the chemical state. This does not only influence the catalyst binding

itself, but also alters the wetting with electrolytes. A previous report has shown that

an oxidation of the carbon support can increase the activity of HER catalysts because

of the improved wetting of the catalyst surface.[143] Besides the chemical change, also

the morphology changes drastically. Figure 5.6a shows the glassy carbon surface after

10 min of oxygen plasma treatment and the deposition of the gold nanoparticles. The

oxygen plasma was created in a Diener Pico setup. The surface appears to be more

corrugated than pristine glassy carbon, which indicates an oxidation of the surface

with CO2 release. This is in agreement with previous glassy carbon oxidation with

electrochemical methods.[140] AFM measurement attempts revealed that the surface

was interacting with the tip, which is usually a sign of weakly bound adsorbates, such

as delaminated carbon flakes.

In order to study the morphological changes introduced by the plasma treatment,

HOPG (mosaic spread angle was 0.4◦ ± 0.1◦)[144] samples were exposed to oxygen

plasma for 1 s. Note that the plasma exposure time is not comparable to the sam-

ple investigated with SEM, as the oxygen plasma was created in a Schlenk flask filled

with 0.4 mbar oxygen gas and ignited with 900 W in a conventional household mi-

crowave oven. The resulting HOPG surface was covered with mobile species and an

imaging was first possible after a thermal cleaning step at temperatures above 450 K.

Figure 5.6b shows an STM image of the sample which was annealed after the plasma

treatment at 923 K for 1 min. This temperature is known to further grow the initial

pits.[145] Besides the randomly distributed holes, residual graphene flakes were ob-

served. The largest pit showed a step height of 0.4 nm, which is larger than one HOPG

step with 0.35 nm. Because of the large STM tip dimensions compared to the small pit,

a full penetration of the tip into the hole is not possible and STMmight underestimate

the height. Therefore a hole depth of at least two HOPG step heights can be expected.

The higher corrugation of the plasma-treated samples can hinder the particle aggrega-

tion and should therefore be considered when studying particle dynamics.
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(a)

200 nm

(b)

100 nm

Figure 5.6. Surface modifications introduced by the oxygen plasma treatment. (a) SEM image

of 10 min oxygen plasma treated glassy carbon sample with deposited gold nanoparticles. The

surface was roughened by the treatment due to partial decomposition of the glassy carbon

surface. The image was measured by Aviles Acosta [138]. (b) An HOPG was exposed to 1 s

of oxygen plasma, followed by a 1 min annealing step at 923 K. The HOPG surface showed pit

formation and step edge etching.

The chemical composition of glassy carbon was expected to change with the oxy-

gen plasma treatment. Indeed the O/C-ratio increased by a factor of almost two from

0.44 to 0.81 as a result of the exposure to plasma. Figure 5.7c shows the O1s signal

with one oxygen species at 532.1 eV. While this signal is identical in position to the

untreated GC sample, it is slightly broader in Lorentz width, which is an indication

of overlapping oxygen components. The C1s signal contains the same three compo-

nents from sp2, ketone, and ether groups. Surprisingly, the C-sp2-normalized ratio of

the two oxygen-containing groups was similar to the one of the untreated sample (in

parentheses): 0.39 (0.31) ether and 0.15 (0.09) ketone. This poses the question whether

the adventitious carbon masked the underlying carbon species. Figure 5.7b shows the

Au4f signal, which suggests one gold nanoparticle species.

During the electrochemical CO2 reduction at −1.0 V vs Ag/AgCl, the higher oxy-

gen signal remained stable for 5 min and was slightly reduced after 20 min (see Fig-

ure 5.8a). Therefore, the oxygen-containing groups were expected to be stable over

the course of the reduction reaction. Interestingly, the gold signal decreased dur-

ing all three electrochemical measurements. The reduced Au4f signal could be ex-

plained by gold etching or partial delamination of the glassy carbon surface with

bound gold nanoparticles, but this would also result in a reduction of the O1s signal.
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Figure 5.7. X-ray photoelectron spectra with fitted Voigt signal contributions of a plasma

treated glassy carbon sample with subsequent gold nanoparticle deposition: (a) C1s signal

with contributions from glassy carbon sp2, ketone, and ether groups which can be at-

tributed to adventitious carbon or surface terminating groups. (b) The Au4f signal suggests

that the gold nanoparticles are in the metallic state. The signal is slightly asymmetric, which is

known to occur for transition metals and is therefore fitted with Doniach-Sunjic functions instead

of Voigt. (c) The O1s signal intensity is in good agreement with the oxygen-containing carbon

groups found in the C1s signal. The Shirley background is shown in .

It is more likely that the gold nanoparticles changed their structure during the reac-

tion and increased in height. The penetration depth of the x-ray beam only reached

the top 2 nm of the material which is why the complete nanoparticle might not be

detected.[146] The height change of the gold nanoparticle instead of an actual decrease

in total gold amount is supported by the reduction current of −11.33 mA after 60 s

at −1.0 V vs Ag/AgCl, which is almost 80 times higher compared to the untreated

sample (−0.148 mA after 60 s). A higher activity of plasma-treated samples was also

observed by Sanchez et al. [143] who suggest that a better wetting improves the reac-

tion turnover.

Figure 5.8b shows the gold nanoparticle diameter with progressing reaction at

−1.2 V vs Ag/AgCl. The higher overpotential compared to the sample investigated

with XPS, caused larger aggregates with a diameter of up to 130 nm. However, the

trend of the aggregation was different from the untreated sample. While the nanopar-

ticles on the pristine GC sample homogeneously increased in size, the gold particles

on the plasma-treated sample showed a certain stability at their initial size. After

5 min, only a fraction of the Au had aggregated, which resulted in the local maxi-

mum at 40 nm. After 50 min, this shoulder in the distribution flattened and larger

particles were formed. The majority of nanoparticles stayed at their original size, indi-

cating a stabilizing effect for certain particles. As both the surface morphology and the

chemical nature change, the exact mechanism for better particle binding needs further

investigations with plasma-treated flat HOPG samples.
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Figure 5.8. Oxygen plasma-treated glassy carbon sample with deposited gold nanoparticles

used for CO2 reduction. (a) Elemental composition of carbon, oxygen, and gold extracted

from XPS. The sample was exposed to 5 min of O2 plasma before deposition and the applied re-

duction potential was –1.0 V vs Ag/AgCl. (b) Gold nanoparticle diameters extracted from SEM

images show a stable regime at 15 nm throughout the whole reaction, while certain particles

aggregate up to 130 nm in diameter. This sample was treated with 10 min of O2 plasma and

the applied potential was –1.2 V vs Ag/AgCl.

5.2.2. Introduction of Sulfur Binding Sites

The stabilization of metal nanoparticles with thiols has received sustained interest in

the last two decades.[147] Especially for reactions with moderate reaction conditions,

adding ligands can prevent the particles from aggregating. However, at very high

overpotentials, which are used for the CO2 reduction reaction, the thiol-metal bond is

cleaved and the stabilization effect is reduced. Therefore, an electrochemically stable

incorporation of sulfur in the support itself appears resonable. Several approaches,

such as solvothermal synthesis of graphene in dimethyl sulfoxide,[148] thermal exfoli-

ation of graphite oxide in the presence of sulfur-compounds,[149,150] and SO2 /H2O

plasma applied on HOPG and GC[151] have previously shown to be successful in the

doping of carbon materials with sulfur atoms. Here, we annealed the GC samples to

623 K for one hour under H2S /H2 gas flow. Figure 5.9d shows the S2p signal, which

indicates the presence of 1.1% sulfur on the sample. Although the p1/2 and p3/2 spin

orbit splitting was expected for S2p electrons, it was not possible to properly fit the

signal due to a low signal-noise ratio and overlaying species. The two contributions

at 162.9 and 168.3 eV were therefore fitted with a Voigt function with large Gauss

and Lorentz widths. These two sulfur components match the sulfate (168 eV) and
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oligothiophenes species that are known from the literature, e. g. R–S–H and R–S–R

(164 eV).[148] Poh et al. [150] reported a sulfur doping without sulfate contribution,

suggesting that this species originates from a side reaction during the annealing

process. Apart from the known adventitious carbon contributions, the C1s signal in

Figure 5.9a reveals a new species at 286.9 eV, which could origin from an R–S–R

species.[152] The oxygen and gold signals remained unchanged by the hydrogen sulfide

annealing compared to the untreated sample.

Yang et al. [149] showed a successful annealing of graphene oxide in the presence

of benzyl disulfide. They suggest that sulfur doping can be achieved by replacing the

oxygen atom of an ether group with sulfur atoms. If this holds true, a higher concen-

tration of oxygen-containing groups at the GC surface could increase the incorporation

of sulfur. Therefore, an oxygen plasma treatment was applied to a GC sample which

was subsequently subjected to the annealing process at 723 K in H2S /H2 gas flow for

1 h. Auger spectroscopy showed an increase in oxygen content which confirmed the

introduction of oxygen-containing groups. Surprisingly, the oxidation of the surface

remained stable during the annealing in reductive gas (see Figure 5.9f). Also, the mea-

surement did not quantify a higher sulfur content. It has to be noted that the Auger

signal might differ in signal intensity from the XPS measurement due to their respec-

tive surface sensitiveness.

The sulfur-doped sample was exposed to the electrochemical CO2 reduction at

–1.0 V vs Ag/AgCl for different reaction times and analyzed ex situ by means of XPS

(Figure 5.10a) and SEM. The sample exposed to 30 s of reductive potential showed a

high adventitious carbon content indicated by the large oxygen content. This led to

charging problems during the XPS measurement. This carbon overlayer also explains

the low gold nanoparticle signal for this sample, but a decrease in gold content was also

observed for all other electrochemically exposed samples. In contrast to the oxygen-

treated sample this aligns with a reduced current of –0.069 mA after 60 s (−0.148 mA

for untreated sample). Again, the reduced Au4f signal is due to the increase in particle

height caused by the aggregation. However, a sulfur species bound to the nanoparticle

surface could potentially stabilize and facilitate the desorption of gold and explain the

decrease in reduction current compared to the untreated sample. The sulfur contents

decreased from 1.1% to 0.6–1%, whereas there was no sulfur found in the sample af-

ter 2 min of reaction time. Whether this decomposition occurs only in certain sulfur-

species is investigated bymeans of the analysis of the two S2p components. Figure 5.9e

shows the intensity ratio of the species throughout the reaction. While no significant

change occurred after 2 min, the sulfate species surprisingly increased after 5 min of
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Figure 5.9. X-ray photoelectron spectra of GC sample annealed at 623 K in H2S /H2 gas flow

for 1 h. (a) The C1s carbon signal shows an additional species besides the known ,

adventitious carbon and glassy carbon contributions. (b) The gold signal shows the presence

of metal gold nanoparticles. (c) The O1s signal is similar in comparison with the untreated

sample, showing one oxygen species. (d) The presence of sulfur was confirmed by the two

components in the S2p signal. (e) During CO2 reduction the ratio of the S2p signals varies,

however no clear trend is observed. (f) Atomic composition of sulfur, oxygen, and gold

result from XPSmeasurement. The oxygen plasma exposure before the H2S annealing process

did not result in a higher sulfur incorporation in the Auger spectrum of the GC sample.

reaction. The increase in the sulfur’s oxidation state was unexpected, as the reaction

potential would suggest a reduction.

The gold particle aggregation in Figure 5.10b is similar to the one exhibited by the

untreated sample. There was no significant aggregation in the first 30 s of the reaction.

After 2 min, the gold particles showed a systematic increase in diameter. A stabiliza-

tion effect as observed in the oxygen plasma-treated sample did not occur. Possible

reasons for that could be the shortage of sulfur sites in comparison to the amount of

gold nanoparticles or an uneven distribution of the sites across the surface. In order

to study the homogeneity of the introduced sulfur groups, a sample was treated with

oxygen plasma, annealed with H2S /H2, exposed to 5 min of CO2 reduction, and fi-

nally scanned using Auger spectroscopy. Figure 5.11 shows the area of this sample

with gold and sulfur mapping. On the left side of the area the gold nanoparticles
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Figure 5.10. Chemical and morphological changes of the sulfur-doped GC sample during the

CO2 reduction reaction at –1.0 V vs Ag/Ag/Cl. (a) The XPS elemental composition of sulfur,

carbon, oxygen, and gold throughout the reaction reveals a removal of gold and sulfur

from the surface. (b) SEM surface images of the supported gold nanoparticles showed an

aggregation similar to the one that was observed in the untreated sample.

are equally distributed, as can be seen in both the SEM image and the gold mapping.

Also, sulfur is detected on the scanned area, which suggests a successful surface treat-

ment. Due to the surface sensitiveness of Auger spectroscopy, gold and sulfur maps

are complementary which means that underlying sulfur atoms are not visible where

a gold nanoparticle is located. On the right side of the measured area a larger sulfur

aggregate is visible, while no gold is found in this region. The sulfur aggregate species

was obviously generated during the CO2 reduction reaction, as the gold nanoparti-

cles deposition was the last step in the sample preparation. This suggests a change of

the sulfur species throughout the reaction, which supports the results from the XPS

measurements.

(a) SEM

500 nm

(b) Gold map

500 nm

(c) Sulfur map

500 nm

Figure 5.11. The oxygen plasma-treated sample with subsequent H2S /H2 annealing revealed

a sulfur-containing species on the right side of the image, which was generated during the CO2

reaction.
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6. Conclusion

Supported metal nanoparticles have shown remarkable capabilities for catalysis and

represent hence a key opportunity for the transition to a renewable chemical feedstock

production. However, a fundamental understanding of supported nanoparticle dy-

namics, also at the solid-liquid interface, is required for durable catalytic applications.

This doctoral work includes the preparation of well-defined particle catalysts, a novel

catalyst substrate, and the study of nanoparticle dynamics under reaction conditions.

We developed a novel deposition approach for Pd nanoparticles from aqueous

solutions with enhanced size-selectivity. A palladium-containing polyoxometalate

(POP) was electrochemically reduced to create size-selected supported nanoparticles

on Au(111). The POP substance class spans a variety of transition metals and

offers hence the possibility to deposit different catalyst materials. In contrast to

previous electrochemical nanoparticle deposition methods, this approach exploits

the precise number of metal atoms, present in the POP in an oxidized state. By

electrochemical reduction of the metal, the ligands get stripped, and bare metallic

clusters are deposited. The Pd-POP reduction occurred at potentials below 0.2 V

vs RHE, which implies a significant overpotential of 0.5 V with respect to simple

solvated ions. The resulting monolayer Pd clusters were imaged and studied with

electrochemical STM. The narrow area distribution of the clusters showed a maximum

for apparent diameters of 2 nm. Interestingly, apparent area and height increase,

when the electrochemical potential is lowered to the onset of the hydrogen evolution

reaction. This behavior was previously observed for larger metallic Pd nanostructures

and attributed to hydrogen absorption. Furthermore, the presence of hydrogen inter-

mediates during the deposition process opens up an alternative chemical reduction

pathway for the POP precursor. The resulting large, flower-like Pd structures differ
significantly from that obtained by electrochemical reduction. A third deposition

approach was explored as well, namely the oxidative deposition of the POP, upon

which the ligands are stripped off and remain in the solution, while Pd oxide clusters

form on the surface. A subsequent reduction with a very low overpotential results

in metallic clusters. This study paves the way to investigate metal clusters at the

solid-liquid interface on electrochemically addressable supports. Even porous catalyst

substrates are suitable that would not be accessible for established vacuum deposition

techniques.
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Conclusion

A second part of this work concerned the development of novel, flat catalyst

supports for their in situ investigation under the electrochemical STM. The standard

Au(111) support itself, used in the first part of this work, tends to restructure,

especially at higher electrochemical potentials, which interferes with detailed studies

of cluster dynamics. Semi-conductive carbon nitride films, instead, promise great

potential in both the stabilization and the functionalization of metal catalysts and

represent hence a focus of current electrocatalytic research. Their structural building

blocks determine both, the size of the molecular cavity for cluster stabilization by

multiple coordination via nitrogen atoms, and the light absorption properties for pho-

tocatalytic applications. We created supported carbon nitride films by the on-surface

polymerization of triazido-s-heptazine (TAH). This hydrogen-free precursor promises

a higher degree of crosslinking than other starting materials, such as melamine.

The highly reactive TAH was deposited intact both, from benzene solutions and

by evaporation under vacuum. However, the liquid deposition led to aggregate

structures during the solvent evaporation process, which reacted similarly as powder

samples. During the reaction, the azide group decomposes under nitrogen release

and amine nitrogen species are formed. This can be followed both, by XPS and mass

spectrometry and has been investigated on highly ordered pyrolytic graphite (HOPG)

and Au(111) surfaces, whereby distinct differences were observed. On HOPG, the

interaction between TAH and the surface was too weak to prevent desorption before

reaching the reaction temperature. On Au(111), instead, the surface binding was

significantly stronger and the thermally induced reaction occurred at 405 K, which

is 40 K lower than the powder reaction temperature, pointing to a catalytic influence

of the support. Similar to HOPG, the volatile nature of TAH led to a multilayer

desorption from Au(111), at 310 K before the reaction started. This is advantageous

for the growth of just a single layer of the 2D film. STM measurements revealed

extended films. The film growth started preferably, but not exclusively, at the Au(111)

step edges. Crystalline domains with a lattice constant of 0.78 nm were found in

the film, in good agreement with the heptazine dimensions and reference structures.

Additionally, second layer features were found in the STM images, with an apparent

height compatible with the stacking in crystalline TAH and an expected -stacking.

Both, second layer features and first layer island borders indicate that not all heptazine

building units are linked perfectly by tertiary amine species. This is supported by

the broadened XPS N1s amine signal, which points to the presence of other species,

e. g. secondary and primary amines. However, this XPS peak is more narrow for the

on-surface synthesis than for the powder sample, which indicates that the surface

favors a better crosslinking. Alternatively, the reaction was also photoinduced, by
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UV light irradiation at 110 K. Novel upright molecular intermediates were found in

the STM. A subsequent heating led to similar films as the heated-only samples. This

suggests the formation of a vertical, gold-bound nitrene intermediate. Additional

evidence for the strong interaction at the metal-organic interface is the alignment

of the Au(111)–(22 x
√
3) herringbone reconstruction with the carbon nitride film –

reconstruction lines avoid the islands and do not cross them.

Besides the development of novel catalyst materials, their dynamics were inves-

tigated under reaction conditions. The chemical and structural changes of gold

nanoparticles supported on pristine, O2 plasma-treated, and sulfur-doped glassy car-

bon samples were studied during the CO2 reduction reaction. Adventitious carbon

from atmospheric sample transfer masked the chemical state of carbon support. How-

ever, an increase in the oxygen signal by a factor of two and morphological changes

indicated a successful oxygen plasma treatment. An annealing procedure under H2S

gas flow enabled the incorporation of sulfur as shown by the presence of a C–S species

and sulfate in the XPS spectrum. Both, the oxygen and sulfur treatment were stable

throughout the reaction, as only a small signal decrease was observed. The chemical

state of the gold nanoparticles did not change during the reaction, but the particles

aggregated and thereby built large dendritic structures. This aggregation was strongly

dependent on the applied potential and started at a potential of –1.0 V vs Ag/AgCl.

The aggregation of gold nanoparticles was reduced significantly by the oxygen plasma-

treatment. Here, the majority of particles remained at their initial size. The plasma-

treated sample also showed the highest activity. Previous studies attributed this in-

crease in activity by a factor of ten to a better catalyst wetting.[143] However, the almost

80 times higher reduction current observed for the oxidized sample in this thesis sug-

gests that the better particle stabilization helps to preserve the catalytic performance.

This again highlights the importance of catalyst-support interaction.
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A. Appendix

A.1. RDE Positioning System

The RDE is mounted on a linear positioning system, which can be moved with a step

motor. For the control a Step Rocker TMCM–1110 is used. The microcontroller is

programmed to wait for an external TTL pulse to perform a step. Depending on the

polarity and frequency the movement in a certain direction is performed. Figure A.1a

shows the control unit consisting of the TMCM-1110 board (right side) an additional

frequency generator (left side). The TCL555 LinCMOS timer is used to generate a

certain frequency. Figure A.1b shows the circuit diagram of the TCL555 board. It can

be activated with an external push button and the polarity of the output signal can be

inverted by the flip switch. The potentiometer is only internally accessible and allows

a frequency change (current resistance 96 kOhm). Due to the current limitation of the

TCL555 board, the frequency and therefore the maximal velocity is also limited.

(a) (b)

Figure A.1. (a) Image of the control unit to drive the linear positioning system. The right board

is the Step Rocker TMCM–1110. The left board is equipped with a TCL555 frequency generator

which controls both the velocity and direction of the movement. The output of the TCL555 is

directed to the TMCM–1110 board. (b) The circuit diagram of the TCL555 board with adjustable

potentiometer.
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Appendix

A.2. ECSTM Parameters

A.2.1. Piezo Calibration

The scanner piezo calibration is crucial for a reliable imaging. The parameters in Ta-

ble A.1 are used in this work and were controlled by the analysis of the atomic lattice

of HOPG and the step height of an Au(111) terrace.

Table A.1. ECSTM scanner piezo calibration values, which can be set in the SPM100 soft-

ware.

piezo segment calibration factor

X motion 12.86 nm
V

Y motion 12.86 nm
V

Z motion 1.0 nm
V

X offset 12.86 nm
V

Y offset 12.86 nm
V

Z offset 2.0 nm
V

A.2.2. Tunneling Tip Movements with Beetle Type STM

In order to establish a tunneling junction between the STM tip and the conductive sur-

face, the STM described in this work is using the beetle approach. The measurement

computer creates a sawtooth wave on the PCI-DAC board, which is amplified by the

SPM100 and then applied to the base piezos. In the Table A.2 the parameters used in

this work are listed. The SPM100 XY Scan Driver, XY Offset Driver, and Z Driver Board
are responsible for the saw-tooth voltage profile generation. The maximal possible

voltage range for all X and Y outputs is -215 V to 215 V. The tip movement has been

optimized byWieghold [62]. Figure A.2 shows the voltage profile for the Pin A and B,

which are the opposing -X and +X piezo segments at the centered base piezo further

described by Wilms et al. [61].
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Table A.2. Approach Parameter of the ECSTM.

Approach type Kinetic Waveform

Approach mode Tip retract

Approach threshold -50

Feedback delay 2.0 s

Signal threshold 0.8 nA

Test delay 11 ms

Adjust steps 1

Retract steps 20

Approach steps 1

Polarity Bipolar allowed

Output channel DAC 1A

Approach amplitude 1.54 nm

Retract amplitude 1.54 nm

Fast approach 2.0 nm

Fast retract 2.0 nm

Period 50 ms

Filter period 0 s

Asymmetry 0 %

Adjust amplitude 1.54 nm

Motion per D/A Volt -100 pm

Cycle delay 20 ms
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Figure A.2. Output voltage -X and +X signals of the centered base piezo for tip movement:

(a) approach pin A, (b) approach pin B, (c) retract pin A, (d) retract pin B, (e) fast-out pin A, (f)

fast-out pin B.
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A.3. Implementation of Drift Correction

For the implementation of the drift correction, we made several adjustments to the

existing electronics. Figure A.3a – b show the modified SPM100 Log Board with the

added board for the signal addition to the y-axis. The board was manufactured by

the electronic workshop of the Chemistry Faculty, TUM. Figure A.3c shows the circuit

diagram of the added board.

(a) (b)

(c)

Figure A.3. Implementation of drift correction: (a – b)Modified log board of the SPM100 elec-

tronics and (c) circuit diagram of the additional board, which can be seen on Figure (a).
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Appendix

A.4. Particle Detection

The grain detection routine of the Gwyddion software, deveolped by Nečas and

Klapetek [135] was used. The obtained particle selection is exemplary shown in Fig-

ure A.4.

100 nm

Figure A.4. (a) SEM image of Au nanoparticles on glassy carbon after deposition. In blue the

selected particle are marked, which indicate the particle detection routine. Data provided by

Aviles Acosta [138].

128


	Abstract
	Zusammenfassung
	1 Introduction
	1.1 Motivation
	1.1.1 Electrosynthesis: New Approaches to Chemical Feedstock
	1.1.2 Theoretical and Experimental Approaches in Electrocatalysis
	1.1.3 Cluster Catalysis
	1.1.4 Study of Catalyst Morphology – Electrochemical Scanning Tunnel Microscope

	1.2 Scope of the Work
	1.3 Thesis Outline

	2 Methodology and Experimental Setups
	2.1 Integral Electrochemical Methods
	2.1.1 Cyclic Voltammetry
	2.1.2 Impedance Spectroscopy
	2.1.3 Experimental Setup

	2.2 Electrochemical Scanning Tunneling Microscopy
	2.2.1 Principles of Scanning Tunneling Microscopy
	2.2.2 Tunneling in Liquids
	2.2.3 Tip Current Contributions
	2.2.4 Experimental Setup

	2.3 Further Experimental Setups
	2.3.1 Atomic Force Microscopy
	2.3.2 Scanning Electron Microscopy
	2.3.3 X-ray Photoelectron Spectroscopy

	2.4 Materials and Chemicals
	2.4.1 Surface Preparation
	2.4.2 STM Tip Preparation

	2.5 Data Evaluation and Reproducibility
	2.5.1 Documentation
	2.5.2 Proespm Software


	3 Towards Size-Controlled Deposition of Pd Nanoparticles from Polyoxometalate Precursors
	4 On-Surface Polymerization of Triazido-Heptazine towards Carbon Nitride Films
	4.1 Vapor and Liquid Deposition of TAH Precursor
	4.1.1 Influence of Molecular Topology on the Adsorption
	4.1.2 Deposition on Au(111)
	4.1.3 Deposition on Highly Ordered Pyrolytic Graphite

	4.2 Polymerization to Carbon Nitride
	4.2.1 Triazido-Heptazine Interaction with Graphite
	4.2.2 On-Surface Polymerization on Au(111)
	4.2.3 Reaction Stimulus: Azide Pyrolysis and Photolysis

	4.3 Metal Bond with Unsatisfied Octet Atoms

	5 Influence of Support on Gold Nanoparticle Dynamics
	5.1 Nanoparticle Dynamics during CO2 Reduction Reaction
	5.1.1 Influence of Reaction Overpotential on Aggregation
	5.1.2 Chemical and Structural Catalyst Changes
	5.1.3 Support Morphology Influence

	5.2 Strategies for Tuning Interface Properties
	5.2.1 Carbon Surface Oxidation
	5.2.2 Introduction of Sulfur Binding Sites


	6 Conclusion
	Bibliography
	Acknowledgments
	A Appendix
	A.1 RDE Positioning System
	A.2 ECSTM Parameters
	A.2.1 Piezo Calibration
	A.2.2 Tunneling Tip Movements with Beetle Type STM

	A.3 Implementation of Drift Correction
	A.4 Particle Detection


