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Abstract

Dissolved pyridine has been reported to catalyse or mediate the electrochemical reduc-
tion of carbon dioxide in aqueous electrolytes and its conversion to methanol, but the
mechanism behind its efficiency improvement of the electrochemical methanol produc-
tion has not been understood. In order to further determine the positive effect pyridine
has on reduction reactions, the electrocatalytic activity of pyridine immobilized on
silicon electrodes was investigated with respect to the hydrogen evolution and CO; re-
duction reaction. An electrografting procedure was developed to graft 3-diazopyridine
(either in situ generated or as a synthesized diazonium salt) covalently onto a planar,
H-terminated n-type silicon electrode, yielding a partial surface coverage of less than a
monolayer, as evidenced in XPS measurements in conjunction with EIS measurements.
Compared to the initially H-terminated electrodes, the 3-pyridine-terminated silicon
electrodes showed a remarkably improved reactivity for the hydrogen evolution reac-
tion. The positive HER onset shift was predicated on the protonation of the grafted
pyridine / pyridinium molecules in an acidic electrolyte, as the onset shift vanished in
weakly acidic solutions with a pH higher than the pK, ~ 5 of the grafted pyridine
layer. In EIS measurements, the grafted 3-pyridine-terminated silicon electrodes ex-
hibited a larger total capacitance compared to an H-terminated electrode in an acidic
environment, likewise pointing towards the modification of the electrode|electrolyte in-
terface with a layer of the immobilized, protonated pyridinium molecules. In contrast
to the improved reactivity for HER, the grafted 3-pyridine-terminated silicon electrodes
showed no improved reactivity for the electrochemical carbon dioxide reduction, as evi-
denced using product analysis tools such as NMR and gas chromatography established
in the thesis, and the faradaic efficiency of the hydrogen production was only slightly
improved during the bulk electrolysis in weakly acidic, carbon dioxide saturated elec-
trolytes, diverging from reports of the catalytic or mediative effect of dissolved pyridine
on the carbon dioxide reduction to methanol. This non-existent reactivity increase due
to the grafted pyridine layer seems to fit into the emergence of a critical view concerning
the favourable effects of pyridine on the CO, reduction reaction presented in literature.






Zusammenfassung

Die Anwesenheit von gelosten Pyridin in einem wassrigen Elektrolyten hat laut Lit-
eraturberichte eine katalytische oder unterstiitzende Wirkung auf die elektrochemi-
sche Kohlenstoffdioxidreduktion. Dabei ist die Art und Weise, wie Pyridin an dieser
Reaktion beteiligt ist, bisher nicht bekannt. Um seine Wirkung auf elektrochemische
Reaktionen weiter zu beleuchten, wurde in dieser Arbeit den Einfluss von auf der
Oberflache von Siliziumelektroden immobilisierten Pyridinmolekiilen auf die elektro-
chemische Hy- und COs-Reduktion untersucht. Eine elektrochemische Graftingproze-
dur mit 3-Diazopyridin Kationen wurde entwickelt, um Pyridinmolekiile kovalent auf
eine wasserstoffterminierte, flache Siliziumoberfliche zu binden. Die so hergestellte
Pyridinschicht zeigte in XPS- und EIS-Messungen eine kleinere Bedeckung als eine voll
geschlossene Monolage auf der Si-Elektrode. Die 3-Pyridin-terminierte Siliziumelek-
troden zeigten eine signifikant Verbesserung der Wasserstoffentwicklungsreaktion in
sauren Elektrolyten. Die aktivierende Figenschaft der Pyridinschicht hangt mit der Pro-
tonierung von immobilisiertem Pyridin zu Pyridinium ab, da sie in schwach sauren Elek-
trolyten verschwand, wenn der pH Wert der Losung tiber der Saurekonstante fiir Pyri-
dinium pK, ~ 5 lag. Mit EIS-Messungen konnte gezeigt werden, dass, verglichen mit
H-terminierten Siliziumelektroden, Elektroden mit einer gegrafteten 3-Pyridinschicht
eine groBere Gesamtkapazitit iiber die Silizium|Elektrolyt-Grenzflache besitzen. Diese
Eigenheit hangt ebenso wie die aktivierenden Eigenschaften von der Protonierung der
Pyridinschicht ab und deutet auf die Modifikation der Grenzfliche durch die geladenen
Oberflachenmolekiile hin. Im Gegensatz zur Wasserstoffentwicklung zeigten die mit
3-Pyridin gegrafteten Siliziumelektroden keine verbesserte Reaktivitat im Bezug auf
die CO»-Reduktion. Dieses Resultat fiir die 3-Pyridinschicht reiht sich ein in die aufk-
ommende Kritik and Zweifel am bisherigen Wissensstand beziiglich der katalytischen
Wirkung von Pyridin auf die elektrochemische Kohlestoffdioxidreduktion.
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Chapter 1

Motivation & overview

Carbon dioxide (CO2) as a greenhouse gas can absorb and emit infrared radiation
from the surface of the earth, leading to heat trapping, and thus contributes to the
natural greenhouse effect , which results in an average surface temperature of 14° C
on earth . The rise of anthropogenic CO, production has lead to an increase of the
COs concentration in the atmosphere to over 410 [3] pmol per mol dry air or parts per
million (ppm) in present day from ~ 275 ppm at 1700 before the industrial evolution
resulting in global warming. In order to limit and reduce the man-made greenhouse
effect and thus to stop the rise of the global temperature, great effort is undertaken to
limit the CO4 output into the atmosphere by several sequestering and filtering methods.
The collected COs is then to be "stored” or utilized in carbon capture and storage (CCS)
facilities , effectively removing its additional impact on the "natural” atmospheric
carbon cycle, leading to so-called negative CO, emission [8[9].
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Figure 1.1: Left: Development of the atmospheric CO5 concentration in ppm from 1700
up to present day. Original figure from . Data comprised of ice measurements from
Law Dome, Antarctica |E|] and from the Mauna Loa Observatory . Right: (a): rise
in averaged combined land and ocean surface temperature anomaly compared to aver-
age surface temperature . (b): corresponding rise of the global anthropogenic CO,
emissions from 1850 to present day. Original figure from .
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The combustion of hydrocarbons like natural gas, oil/gasoline and coal covers a
majority of the energy production worldwide [12], but it also releases huge amounts
of carbon dioxide into the atmosphere and continuously depletes the limited fossile re-
sources. Renewable energy generated by wind and sunlight provides sustainable electric
energy, but it exhibits strong output fluctuations on multiple time scales (hourly, daily,
seasonal). To level these fluctuations, electric energy produced from renewable sources
could be converted into chemical energy stored in molecular bonds. These chemical
energy storages or chemical batteries can then buffer the energy production of renew-
able energy sources and the created chemical energy carriers with a comparable energy
density per volume (Lower heating value of methanol: 15.6 MJ/L; LHV of gasoline:
34.2 MJ/L [13]) can be used as an alternative energy carrier to gasoline, diesel and
natural gas in the transportation and energy sector.

electrode/
photoabsorber CO,
filter & collection

/ J\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

Solar energy
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Figure 1.2: Scheme of the artificial CO; cycle where the (photo)electrochemical CO-
reduction reaction (CO2RR) is used to buffer or store solar and electric energy from re-
newable sources by forming chemical energy carriers such as methane (CH,) and methanol
(CH30H) from CO; at the electrode/photoabsorber with a suitable electroactive surface.
The carriers can then be used in combustion reactions to be converted into consumable
energy (electric, kinetic, thermal). Through filtering the exhaust, the collected CO; is
again used as feedstock for the CO;RR, thus closing the cycle.

A way to both create an energy storage with high energy density using renewable
electric energy (or directly sunlight) and make use of the sequestered and existing CO»
feedstock is to develop an efficient (photo)electrochemical process to convert CO (back)
to hydrocarbons. These could be natural gases like methane or alcohols like methanol
and ethanol. A scheme of such an artificial COq cycle is depicted in figure 1.2 The
electrochemical reduction of CO, to form these products is possible, but usually suffers
from high overpotential needed and ”slow/sluggish” kinetics, due to the fact that the
molecule itself has a high reduction potential of -1.9 V vs SHE and multiple proton and
electron transfer steps are required to produce the desired product molecules [14].

CO, + 6H' + 6~ — CH30H E,qox = —0.38Vvs SHE (1.1)
COQ +e — COQ_ Eredox = —1.9VvsSHE (12)

For the production of methane and ethylene, copper electrodes have shown the high-
est faradaic efficiencies (FE) for the COy reduction on metal electrodes in an aqueous
electrolyte [15,/16], i.e., at a certain applied electrode potential a major part of the



reaction current was consumed by the reduction of COy to form the product molecule.
Liquid products such as ethanol and methanol were also found as reduction products
on copper, but their efficiencies were 10 to 1000 times smaller than for the main reac-
tion products such as methane |16]. Other metal electrodes were often either poisoned
or rendered inert by the adsorption of reduction products such as CO on platinum,
and only yielded small amounts of product molecules usable for energy storage [17].
This situation prompted the search for an improvement of the COs reduction reac-
tion (CO2RR) towards its conversion efficiency and selectivity towards energy carrier
molecules, especially for liquid reduction products such as methanol.

H
1+

H* + =
U=

pK, =5.25

Figure 1.3: Scheme of the pyridine / pyridinium redox pair with its pK, = 5.25 [13}[1§].

The first report of pyridine (see fig]l.3) mediated, electrochemical reduction of CO,
was published in 1993 by Bocarsly et al. [19]. CO, reduction on ”electrolytically” /
electrochemically charged [20], ”preloaded” H-terminated palladium (Pd) electrodes
with dissolved pyridine was conducted in an unbuffered, weakly acidic electrolyte (0.5
M NaySOy), in which methanol and formaldehyde were detected using mass spectrom-
etry and gas chromatography measurements. The faradaic efficiency (FE) for methanol
production at about 30 % was astonishingly high. The authors emphasized the impor-
tance of the protonated pyridinium molecule being present during the reduction. At the
same bulk pH around 5 they detected no methanol when they replaced pyridine with
N-methyl-pyridine in the electrolyte, effectively preventing the protonation of the nitro-
gen molecule. Additionally, the mild reduction potential i.e. low overpotential during
galvanostatic electrolysis measurement of ~ -0.75 V vs SCE or -0.21 V vs RHE (pH 5)
was pointed out as a positive feature of the system compared to the high overpotentials
usually needed for the reduction reaction. Pd electrodes were known to reduce COs to
CO and formic acid [20] albeit at much higher overpotentials (FEco=15%, FEpa=15%;
-1.14 V vs RHE (pH 7)). The same catalytic behaviour was found again on Pt elec-
trodes [21-26] with CO, reduction in 0.5 M KCI with 10 mM pyridine producing formic
acid (FEpy < 11%), formaldehyde and methanol (FEyeon < 22%). The corresponding
cyclic voltammogram (CV) in figure shows a significant current increase in the ca-
thodic region around -0.7 V vs SCE when pyridine is included in the electrolyte, which
was interpreted as an enhancement of the CO5 reduction.

Methanol as the main product of the reduction reaction of CO5 on Pt electrodes was
up to that point a new and remarkable result, as only CO and formic acid formation
had been reported before |28]. Pyridinium was therefore credited as the main reason
and a first reaction mechanism was proposed, where neutral pyridinyl radicals as the
reduction product of pyridinium homogeneously reduced CO; step by step to formic
acid, formaldehyde and finally methanol [21]. The electron transfer was proposed to
occur after the formation and decomposition of a carbamate zwitterion as a transition
state (see right side of fig. which was observed in a reaction of pyridine vapor with
(COy),, clusters via vibrational predissociation spectroscopy [29] and via electrospray
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Figure 1.4: Cyclic voltammogram (CV) of CO; reduction on a platinum (Pt) electrode
in an electrolyte without (blue) and with 10 mM pyridine (black). The grey dashed line
indicates the redox potential for 2H" /H, redox pair in the electrolyte used. Electrolyte:
0.5 M KCl, purged with CO;, (pH 5.3). Scan rate: 10 mV /s. Data from the master thesis
of Andreas Heine [27].

ionization mass spectrometry with photogenerated pyridinyl molecules [30].
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Figure 1.5: Proposed reaction scheme for pyridinium / pyridinyl radical redox pair (left)
and for the reduction of CO; to formate via the formation of the carbamate intermediate.
From [21].

Since then Jaramillo and coworkers detected trace amounts of methanol produced
during the COs reduction on Pt in 0.1 M KHCOj at higher overpotentials of -0.75 V
vs RHE [31]. In addition to metal electrodes, (photo)electrochemical COq reduction on
semiconducting materials such as p-GaP, p-GaAs, FeS,, p-CulnS, and p-CdTe yielded
also formic acid and/or methanol [32-38]. As the main characteristic, reduction yields
of methanol reached over 90 % in some cases [32,[37]. Also, while the faradaic efficiency
for CO4 reduction to methanol on p-GaP was remarkable, p-GaP and p-GaAs electrodes
were already known to support the reduction of COq to methanol [39-43] but suffered
from photocorrosion [44,/45] over extended reduction periods. In summary, the main
impact of pyridine on CO; reduction at the mentioned (photo)electrodes seems to be



the following:

e Increase of faradaic efficiency of reduction products such as methanol on electrodes
where CO; reduction to methanol is already possible / has been reported.

e Decrease of required overpotential from several hundreds of mV to values close to
/ near RHE.

From these observations the role of pyridine on the improvement of the CO3;RR to
produce methanol seems to be difficult to discern and to separate from the reaction
taking place at the electrode without pyridine mediation. At the beginning of this the-
sis the question arose, if the effect of pyridine on reduction reactions such as CO;RR
can be better distinguished when the reactions are taking place on an otherwise elec-
trochemically less reactive electrode with immobilized pyridine molecules at its surface.
If pyridine was the reaction center at which the subsequential reduction of CO5y to
methanol occured [21], then immobilizing them on the surface of the electrode should
improve the electron transfer onto the pyridinium/pyridyl radical redox pair, which
has been reported to be surface sensitive, i.e., dependent on the material of the elec-
trode [46]. Otherwise, if pyridine "only” mediates or interacts as an stabilizing agent
for the CO,RR at the surface, the immobilization of the pyridine molecules at the
electrodelelectrolyte interface should likewise have a positive effect on the overall re-
duction reaction.

In this thesis crystalline silicon (Si) was chosen as an electrochemically rather inactive
electrode or, possibly, photoelectrode. The crystal orientation of Si(111) was selected,
since electrodes with that orientation can be etched to achieve an atomically flat, hydro-
gen terminated (H-terminated) surface [47]. Hydrogen evolution on H-terminated sili-
con electrodes requires large overpotentials of ~ -0.7 V vs SHE [47-49] while the reduc-
tion of COy is reported to only yield formic acid and small amounts of methane [50-53].
If immobilized pyridine could improve the reactivity of silicon electrodes for reduction
reactions such as CO,RR, then modified p-type silicon photoelectrodes could (at least
partially) drive the reduction reaction using solar illumination, as the bandgap of silicon
E, = 1.12 eV matches the spectrum of sunlight very well, leading to a theoretical solar-
to-electric energy conversion efficiency of over 30 % [1,54L/55]. Even photoelectrochemi-
cal CO4 reduction fully driven by illumination could be considered using multi-junction
cells, as such cells have already been used for the photoelectrochemical water splitting
totally driven by sunlight [56]. These kind of tightly integrated photo-driven catalytic
devices are predicted to rival and even surpass separated photovoltaic / electrolysis
systems in production costs for hydrogen production. Amongst the reasons, integrated
photoelectrochemical hydrogen evolution systems have shown a slightly increased effi-
ciency, because the kinetics of the reaction improved with higher temperature due to
the radiative heating of the photoelectrochemical cell [57].

Numerous surface modification methods for functionalizing a silicon surface with or-
ganic molecules have been reported [58] with the goal of achieving the controlled for-
mation of a monolayer of immobilized molecules directly bound to the silicon surface
via Si-C bonds, leading to rigid, self-assembled monolayers (SAMs).
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Figure 1.6: Schematic reaction scheme for the hydrosilylation of an H-terminated silicon
surface with ethyl-X molecules and its autocatalytic formation of Si-C bonds between the
molecules and the silicon surface. Here, X=pyridine [59}60]. Original figure from [61].

In prior collaborations with the WACKER chair of molecular chemistry (Techni-
cal University Munich, Chemistry Dept.) and AK Wintterlin (Ludwig-Maximilians-
Universitat, Chemistry Dept.), hydrosilylation (as seen in figure of ethyl- and
vinylpyridine was used to functionalize H-terminated silicon surfaces, but the resulting
pyridine layer was believed to partially consist of several monolayers, as the radicalized
ethyl- and vinylpyridine intermediates could form a polymer [59,/60]. Electrochemical
measurements of such modified silicon samples were inconclusive as to the overall effect
of such a functionalized pyridine layer. In order to gain more control on the functional-
ization process, the electrochemical grafting of diazonium molecules (Ar-N3 [62]) was
considered as an alternative surface modification method in this thesis [63].
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Figure 1.7: Model for the formation of a phenyl-R layer on an H-terminated Si (111)
surface by electrochemical reduction of an aryl-diazonium salt Ph-Ar-N;. Original figure
from [64].

As shown on figure the reduction of the diazo group -NJ (step 1) leads to the
electrochemically controlled production of radical molecules, which then attack (step
2) and subsequently bind with the silicon surface (step 3). In addition to the prospect



of a higher degree of control of the process via control of the applied potential, a
direct Si-C bond is formed between the grafted molecule and the surface, leading to a
minimal distance of the fixed molecule to a surface, where it typically does not adsorb
to. Allongue and coworkers successfully grafted 4-bromobenzene and 4-nitrobenzene
diazonium onto H-terminated silicon (111) surfaces to achieve closed monolayers as
determined by X-ray photospectroscopy (XPS) and Rutherford backscattering (RBS)
measurements [65-67]. Because of the similar sizes of pyridine and benzene, it was
believed that a similar grafting procedure with some kind of a pyridine diazonium
would yield closed SAM of immobilized pyridine molecules directly bound to the silicon
surface.

F

Figure 1.8: Illustration of a grafted 3-pyridinium molecule on Si (111) surface with the
suggested conversion of a CO; molecule to CH30H in an aqueous electrolyte.

The goal of this thesis is to investigate the effect of a functionalized layer of pyridine
molecules as a reported electrocatalytic molecule on an otherwise electrochemically inert
silicon electrode for the hydrogen evolution and COs reduction reaction, as illustrated
in figure [1.8] This task was divided into the following steps:

e First, a functionalization method was developed, in which pyridine was immo-
bilized on the silicon surface by electrografting. The functionalized surface was
characterized using XPS measurements.

e Then, the modified silicon electrodes were electrochemically characterized. Thereby
they showed a remarkable, improved reactivity for the hydrogen evolution reaction
(HER) in acidic electrolytes.

e The final goal of the presented electrochemical experiment was to investigate the
electrochemical reduction of CO5 on the modified silicon electrodes, including a
complete analysis of its reaction products. With these studies, the question can
be answered, if the heterogeneous catalysis of CO5 reduction using bound pyridine
instead of homogeneous catalysis using dissolved pyridine is possible.

During the duration for the thesis, three bachelor thesis and one master thesis were
completed under the partial supervision of the author , 70]; results from these
works are included in the thesis.
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Chapter 2

Theoretical background

2.1 Electrochemistry

A brief overview of the basics of the electrochemical experiments described in this thesis
is given here. It is mainly based on [1,71,/72]. Generally, an electrochemical experiment
similar to the ones described in this thesis is conducted at the interface of a metal or
semiconductor electrode and a conducting solution or electrolyte ( | denotes a phase
boundary, here solid|liquid). Reduction or oxidation of electrolyte components in the
vicinity of the electrode or of the electrode itself can be driven by a potential gradient
across the electrode|solution interface, which leads to an electron transfer across the
interface. One refers to a cathodic reaction or current if the electrode emits electrons
and an anodic reaction or current if the electrode accepts electrons, i.e.,

cathodic reaction or reduction of species A: A + e~ — A~
anodic reaction or oxidation of species B: B — BT + e~

Usually, one is not interested in reactions with the solvent, but with dissolved species,
which may carry with them a shell of inert solvent molecules.

2.1.1 Measuring potentials

One can distinguish two potentials of a phase 'a’. The outer potential or Volta potential
1, represents the work required to bring a point charge from vacuum to just outside the
phase ’a’, distant enough to avoid image interactions with the phase boundary (about
0.1 - 10 pum). The inner potential or Galvani potential ¢, is the the work needed to
bring the point charge from vacuum to inside the phase. It is equal to the sum of the
outer potential v, and the surface potential x, = ¢, — ¥,. To bring a charged particle
'i’” into this phase, work must be done against its inner potential ¢ in addition to the
work required by the chemical potential ', i.e., the energy needed to add an uncharged
particle of species i’ to phase 'a’. Together, they form the electrochemical potential of
a species i’ in a phase "o’

[ = p5 + ziegq (2.1)
with the elemental charge e. z; denotes the charge number of species ’i’. In a metal
electrode, the electrochemical potential of the electrons ji¢' := ™ is also known as the

9



10 CHAPTER 2. THEORETICAL BACKGROUND

Fermi energy defining the average energy state of available electrons in phase ’a’ [72].
In the solution, one considers a redox couple, i.e., a pair of chemically identical species

with different oxidation levels.
Ox + e~ 2 Red (2.2)

Analogous to electrons being added to an electrode, there is an electrochemical potential
of electrons of that redox couple in the solution s which is defined by the difference in
the electrochemical potentials of the species 'Red” and ’Ox’ in case for one electron to
be added to a species Ox’ in order to reduce it to yield a species 'Red’.

[Li = ﬂ%ed - :a?)x (23)
When an electrode is in contact and in equilibrium with a solution containing one redox

couple and i = [i5, the difference of the Galvani potentials between the electrode and
the solution takes an equilibrium value Eredoxﬂ

Eredox = ¢el - qbs + % (24)
These equilibrium potentials of redox couples inside the solution are usually referenced
against the Standard Hydrogen Electrode (SHE), whose absolute potential for the reac-

tion

1
H+ + e : §H2 (25)

is estimated at Eggr ~ 4.44 V against the vacuum level [73] under standard condition
(at activity 1 for both Hy (fugacity - partial pressure) and protons (= 1 M (molar,
ﬁ‘;‘i) concentration of acid) and 298 K. The SHE potential defines the zero-point of the

electrochemical potential scale, and the redox reaction denoted in changes to 2.6}

1
Ox + 5H2 = Red + H" (2.6)

The potential of a redox couple in equilibrium with the electrode E,cq0x can then be given
in reference to the potential of the SHE. Figure shows an idealized electrochemical
measurement setup for measuring the potential of the electrode in question or working
electrode (WE) against the SHE as the reference electrode (RE) consisting of a platinum
(Pt) electrode connected with the WE via a voltmeter (V) or potentiostat.

IPer definition, zreq = zox + 1.
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Figure 2.1: Scheme of an idealized measurement of the potential of the working electrode
WE on on the right against SHE as reference electrode RE on the left. Original from [1].

Eredox,0 Values at standard conditions (i.e. 298 K and activities of all redox species
a; = 1), can be found in textbooks [18,72,|74]. Usually the observed reactions do
not take place under these standard conditions. To obtain equilibrium potentials at
non-standard conditions, the Nernst equation is used:

RT | an
E=Ey+ —In>
F Ared

(2.7)

with the gas constant R, the Faraday constant F = N, - e, i.e., the total charge of
one mole (Avogadro number N, = 6.022 - 10?* mol™!) of electrons, and the activities
of oxidized and reduced species agxred, €.8. concentrations of liquid species or partial
pressures of gaseous species multiplied by an activity coefficient. When potentials of
redox reactions involving protons in electrolytes with different pH values are compared,
it is useful to compare them against the reversible hydrogen electrode (RHE). The zero
point of the scale is shifted with respect to the pH value:

0V vsRHE = 0V vs SHE + pH - 0.059 V (2.8)

Several reference electrodes other than SHE or RHE are used, depending on the elec-
trolytes in which they are deployed and the possible contaminations their usage would
introduce into the electrolyte. In this experiment a saturated calomel electrode (SCE)
and a saturated mercury sulfate electrode (MSE) were used as RE. Their standard po-
tentials are

0V vsSCE = 0.244V vs SHE

(2.9)
0Vvs MSE =0.64V vs SHE

Using a voltmeter or potentiostat (V in figure to measure the potential difference
between the WE and the RE in equilibrium, the potential one obtains is also called the
open circuit potential Ecp since in equilibrium there is no net current flowing at the
WE.
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2.1.2 Electrochemical double layer

When electrode and electrolyte are brought in contact and the electrochemical poten-
tials of the electrons in the respective phases align, excess charges of opposite sign and
equal magnitude in the two phases, i.e., electrons in the electrode and ions in the elec-
trolyte respectively, accumulate at the electrode|electrolyte interface. Hence a space
charge region is formed at the interface which is called the electrochemical double layer.
While an excess charge density forms in close vicinity of the electrode surface of a metal
electrode, an excess of oppositely charged ions form a compact layer in the electrolyte
in close proximity and parallel to the electrode called the Helmholtz layer or Stern layer
and behind that a diffuse ion layer called Gouy-Chapman layer, where the excess ion
density exponentially drops back to zero towards the bulk electrolyte. The extension of
the diffusive layer strongly depends on the concentration of the electrolyte; in concen-
trated electrolytes (> 0.1 M) the effect of the diffuse layer can be neglected. A model of
the combined Gouy-Chapman-Stern layer i.e. Helmholtz layer together with a diffuse
layer of excess ions with a hydration shell (i.e. shell made up of solute / H,O molecules)
near the electrode is shown in figure 2.2, The closest distance between the electrode
and the ions in the Stern layer is denoted as dger, which is roughly the radius of the
hydration shell.

potential Stern
(negative) layer diffuse layer
&
igb
1~
<
Q@
9
1*2
5 &>
distance

Figure 2.2: Model of the combined Gouy-Chapman-Stern electrochemical double layer
near an electrode with a negative surface charge density (SCD) and dilute electrolyte.
Most of the surface or inner potential ¢ drops in the Stern layer up to the electrokinetic
potential ¢ , while the rest vanishes exponentially in the diffuse layer towards the bulk
or the electrolyte. Original from .

2.1.3 Electron-transfer reactions

Up to here electrode and electrolyte were presumed to be in equilibrium; the electro-
chemical potentials of electrons ’in’ the redox pair in solution and in the electrode are
aligned and the WE is at the open circuit potential Eqcp = Ejedox. Oxidation and re-
duction reactions do take place at E..q0x, but they cancel each other out, leading to a
net current of zero. When the potential at the WE is shifted Ewg # Eicqox, there is an
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Figure 2.3: Left: Current-overpotential characteristics at the working electrode according
to the Butler—Volmer equation for o = 0.5 (solid curve) and the anodic and cathodic
partial currents corresponding to both summands in equation (dashed curves). Orig-
inal from [1] p.115. Right: Tafel plot of the current overpotential characteristic at the
working electrode according to the Butler—Volmer equation at high 7, (eq: . Original
from [72] p.103

overpotential n present, with which a net reaction or faradaic current can be driven.

n = EWE - Eredox (210)

For a simple, so called outer sphere electron-transfer, i.e. the reactants are at a distance
of at least a solvent layer away from the electrode and only one electron is exchanged at
a time without breaking or altering chemical bonds of the reactant, the current density j
of the reaction is composed of the rates of oxidation and reduction reactions depending
on the overpotential, and can be expressed with the Butler- Volmer equation:

J=1lo [eXp (—01;—?) —exp &%)] (2.11)

with the symmetry factor a describing the symmetry of the oxidation / reduction
reaction of the redox couple and the exchange current density jo. The left side of figure
shows j(n) of a redox couple A~ /A comprised of oxidative (A~ —A) and reductive
(A—A~) partial currents i.e. the two exponentials in equation . Their intercept
points with the grey ordinate at n = 0 denotes the size of jg.

The exchange current density can be used to give a qualitative evaluation of how
"efficient” current is generated by overpotential or how ”well” a certain electrode ” pro-
motes” the reaction. At high 7 only one of the partial currents dominates the total
current density.

. . aFn
~ _=0 2.12
j &~ joexp ( RT ) (2.12)

As can be seen on the right of figure 2.3 the plot the logarithm of j versus 7, also
called Tafel plot, can be linearly fitted at high overpotentials. At n = 0, the fit curve
intersects the current axis at the exchange current density jg.
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Ewe; |

Eapplied

Potential profile in solution

Figure 2.4: Scheme of the three-electrode setup and its potential profile.

In this thesis, an electrochemical experiment investigating such electron transfer
processes deploys a three-electrode setup immersed in the electrolyte (fig. , with
the investigated reaction taking place at the working electrode (WE). When a potential
is applied using a potentiostat to shift the potential between working and reference
electrode (RE), the faradaic current produced by the electrochemical reaction at the
WE is balanced or supplied by the counter electrode (CE). In figure [2.4) HyO is oxidized
to oxygen (O2) at the CE in order to counterbalance the assumed negative current from
the investigated reduction reaction taking place at the WE. With the addition of the
CE, the potential of WE can be adjusted independently from the reactions taking place
at the CE.

Cyclic Voltammetry

Next to a constant applied potential, the main electrochemical measurement technique
used in the thesis is Cyclic Voltammetry. Rather than staying constant, the potential of
the WE is swept from an initial starting potential E; to a final or turnaround potential
E¢ with a sweep or scan rate v.

EWE(t) = EWE,i + vt (213)

Then v changes sign and the WE potential is swept back again to E;, thus completing
the cycle. Redox reactions with redox potentials inside the potential range between the
two potentials or scanning range can be driven by the temporarily applied overpotential
during the sweep and thus detected and their reaction currents quantified. In figure [2.5
a cyclic voltammogram (CV) of a redox couple A/A™ with its redox potential E, - is
depicted. The negative current density of the scan down (to the left) rises exponentially
as described in the Butler-Volmer equation [2.11] but then tapers off when the reactant
A is depleted in the double layer, resulting in a peak-like current drop off. On the
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back scan up (to the right) the produced A~ is subsequently oxidized back to species
A, as the potential returns to the initial potential E;. The emergence of these two
peaks of similar size positioned around E, /,- during the CV points towards the redox
reaction A=A~ as being reversible; a cathodic or anodic current density without the
corresponding current density of an opposite sign signifies a totally irreversible reaction,
such as the electrografting process described later in chapter

Ae—¢ 5 A ]
= Enn E;
|
: ! ~a— EWE
|
A+e— Ae

Figure 2.5: Plot of a CV of the A/A~ redox couple. Original from [72] p.227.

Electrochemical Impedance Spectroscopy

Another measurement technique used in this thesis is Electrochemical Impedance Spec-
troscopy (EIS). In EIS the frequency dependence of the investigated electrochemical
system, e.g. processes taking place at the electrode|electrolyte interface or the dou-
ble layer itself, is investigated by superimposing a sinusoidal perturbation potential
Ewep(t) = Epsin(wt) to some set potential EYy, and recording the current response
I(t)= I, sin(wt + ¢) with the perturbation amplitude E,,, response current amplitude I,,
angular frequency w = 27f and the phase shift ¢ between Ewg ,(t) and I(t). Figure
shows an exemplary time evolution of Ewg ,(t) and I(t).

|

r

E

P

Ene/|

t

Figure 2.6: Plot of the perturbation potential Ewg ,(t) and current response I(t) versus
time. Original from [72] p.371.

The ratio of Ewg,(t) and I(t) yields the complex impedance Z(w) of the system,
consisting of a real part Z, and an imaginary part Z; with i = /—1.
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Figure 2.7: Left: Nyquist plot of the impedance spectrum of the equivalent circuit shown
in figure Right: Bode plot of the same impedance spectrum. Rg = 3.9-102Q,
Rp =6.6-10°Q, Cp =1.4-107% C.

E
Aw) = 2B — 7,47, (2.14)

Real and imaginary part of the complex impedance are linked by the phase difference
¢ between Ewg p, and L.

tangp = 4 (2.15)
Ly
Changing w leads to a spectrum of impedance values over the investigated frequency
range. Two typical plots of such an impedance spectrum are shown in figure 2.7}

In the Nyquist plot on the left side, -Z; is plotted versus Z, (blue curve), while in
the Bode plot on the right side, the logarithm of the magnitude of the impedance |Z|
(green curve) as well as the phase shift ¢ (black curve) are plotted versus the logarithm
of the frequency f. One can try to find an equivalent circuit consisting of electrical
components such as resistors and capacitors and use it to fit the impedance spectrum
of the electrochemical system. The impedance of a resistor with resistance R and an
capacitor with an capacitance C are given by:

Zresistor(w) =R

i1 (2.16)

wC  iwC

One such equivalent circuit is shown in figure 2.8, where one resistor with the resistance
Rg is connected in series with a parallel connection of a resistor with the resistance
Rp and capacitor with the capacitance Cp. This circuit can be used to model an
electrochemical double layer, where Rg represents the resistance from the electrolyte,
Cp =Cq the double layer capacity and Rp =Ry the charge transfer resistance of the
double layer.

anpacitor (W) =
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R

Co

Figure 2.8: Simple equivalent circuit of an electrochemical cell.

The half circle in the Nyquist plot and the sigmoidal shape of |Z| in the Bode plot
stem from the simulated EIS impedance values of the equivalent circuit in figure
and exhibit some of its main features, namely:

e At high frequencies, i.e., the left end of the half circle in the Nyquist plot, the
capacitor acts like a bypass for the parallel resistor, and the half circle intercepts
the Z, scale at Rg. In the Bode plot |Z| plateaus at Rg on the high frequency side.

e At low frequencies, i.e., the right end of the half circle, the capacitor acts like an
open switch, and the half circle intercepts the Z, scale at the combined resistance
of Rs+Rp. In the Bode plot |Z| saturates at Rs+Rp on the low frequency side.

The total impedance of the equivalent circuit can be calculated by the sum of the
impedances of the circuit parts.

Ztot(w) = ZR(UJ) +ZR/C(W> =

1 —1
= Rg + (R_P -+ ipr) =

(2.17)
R i Rp 4 —LURIZ:,CP
= e — | —
> T 1+ WwRAC2 1+ w?R2C2
Ztot,r Z:;,i

2.2 Semiconductor electrodes

The previous sections have assumed a metal electrode in contact with the electrolyte.
In this thesis, semiconducting silicon electrodes were used?l Unlike metal electrodes,
where the Fermi energy Ep of electrons in the highest occupied or filled energy state
E]in the electrode lies inside of a quasi continuous range of available energy states (or
inside an energy band), the Fermi level in an intrinsic semiconductor lies between two
energy bands. At room temperature, the energetically lower one is nearly completely
filled with electrons (valence band, highest filled energy state at E,p) and the upper
one practically empty (conduction band, lowest available energy state at Eg,) due to
the temperature dependent Fermi distribution of electron energies, while inside the
band gap (E; = Ea, — Ey,), there are no available energy states. Hence, the electric

2The overview is mainly based on [1,148}[77].
3at T=0K
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conductivity in semiconductors is far smaller than in metals. The electronic band
structures of the two electrode types are schemed in figure

>
g semiconductor
E metal
(0]
""""" Ecb
EF ____________________________ EF
Eg,SC
""""" Evb

Figure 2.9: Schematic illustration of the band structures of a metal (left) and semicon-
ductor (right).

The conductivity of a semiconductor can be improved by doping the intrinsic semi-
conductor with atoms which possess a different valency. As depicted in figure for
silicon and its valency of four, dopant atoms such as phosphorus (P, valency: 5) or
boron (B, valency: 3) embedded into the silicon lattice introduce additional electrons
or holes (i.e. electrons missing from the lattice, with positive charge e) and thus shift
Ex from about the middle of the band gap towards the conduction band or the valence
band. Phosphorus-doped silicon is an n-type or n-doped semiconductor with Er closer
to the conduction band, while boron-doped silicon is a p-type or p-doped semiconductor
with Er closer to the valence band:

Ncb
Np

n—type: FEp = E, —kT
(2.18)

p—type: FEp = FEg +KkT

with the effective densities of states in the conduction and valence bands for silicon,
respectively Ng, = Nyp = 2 - 10Y em ™3, the Boltzmann constant k, temperature T and
the densities of donor (i.e. electron donating) atoms Np and acceptor (i.e. electron
capturing/accepting) atoms Ny, respectively.

The main difference of a semiconductor|electrolyte interface to a metal|electrolyte
interface is that because of the low conductivity relative to metals, the space charge
region formed by the potential difference between the semiconductor electrode and
the electrolyte is also extended inside the semiconductor due to the accumulation or
depletion of electrons near the interface, changing the energetics there and leading to
the bending of the energy bands near the surface of the electrode. The total potential
drop between electrode and electrolyte is split into two parts, the one across in the
space charge layer in the semiconductor A¢g- and the one across the electrochemical
double layer or Helmholtz layer A¢y.
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Figure 2.10: Left: Schematic illustration of the inclusion of a donor, phosporus atom (P)
in the silicon lattice and the energetics of an n-type semiconductor. Right: Schematic
illustration of the inclusion of an acceptor, boron atom in the silicon lattice and the
energetics of a p-type semiconductor. Original figure from [77] p.48.
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Figure 2.11: Schematic illustration of the band structure of an n-type silicon/electrolyte
interface under depletion conditions in the dark illustrating the splitting of the total
potential difference in two potential drops across the space charge layer A¢q- and across
the Helmholtz layer A¢y. Original figure from [78].

When the electrolyte is more conductive than the semiconductor, the majority of
the potential drop happens inside the semiconductor, as is depicted in figure [2.11]
making the interface similar to a semiconductor|metal or Schottky contact. The flat band
potential Eg, = Ep, /e~ denotes the situation where the applied potential counteracts
the potential difference in the space charge region, thus eliminating excess charges near
the interface and the resulting band bending. One can record the capacity of the space
charge layer Cgc versus the potential of the silicon working electrode in the depletion
region using EIS. With the so called Mott-Schottky (MS) relation, one then can fit the
MS plot to the potential at which Cgc™2 goes to zero, i.e. where no excess charges are
left on the idealized space charge capacitor.

A2 2 kT
= E — BEp — — 2.1
C3g eeSieoND( WE b e ) (2.19)

where A is the area of the electrode, e the elemental charge, eg; the permittivity of
silicon (eg; = 11.9 [48]), Np the doping density, Ewg — Eg, the potential of the silicon
electrode relative to its flatband potential Eg,, k the Boltzmann constant and T the
temperature.

In electron-transfer reactions through the space charge layer both the valence band
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Figure 2.12: Schematic, logarithmic plot of the partial currents of valence and conduction
bands versus the overpotential in the space charge layer 7ngc for n-type silicon. Original
figure from [48] p.25.

and the conduction band contribute to the overall current, but typically the major part
of the current will come from the energy band that is closer to the electrochemical
potential of the redox couple. As depicted in figure 2.12] for n-type silicon electrode
the cathodic current of the conduction band (denoted in the figure as i.°) grows expo-
nentially with more negative overpotential —ngc, while it stays constant in the anodic
region due to the approximately constant number of empty states in the conduction
band under depletion conditions, i.e., at anodic overpotentials +nsc. Analogously, the
cathodic current of the valence band (denoted in the figure as i.") stays constant in the
cathodic region due to the number of filled states in the valence band at cathodic over-
potentials —nsc, while i,V grows exponentially with more positive overpotential +nsc
until i," — iy, saturates at high +ngc due to the limited amount of minority charge
carriers (acceptors or holes in the case for n-type silicon). For reduction reactions at
modest faradaic currents, n-type silicon shows a net current of i, = i.© + i.’, which
should qualitatively exhibit the same exponential current-potential characteristics as
described for metal electrodes in equation [2.11]

conduction band conduction band
ﬂél— ................................... A
. "
- M}l)—Si,s
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p-type silicon electrolyte p-type silicon electrolyte

Figure 2.13: Scheme the energy levels of a p-type semiconductor (red) in contact with an
electrolyte (blue) containing a redox pair with e~ E,cq0x in equilibrium without illumination
(left) and when illuminated by light with a photon energy hv > E, (right).
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Semiconductor electrodes show a rather small exchange current density compared
to metal electrodes, but on semiconductor electrodes electrochemical reactions can be
partially driven by illumination. Light with a photon energy hv > E, can be absorbed
and creates electron-hole pairs in the semiconductor as shown schematically in figure
. In the case of a moderately doped p-type silicon electrode (p-Si), the created
photo-electrons form their own Fermi level or quasi electrochemical potential ,&275176_
close to the conduction band after thermalization, in addition to the quasi electrochem-
ical potential [Li_Si’ ht R ﬂgi‘é‘i of the holes, effectively increasing the limiting current iy,
from figure . In figure energy band diagrams without (left) and with (right)
illumination are depicted. Without illumination a p-type silicon is in equilibrium with
a solution containing a redox species with a suitable redox potential E,cqox, Which is
energetically higher than 5. At equilibrium, the resulting band bending downwards
at the Schottky contact leads to the formation of a quasi n-doped semiconductor near
the electrodelelectrolyte interface, where 3§ is close to the band edge of the con-
duction band. The emergence of electrons from the electron-hole pairs created in this
space charge region by illumination leads to a reduction of the band bending and the
effective increase of ﬂg—Si,s at the surface, where the quasi electrochemical potentials
ﬂg_sm, and ﬂg_suﬁ merge. The (photo-) electrons at the semiconductor|electrolyte in-
terface can then drive the reduction reaction of the redox couple in the electrolyte with
€ Eredox < MILSLS, effectively applying a photo-generated overpotential Nphoto. Figure
shows the effect of the photo-generated overpotential on the j-Ewg characteristic
of a reduction reaction. The current response of the illuminated p-type silicon electrode
is very similar to the j-Ewg curve of an n-type silicon electrode with the same doping
concentration in the dark. The illumination leads to a shift of the j-Ewg curve towards

lower overpotentials.
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Figure 2.14: Exemplary j-Ewg characteristics of an n-type silicon electrode (solid line) and
an illuminated p-type silicon electrode (dotted line) with the same doping concentration
doping concentration Ny = Np ~ 10 cm~3. The yellow arrow denotes the photo-generated
overpotential Mpnoto-
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2.3 Surface characterization via X-ray photoelec-
tron spectroscopy (XPS)

In order to investigate the surface modification of silicon electrodes modified with a
layer of immobilized pyridine, the functionalized surface needs to be characterized with
respect to its chemical composition and morphology in the unmodified state, and sub-
sequently the change thereof after the surface modification process. In this thesis X-ray
photoelectron spectroscopy (XPS) was deployed for the surface characterization of the
modified silicon electrodes. The following explaination is mainly based on [79,80].
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Figure 2.15: Illustration of the electron (black dots) configuration on the valence and
core energy levels of silicon, when an electron (white dot with broken line) from the
2p core energy level absorbs an X-ray photon with a suitable photon energy hv and is
emitted (dotted line). The 3s and 3p valence levels hybridize to sp; orbitals, which form a
dimer of bonding and anti-bonding states. With subsequent atom addition towards bulk
silicon formation, these bonding and anti-bonding states develop into the valence and
conduction bands with their band edge energies E,;, and FE.. On the right, the energy
of the photon hv is qualitatively divided into the components Ey;,, ¢s and Ey, of the Siy,
photoelectron.

XPS is based on the photoelectric effect, where, due to X-ray radiation with a
suitable energy hv on a sample, photoelectrons from the sample are emitted with a
kinetic energy Eyi,, as illustrated in figure [2.15}

Ekin = hv — Eb - QZSS (220)

which depends on the work function of the sample ¢5 and the initial binding energy of
the emitted electron Ey,. Depending on the atom, the bound electrons are distributed on
a number of core energy levels and the valence levels, which take part in the formation
of molecular orbitals and energy bands, as the considered atom is part of a solid state
lattice. These core level electrons are mainly targeted for the XPS measurements in this
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thesis and denoted with the spectroscopic nomenclature for principle quantum number
n, followed by a letter for the angular quantum number [ = 0,1...,n — 1 . For example,
the main XPS peak of silicon is denoted Sigp, i.e. they stem from electrons in core level
2p with an angular momentum quantum number [ = 1. Even though the core level
electrons do not form bonds with neighbouring atoms in the solid state, the chemical
state of the atom and thus their binding energies are influenced by the neighbouring
atoms (due to electrostatic shielding of the nuclear charge from all other electrons in the
atom), which leads to differences in the corresponding binding energies. The binding
energy of 2p electrons of a silicon atom bound to two oxygen atoms as part of silicon
dioxide (SiO2) E}, si2p(Si02) ~ 103 eV is for example higher than Ey, giop(bulk) =~ 99.5
eV of 2p electrons of silicon atoms in bulk silicon. These chemical shifts can be used
to detect not only the occurrence of different chemical species but also the type of
molecular structures certain atoms are part of. While X-rays have a penetration depth
of ~ 100 pm into the sample, only photoelectrons from a depth of < 10 nm from the
surface of the sample can escape. XPS is therefore considered to be highly surface
sensitive.

Experimental setup of an XPS instrument

Outer
hemisphere

Inner
hemisphere
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Figure 2.16: Illustration of an XPS instrument and its main components as used in this
thesis. Original figures from [80] p. 45, 54.

An XPS instrument, as used for this thesis, requires a vacuum with a pressure of
< 107° Pa (very high vacuum (VHV) or ultra high vacuum (UHV)) in order to minimize
the interaction of photoelectrons with the remaining gaseous environment after their
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emission from the sample. The following components of an XPS instrument are housed
in such a vacuum chamber, as depicted in figure [2.16}

1.

The source of the X-ray radiation is the X-ray tube (1.) aimed at the sam-
ple (2.). Inside the X-ray source an electron beam is directed at an X-ray an-
ode, in this thesis an aluminium (Al) electrode. The ejection and subsequent
re-filling of Aly4 core electrons produces Ka X-ray radiation with a photon energy
of hv(Al — Ka) = 1486.6 eV.

The sample (2., grey gradient) is irradiated with the Al Ka X-ray radiation,
which leads to the production of photoelectrons due to the photoelectric effect.
Photoelectrons which are emitted perpendicular to the surface of the irradiated
sample can then enter the detector beam path. In this position one detects the
most amount of photoelectrons, i.a. electrons originating from a few bulk atom
layers in addition to the surface. For a more surface sensitive XP spectrum the
sample can be tilted in relation to the detector beam path to achieve a take-off
angle 6 < 90° in order to minimize the bulk photoelectron signal relative to the
surface signal.

Before entering the hemispherical analyser, the electrons are de-/accelerated to
a constant kinetic energy E,ss using the transfer lens system. In the so-called
fixed analyser transmission (FAT) mode, the transfer lens or system of lenses
select the kinetic energy of the photoelectrons. Therefore, the energy resolution
is independent of the kinetic energy of the photoelectrons. The choice of a low
pass energy Fp.g increases the resolution of the analyser but reduces its sensitivity
(and vice versa for an high F, ).

A concentric hemispherical analyser (CHA) with entrance and exit slits is used
to guide or pass the electrons with the kinetic energy E,.s to the detector. In
FAT mode, the inner and outer hemisphere with their radii Rpsin and Rps out,
respectively, are set to the constant potentials Eyg;, and Epg out:

Rhs,in + Rhs,out)
Rlhs,in

Rhs,in + Rhs,out)
Rlhs,out

Ehs,in = Epass (3
(2.21)

Ehs,out - Epass (3 -

In the end, the energy resolution of the analyser AE is dependent on the pass
energy, the radii of the hemispheres and the average slit width w.

W
AE ~ o 2.29
2(];{hs,in + Rhs,out) P ( )

The photoelectrons, which passed the analyser, are multiplied by a channeltron
or channel electron multipliers (CEM) and finally detected by an anode collector
or charge collector devices (CCD).

The resulting spectrum plots the intensity of the detected electrons versus their kinetic
energy in the instrument Fy, xps, which is determined by the de-/acceleration fields in
the transfer lens system.
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Figure 2.17: Illustration of the energy levels of the sample and the XPS instrument which
is in electrical contact with the sample and shares its Fermi energy level Er. Original
figure from [80] p.67

As is illustrated in figure [2.17] once the sample and instrument are electrically in
contact, their Fermi energy levels align. By constructing the XPS instrument in such a
way that the work function of the instrument ¢xps < ¢s, the binding energy FEj, can be
determined using the instrument-specific work function ¢xps and Fii, xps. Therefore
Ey, becomes independent of the often unknown work function of the sample ¢y:

Eb = hv — Ekin,s - (bs =

(2.23)
= hv — Ekin,XPS — ¢xPs

The spectrum plotted versus the binding energy Fj, contain peaks at certain energies,
which can then be related to tabulated, known binding energies for atoms and their
chemical shifts [79], as can be seen in chapter 4.2

2.4 Product analysis

Product analysis tools were deployed to distinguish and quantify possible reaction pro-
ducts stemming from the electrochemical bulk CO, reduction electrolysis measurements
conducted in chapter [7] The liquid part of those reaction products are reported to be
comprised of small hydrocarbon molecules such as formic acid (FA), formaldehyde,
methanol (MeOH) [19] as well as traces of ethanol (EtOH) and propanol (PrOH) [25]
for electrolytes containing pyridine. The gaseous products meanwhile might include
hydrogen (Hs) and carbon monoxide (CO), although both species have not been specif-
ically measured, rather assumed [21] or implictly / electrochemically detected [25].
Prior work on the pyridine mediated CO, reduction reaction on platinum electrodes in
this group reported the detection of electrochemically produced methanol using High
Performance Liquid Chromatography (HPLC) instrument [81], but the detected signal
was as small as the detection limit of the HPLC, which was around the concentration



26 CHAPTER 2. THEORETICAL BACKGROUND

of about 0.1 mM or, as a rati CMeOH = g;;gl\f/[ < 2 ppm. Following this result and

reported (state of the art) detection limits of ~ 0.1 ppm [16}25], one of the goals in the
master thesis of Andreas Heine [27] was improving the detection limit achievable in our
lab using HPLC, Gas Chromatography (GC) and Nuclear Magnetic Resonance (NMR).
The detection limit of ~ 0.1 ppm was only reached using NMR. Therefore, 'H-NMR
was used to detect liquid CO, reduction products, while GC was used to detect the
gaseous reaction products.

2.5 Gas Chromatography (GC)

Gas Chromatography (GC) measurements were conducted to detect possible gaseous
COg reduction products. The following explanations are based on [82].

Direction of mobile—phase flow Detector Chromatogram
LI
Concentration of solute in
mobile phase
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Concentration of solute in
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Figure 2.18: Scheme of the separation of a mixture of solute A and B through a column
of a certain bed / column length and the resulting chromatogram (right side). Each line

represents a snapshot of the column at a certain time. Original graph taken from [82], p.
18.

As can be seen in figure [2.18] in a GC measurement a gas sample consisting of
different species or solutes are transported in a mobile phase or carrier gas through
a column, which possesses a surface material or stationary phase. The differences in
ad- and desorption characteristics of the solutes with the stationary phase lead to
a separation of the solutes during the time they are carried through the column. At

4eH,0 = 55.56 M
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different retention times the separated solutes are finally detected in a suitable detector.
The basic setup of a GC is shown in figure 2.19
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Figure 2.19: Scheme of the basic GC setup. Original graph taken from , p- 25.

2.5.1 Resolution

The resolution of a GC instrument Rg denotes the degree by which two solutes A and
B producing two Gaussian peaks in the detector with their base widths wy, 4, Wi, g are
separated by a distance d, as seen in figure [2.20]

d

A J

A

detector signal

I |
I |
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I

. |

Injection
Wy Wy

Figure 2.20: Scheme of two separated peaks from solutes A and B. Original adapted

from .

t —t 2d
Ry = —wo % = (2.24)
R WbB + Wh A

If the neighbouring peaks with equal area have the same base width w4 = wp = Wy,
then equation [2.24] simplifies to:
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Rg = — (2.25)

For adequate separation, one strives for Rg < 1, i.e., the peaks are not yet merging.
Both d and wy, are dependent on the length of the column L. The retention time
difference depends linearly on L, while the width of the peak increases with oc L2.
Therefore, Rg is inversely proportional to the square root of the length of the column.
A longer column leads to a better separation of the solutes, but also longer retention
times and thus a longer measurement time.

L 1
— = 2.2
Rg o Z - T (2.26)

2.5.2 Column and temperature control

GC columns contain the stationary phase, typically a liquid polymer material with
polar / unpolar groups or substitutions, which then interacts with polar or unpolar
solutes, respectively, due to van-de-Waals forces (unpolar) and hydrogen bonds (polar).
Contaminations in the carrier gas helium, usually oxygen (O3) or nitrogen (N3), can
contaminate or oxidise the stationary phase, leading to unreliable chromatograms and
the degradation of the column, so very pure He gas sources and external gas purifiers
are needed to prevent gas contaminations. The stationary phase is coated on a solid
support, either a capillary or a so-called packed column, which was used for this thesis.

Mobile Phase
(Carrier Gas)

Liquid (Stationary) Phase

Figure 2.21: Cross section of a packed GC column. Original adapted from [82] p.24.

As depicted in figure 2.21] a packed column is usually made out of stainless steel
or carbon and filled with particles that are coated with the liquid stationary phase,
effectively forming a mesh, where the mobile phase carrying the gas sample is pushed
through. In the column used here, the support is made of a carbon material. The
number '80/100” on the specification sheet refers to the mesh or net formed by the
particles, as in the so formed holes are smaller than a mesh 80 (diameter @ < 177 pm)
but bigger than mesh 100 (& > 149 pm). Due to their higher surface area and increased
loading of the stationary phase, packed columns are usually used for separation of gas
samples where maximum interaction of the otherwise relatively dilute sample with the
stationary phase is ensured. For the detection of volatile, liquid species a capillary
column was tested for our GC setup [27], but its detection limit was worse than the
established HPLC detection limit of 2 ppm.
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Next to the selection of a suitable stationary phase or column type, the choice of the
temperature at which the column is kept during the measurement is the second impor-
tant factor in determining or tuning the separation characteristics of the GC. Generally
speaking, increasing the temperature of the column will decrease the net interaction of
the gas sample with the stationary phase, therefore decreasing the retention times of all
solutes. Though this might negatively impact the resolution of the column, it can also
greatly decrease the measurement time. In the case of this thesis, where the gas sample
is taken from the gas overhead of the electrolysis cell, water vapour is a major part of
the gas sample, which can be retained for a long time in the stationary phase, leading
to baseline shifts in the chromatogram and possible partial clogging of the column and
diminished reproducibility of consecutive GC measurements. The programmed tem-
perature ramps shown in figure [3.12| remove most of the water vapour from the column
during a measurement while retaining separation of the gaseous solutes at the beginning
of the temperature ramps.

2.5.3 Barrier Ionization Discharge (BID) Detector

The separated solutes exit the column and are then carried to a detector. Different
types of detectors are available for GC, depending on the types of different solutes
which need to be detected. In our GC instrument a Barrier lonization Discharge (BID)
detector [84] is implemented, as shown in figure [2.22]

Discharge gas (He) i Quartz tube h
Electrical discharge Grounded electrode
(plasma) I High-voltage electrode > Plasma generator

Bypass exhaust tube Grounded electrode

'\

Bypass electrode

m Insulator

> Charge collector
Sample exhaust tube Collector electrode

<«

Sample inlet tube
(capillary column)

Figure 2.22: Cross sectional diagram of a BID. Original from [84].

In a BID a helium plasma is created using an alternating electric field [85] in a quartz
tube and then mixed with the carrier gas containing the separated solutes streaming
out of the sample inlet tube. Once the exited state of diatomic Hes relaxes back to the
dissociative 2He ground state (Hey(A'XT) — 2He(1S') + hv) a photon with the energy
hv = 17.7 €V is emitted, also known as the Hopfield emission [86]. These photons then
ionize the solutes which subsequently create a signal at the collector electrode. BID
detectors offer increased sensitivity compared to other detector types towards both COs,
CO, methane, ethylene etc. as well as Hy vapour and are therefore suitable for trace
analysis of gaseous species. Its sensitivity towards HoO vapour can be detrimental for
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measurements containing water vapour, as it can lead to interfering baseline shifts of
the chromatogram due to a dominating water vapour signal.

2.6 Nuclear Magnetic Resonance (NMR)

'"H Nuclear Magnetic Resonance (NMR) was used as the product analysis tool for
liquid reaction products in the electrolyte. The following explanations are based on [87]
and [88]. NMR makes use of the intrinsic angular momentum or spin of a nucleus L.

L = I+ 1h (2.27)

with the spin quantum number [ and the reduced Planck’s constant h. [ can have
integral and half-integral values (0, 1/2, 1, etc.) for different nuclei. For protons (*H)
[ = 1/2. The projection of the spin on the z-axis parallel to a stationary magnetic
field EO can have the discrete values of L, = Am with the magnetic quantum number
m, which can take the values [, [ — 1, ... ,—[. A nucleus with a spin is also associated
with a magnetic moment p of the nucleus.

p =L (2.28)

where the ratio between L and pu is called the magnetogyric ratio v. When a number of
identical nuclei is placed in a stationary magnetic field EO, their spins orient themselves
along the magnetic field and can take up 2 + 1 orientations. Due to the interaction of
the magnetic field By with the magnetic dipole of one nucleus, the energy of that dipole
is now

E = [i-By = p.By = ymhB, (2.29)

For protons with m = —1/2, +1/2, there is now an energy difference between nuclei
aligned parallel or anti-parallel to By, resulting in the so called Zeeman energy levels.

AFE = E—1/2 - E1/2 = ’}/hBO (230)
E
/ m :-1/2 |
N THh T o ’%h
7 AE=E. Hn—Eap S
\ —|Z—;h %h
Y
B, "B -

Figure 2.23: Left: Scheme of Zeeman energy level splitting due to an external magnetic
field By. Right: Scheme of two [ = 1/2 spins precessing parallel and antiparallel to By,
which is parallel to the z-axis. Original graph taken from [89].
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In the classical model depicted in figure [2.23] the spin of the nucleus L precesses

~ . o & _ m .
around By at an angle ¥ with cos? = = T at the orbital frequency called the
Larmor frequency uv1,.
u = LB, (2.31)

C2r
When such a nucleus in the lower energy level absorbs radiation with the Larmor
frequency v, it can transition to the higher energy level.

A small excess of nuclei exists on the lower energy level of a spin-1/2 system such as
'H at low temperature, due to a Boltzmann distribution.

N 1 <AE)
2 e (=2 2.33
Neo  PUkT (2.33)

with the Boltzmann constant k, temperature T and N_; /5, N4,/ being the number of
nuclei on the respective higher and lower energy level, leading to a net magnetization

—

M = M-e,.

2.6.1 The source of the NMR signal

It is this net magnetization M which subsequently can be perturbed by applying a
sinusoidally oscillating magnetic field B, in the xy-plane perpendicular to the stationary
magnetic field By with the Larmor frequency v,. Only with the right frequency vy = 11,
can the magnetic perturbation field B, effect a net magnetization in the xy-plane,
which was zero before the perturbation. In a rotating frame with x’; y’ rotating with
the Larmor frequency vy, around the z-axis, the now stationary perturbation field él
pointing in the x’-direction can turn the net magnetization M, completely into the
x’y’-plane parallel to the y’-axis, as depicted in figure Such a pulse is called 90°
pulse.

z z
ABO ’ B, M=M
M,=M ~Y y

M, =0
B, , 90°pulse B,
X X'
MX'= 0 MX"_- 0

Figure 2.24: Scheme of a 90° pulse applied to the net magnetization M, leading to a M,
parallel to the y’-axis. Original graph taken from [87].

Once the perturbation field B is switched off, the turned net magnetization relaxes
back to its initial state parallel to z-axis, i.e., M,y declines back to zero. The diminish-
ing magnetization in y’-direction can induce a current in the detection or receiver coils
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placed in the x’y’-plane, which has to be insensitive to B, created by the transmitter
coils. A sample consisting of only one type of nuclei produces a decaying cosine sig-
nal, which, once subtracted from the spectrometer frequency, yields the so called Free
Induction Decay (FID) signal. Fourier transformation of the FID yields a frequency
function, where at the Larmor frequency a peak appears with a line width inversely
proportional to the characteristic time constant of the decay envelope of the FID.

2.6.2 The chemical shift

The spin of the 'H nucleus is partially shielded by the electron and its motion around
the proton, which creates a magnetic field opposing the stationary magnetic field Bo.
The Larmor frequency has to be augmented by a screening constant o reflecting this
shielding.
w = L By(1 - o) (2.34)
2

Chemical bonds as well as neighbouring molecules modulate the density of electrons
at the hydrogen nuclei in the sample, changing their shielding which leads to *H nuclei
possessing not one but multiple Larmor or resonance frequencies. In order to perturb
nuclei with different resonance frequencies, a short pulse of a monochromatic magnetic
field B; with a bandwidth of frequencies is applied to the sample. The resulting FID
consists of the superposition of all decaying cosine functions, as seen in figure [2.25]
exemplarily for two frequencies.

The resonance frequencies of the differently shielded nuclei are commonly plotted
in reference to a marker substance with known Larmor frequency vy, . The ratio of
the frequency difference between the unknown and the marker substance to the marker
frequency is called the chemical shift §.

§= A" Ym (2.35)
VLm
A commonly used marker molecule is tetramethylsilane (CHs)4Si (TMS) with a known
resonance frequency of v, rmys ~ 400 MHz (By = 9.39 T). ¢ is usually expressed in
parts per million (ppm). Exemplarily, the spectrum of ethyl bromide is shown in figure
m, which is very similar to the signals of ethanol (compare it to the peaks from
ethanol in the calibration figure .

Spin-Spin coupling

Often times the hydrogen atoms of different parts of a molecule and their spins affect
their respective resonance frequencies, leading to a splitting of the resonances. In the
case of ethanol, the spins of the hydrogen atoms from the CHs- group lead to a splitting
of the CH3 resonance peak into a main peak with no coupling (the two spins of the CHs-
group are anti-parallel and cancel each other out) flanked by two smaller peaks due to
the perturbation of the overall spin of the CHs- group, as seen on the right side in figure
[2.27], with their peak height ratio of 1:2:1 due to the two possible spin configurations
for zero net spin compared to the single configurations for net spin » 'm = £1. In
the same fashion, the three hydrogen atoms in the CHjs group perturb the resonance
frequency of the protons in the CHs- group into splitting into four peaks, now with a
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Figure 2.25: Examplary FID composed of two decaying cosine functions with two differ-
ent resonance frequencies and the resulting Fourier-transformed plot. Taken from ,
adapted from .

height ratio of 1:3:3:1, as seen in the left side of figure [2.27] The coupling constant .J
denotes the magnitude of the coupling interaction.

The number of resulting peaks due to the spin-spin coupling is called multiplicity
N = 2[+1. This fine structure of the resonance peaks can be used to further determine
the chemical species in question and their respective molecular shapes.
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Figure 2.26: NMR spectrum of ethyl bromide (CH3;CH;Br) in CDCl;, with the CH3 and
CH,- signals enlarged. 400 MHz 'H NMR. Original figure taken from [87]
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Figure 2.27: Left: Scheme of the splitting of the CHj3 resonance peak due to the spin-spin
coupling with the two protons in the CH,- group into a triplett. Right: Scheme of the

splitting of the CH; resonance peak due to the spin-spin coupling with the three protons
in the CH3- group into a quartet. Original figure taken from [87].
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2.6.3 Water suppression

The samples measured in the NMR instrument are taken directly from the electrolyte
and consist mainly of HyO. The solvent or HyO signal would therefore dominate the re-
sulting NMR spectrum and either cover up signals of other electrolyte components such
as reaction products in the decaying flanks of its peak, or the ratio of signal strengths
of non HyO components farther away from the HyO peak would fall into the noise range
of the detector, if it is matched up with the signal strength of H,O. Water suppression
has to be applied to dampen the signal of HyO. Before the actual perturbation pulse
(pulse number 3 in figure the sample is treated to a presaturation step and an
exitation step [91]. The simplest presaturation step consists of a low amplitude, con-
tinuous perturbation field with the H,O frequency, which leads to the saturation of the
spins from water hydrogen atoms in the x’y’-plane. Hopefully, there are no spins of
water hydrogen atoms left in the z direction, which could be perturbed by the final
perturbation pulse. The excitation step usually features several magnetic field pulses
of the perturbation field with the goal of enhancing the net magnetization of the non-
solvent species while reducing the net magnetization of the solvent. For the thesis, the
preparation and excitation steps are exemplarily schemed in figure [2.28|

90° 90° %0°

Acquire

Presat Mix

Figure 2.28: Scheme of a water suppression procedure with presaturation / exitation steps
called NOESY-1D, similar to the suppression method used for the NMR measurements
in chapter Original figure taken from [92].
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Chapter 3

Experimental details

In this chapter the experimental details of the measurements conducted in the following
result chapters are presented, including the design and installation of experimental se-
tups used in the thesis as well as the preparation of the electrodes and other components
of the measurements.

3.1 Materials and cleaning procedures

The chemicals listed in table were used as bought. Ultrapure HoO (specific resis-
tance: 18.2 MQcm, trace of organic content (TOC) 1 ppm) was provided by a Purelab
Ultra ultrapure water purification system (ELGA, USA). All glass ware was cleaned in a
two step process, which consisted of soaking in 0.1 M nitric acid (HNOj3) overnight and
afterwards soaking in 1 M potassium hydroxide (KOH), followed by thoroughly rinsing
in ultrapure H,O. All PTFE, PCTFE and Viton parts were cleaned in concentrated
Caro’s acid (1 : 1 mixture of 96% sulfuric acid (H2SO,4) and 40% hydrogen peroxide
(H205)) and cooked in hot HyO (& 80° C) overnight to remove residual HyOo, PMMA
beaker was soaked in 1% potassium permanganate (KMnO,) and subsequently in 30%
hydrochloric acid (HCI).

3.2 Silicon substrate preparation

For the experiments in this thesis, silicon wafer from Si-Mat Silicon Materials, Germany
were used (CZ, 3 inch diameter, one side polished, (111) orientation, 0.5 ° miscut, n-
doped with phosphorus, 1-10 Qcm or p-doped with boron, 5-25 Qe¢m). From the wafers,
quadratic samples (11.8 x 11.8 mm?) were cut using a mechanical diamond scriber and
broken using clean microscope slides. The cut wafer was rinsed with isopropanol and
blow dried with argon gas (Ar), while the glass slides were wiped with isopropanol
after each sample to mitigate possible scratching of the samples due to small particles
from scribing and wafer breaking. After this step, the Si sample were only handled
using (cleaned) PTFE tweezers and holders to minimise scratching and contaminations.
As a pre-cleaning step, the samples were ultrasonicated in acetone, isopropanol, and
ultrapure HyO for 5 min. each. When changing the cleaning solution, the samples
were rinsed with the subsequent solution to avoid possible solution residues due to
condensation. The samples were then blow dried with Ar and oxidized in an oxygen

37
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Chemical species ‘ Concentration Purity grade ‘ Company Usage
HySO4 96 % Suprapur Merck Electrolyte
HF 40 % Suprapur Merck Electrolyte
3-aminopyridine | - 99 % Sigma Aldrich Electrolyte
4-aminopyridine | - 99 % Sigma Aldrich Electrolyte
NaNOg - 99.999 % Alfa Aesar Electrolyte
Sodium acetate - Emsure Merck Electrolyte
KCl1 - Suprapur Merck Electrolyte
K550, - Suprapur Merck Electrolyte
HC1 30 % Suprapur Merck Electrolyte
NH,F 40 % VLSI Honeywell Etching
H2SOy4 95-97 % Emsure Merck Cleaning
H20, 30 % - Sigma Aldrich Cleaning
KMnOy4 - Normapur VWR Chemicals | Cleaning
HC1 30 % Normapur Merck Cleaning
HNO3 68% Normapur VWR Chemicals | Cleaning
Methanol 100 % Normapur VWR Chemicals | Cleaning, NMR
Ethanol 100 % Normapur VWR Chemicals | Cleaning, NMR
Isopropanol 100 % Normapur VWR Chemicals | Cleaning, NMR
Acetone 100 % Normapur VWR, Chemicals | Cleaning, NMR,
Pyridine 100 % Normapur VWR Chemicals | NMR
Formaldehyde 37 % ACS reagent | Sigma Aldrich NMR
Formic acid 99 % Chromanorm | VWR Chemicals | NMR
D50 99.85 atom % D | - Sigma Aldrich NMR
Argon - < 99.999 % Westfalen Electrolyte
COq - < 99.995 % Westfalen Electrolyte
He - < 99.9999 % | Westfalen GC

Table 3.1: Chemicals used for the experiments described in this thesis.

plasma (5 min., po, = 1.4 mbar, 200 W, Technics Plasma 100-E, Germany) in order to
obtain a clean silicon surface with a smooth, amorphous 1-2 nm thick oxide layer on
top. Before an electrochemical experiment one of these (oxidized) samples was loaded
onto a PTFE sample holder, which held the sample in an upright position during all
same cleaning steps mentions above as well as etching steps to enhance the solutions
flow off the samples (see fig. 3.1)).

The sample was ultrasonicated subsequently in acetone, ethanol, and ultrapure H,O
for 5 min., being rinsed between the cleaning steps with the subsequent solution during
the change of the cleaning solution.

Etching of the cleaned sample was conducted in concentrated ammonium fluoride
(NH4F, 40% wt or 18 M, Honeywell) for 10 min. in the dark. While the rough backside
of the sample was eventually covered by Hy bubbles during the etching step [47,93,,94],
the polished side remained empty. Bubble formation on the polished side of the sil-
icon sample would point towards scratches and other irregularities on the surface at
which the etching process and thus Hy evolution was increased [93]. Such samples were
excluded from further use due to possible promotion of unwanted charge transfer pro-
cesses [47,95]. When removing it from the etching solution, the etched sample should
be hydrophobic [47,/96,/97] and become dry instantly. Droplets remaining around the
edges and bevels of the sample were carefully removed using laboratory wipes, taking
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Figure 3.1: 3D drawing of the PTFE sample holder used for handling the silicon sample
(red) inside the beaker during the cleaning and etching steps.

care not to touch the etched surface. The etched silicon sample was then mounted onto
the electrode holder or electrolysis cell described in the following chapters [3.4.1] and
The goal of the etching step was to remove the oxide layer ontop of the silicon
electrode and obtain an atomically flat, hydrogen terminated (H-terminated) silicon
surface ,,,,,. In 40% NH,F as the etching solution, the steps perpendic-
ular to the (111) plane are preferrably etched, leading to the formation of atomically
flat (111) terraces with the maximum terrace width depending on the miscut angle to
the (111) plane [47,[94,[100,[101]. Ex-situ and in-situ scanning tunneling microscopy
(STM) and electrochemical STM (ECSTM) measurements of etched samples show the
formation of theses silicon bi-layer steps with a step height of 3.14 A.
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Figure 3.2: STM pictures of an H-terminated Si(111) sample as obtained by the described
etching procedure. Left: Ex-situ STM in N> atmosphere. Measurement by Dr Alexander
Solovev!;. Right: In-situ ECSTM in 0.1 M H,SO,, purged with Ar. Measurement by
Francesco Casablanca!. Original data from .

A few triangular shaped depressions were also observed in figure [3.2 These cor-

'Non-equilibrium Chemical Physics, Technical University Munich Physics Department
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respond to etch pits, which form when oxygen (Os) is present in the etching solu-
tion [93,/94,/103], but the limited occurrence of these etch pits was accepted without
purging the NH4F solution with Ar to remove Os as suggested in the literature. Espe-
cially in the beginning of the thesis the oxygen plasma step proved very useful for the
removal of point-like or rectangular defects on the terraces otherwise often visible
in the STM pictures, as seen in figure (3.3

000pum005 010 015

500 nm

Figure 3.3: Ex-situ STM pictures of an etched Si(111) sample without plasma oxidation
(left) featuring dark defects of unknown origin, a plasma oxidized silicon sample before
etching (middle) and finally a plasmaoxidized sample after etching without the defects.
Measurement by Dr Alexander Solovev. Original from the bachelor thesis of Sebastian

Lindner .

3.3 XPS measurements

For the first set of measurements (figures 4.16, 4.17} 4.19) a custom XPS instrument
with an aluminium (Al) Ka X-ray source (nonmonochromatic, hv = 1486.6 ¢V) and
a hemispherical analyzer (VSW Atomtech Ltd., UK) was used. The analysis spot
is circular with an area of approximately 1 cm? The XP spectra were fitted with
Doniach-Sunjic functions . The rest of the measurements were conducted using
an XPS instrument with a non-monochromatic XR-50 Al Ka X-ray source (SPECS,
Germany) and a Phoibos 100/150 Hemispherical Energy Analyzer (SPECS, Germany).
The X-ray source was operated at 350 W (12 kV, 29.2 mA), the slit in front of the
analyser set at 7 x 20 mm?. The detector was set to Large Area mode (LA) with an
acceptance area / source size of 5 mm and a pass energy of E s = 10 eV. Data analysis
of XP spectra was performed using OriginPro (Originlab, USA) including its Shirley
background subtraction and fitting. Silicon samples were cut down to about 4 x 10
mm? using a diamond cutter and then fixed on the XPS sample holder in such a way
that an H-terminated silicon sample and a grafted 3-pyridine-terminated silicon sample
could be placed next to each other on a single XPS sample holder with a space of ~ 3
mm between them. Before fixing them on the holder, silicon samples were cleaned and
etched as described above and blow-dried using Ar or nitrogen (N3) gas. The time
between gas drying and insertion into the vacuum load lock was under 2 min. Using
the sample manipulator, one could then move either of the samples in and out of the
detector beam path.
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3.4 Electrochemical measurements

Electrochemical measurements were controlled mainly by a Zennium potentiostat /
galvanostat with a frequency response analyzer (FRA) unit (Zahner, Germany). Some
electrochemical measurements, for example electrolysis measurements, were controlled
using the SP-300 potentiostat (Biologic, France) and the PGU-10V-1A-IPS-S poten-
tiostat (IPS, Germany). For electrochemical impedance measurements the CE and RE
were shorted using a 100 nF capacitor in order to minimize the high frequency resis-
tance above 100 kHz during EIS measurements. If not stated otherwise, measurements
were conducted inside a Faraday cage in the dark. For illuminating p-doped silicon
electrodes a HighLED LED (LINOS, USA) illumination source was used, which had
a wavelength of 633 nm and an intensity of 1.33 mW /cm? (as decribed in the bache-
lor thesis of Sebastian Lindner [68]). The intensity was determined with a handheld
photometer in an empty, dry glass beaker while the LED was positioned outside of the
beaker tangential to the outer glas wall. Data analysis of the electrochemical measure-
ments was performed with OriginPro, while fitting of the electrochemical impedance
spectra (EIS) data plotted as Nyquist plots was performed using Zview (Scribner,
USA) or EIS Spectrum Analyser by applying the described equivalent circuit (see

fig. .

3.4.1 Electrochemical Cell

Figure 3.4: Picture (left) and 3D drawing (right) of the electrochemical cell. The three
electrodes depicted in the rendering are colorcoded as follows: RE (blue), silicon WE
(red) and glassy carbon CE (gray). Picture from the master thesis of Andreas Heine .

The electrochemical experiments were carried out in an one-compartment PTFE
/ PMMA three electrode electrochemical cell (see fig. with the silicon sample
mounted on a custom built PCTFE electrode holder as the working electrode, a satu-
rated calomel reference electrode (SCE) or a saturated mercury sulfate reference elec-
trode (MSE), and a glassy carbon counter electrode.

The custom PCTFE electrode holder in figure pressed the sample onto a 9 x 1
O-ring (Viton, Alwin Hoéfert, Germany), which also determined the geometrical area
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Figure 3.5: 3D drawing of the components of the custom PCTFE electrode holder with
the silicon electrode (red), the pair of Viton O-rings (black) in front of the electrode, and
the copper stamp containing the Galn eutecticum behind the electrode.

of the electrode in contact with the electrolyte (0.63 cm?). Another, larger O-ring was
used to seal off the inside of the holder against electrolyte leakage. A spring-loaded
copper stamp holding the gallium indium (Galn) eutecticum pressed against the
back side of the electrode to ensure electrical contact. The electrolyte was purged via a
small glass frit with Ar or CO, gas, and in some cases stirred during the measurements
with a magnetic stirrer. Reference electrodes were rinsed copiously before and after each
measurement and otherwise stored in a saturated KCI (for SCE) or saturated KoSO4
solution (for MSE). Glassy carbon electrodes were stored in Caro’s acid and cooked in
hot HyO overnight to remove residual HyOy. A PTFE covered stirring fish (& 5 mm,
VWR) was used to stir the electrolyte, also stored in Caro’s acid and cooked in hot
H50. The electrolyte was purged with Ar or CO, for at least 30 min. in an external
glass container before introduction into the cell. WE, RE, and CE were connected to
the potentiostat in a "dry” or empty cell. Afterwards the pre-purged electrolyte was
introduced into the dry cell. The heights of the RE and CE were adjusted in such a way
that the rising electrolyte level would contact the CE first, then the RE and the silicon
WE last to ensure that the silicon electrode would be potentiostatically controlled and
set at a (cathodic) resting potential to prevent its possible oxidation, once it comes into
contact with the electrolyte. The electrolyte was then purged with Ar or COs for 30
min. before the first electrochemical measurement. After the end of a measurement the
cell and the external electrolyte container were first emptied using syringes and filled
up with ultrapure HyO for three times in order to wash off electrolyte residuals.

3.4.2 Electrolysis Cell

Electrolysis measurements were carried out in a dedicated, custom PCTFE three com-
partment cell (see fig. [3.6)), where the main compartment with the working electrode is
separated from the two compartments housing reference and counter electrode, respec-
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Figure 3.6: Picture and 3D drawing of the electrolysis cell. The three electrodes depicted
in the rendering are color-coded as follows: RE (blue), silicon WE (red) and glassy carbon
CE (gray).

tively, by Nafion membranes (Nafion117), as depicted in figure In order to ensure
an electrolysis product concentration comparable to electrolysis experiments from lit-
erature ,, the volume of the main compartment is sized such that the ratio of
active electrode area and electrolyte volume was approximately 1 cm? to 1 ml. With
the electrolysis cell, sometimes also a Pt wire was used as the CE. Ar or COy was bub-
bled through the electrolyte in the main compartment via a thin PTFE tube during
degassing. All PTFE, PCTFE parts and Viton O-rings were cleaned in Caro’s acid
overnight and subsequently cooked in hot HoO overnight. Pt wire and glassy carbon
CEs were cleaned in separate Caro’s acid baths and again cooked in hot HyO overnight.
The Nafion membranes were punched out of the bulk Nafion sheet, wiped with acetone-
drenched Kimtech wipes and ultrasonicated in acetone, isopropanol and HoO 5 minutes
each. Then the pre-cleaned membranes were cleaned in Caro’s acid overnight and finally
stored in HyO till cell assembly. Initially, the membrane had a yellowish / brownish
tint and expanded when it came in contact with acetone due to absorption. After the
cleaning step in Caro’s acid membranes turn transparent and regain their actual size
before the acetone bath. This difference in color can be seen in the left picture of In
this state, the Nafion membranes offered sufficient conductivity even after month-long
storage in H,O without additional reactivation in boiling sulfuric acid or Caro’s Acid.

Electrolyte was purged with CO, gas for at least 30 min. externally before introduc-
tion into the RE and CE compartments using pipettes. After connecting all electrodes
the WE compartment was half-filled with electrolyte in order to establish electrical
contact between RE and CE. Then, under potentiostatic control the WE compartment
was fully filled, contacting the silicon WE with the electrolyte. The WE compartment
was purged in COy through a PTFE tube submerged in the electrolyte for at least 30
min. again after bringing the WE in contact with the electrolyte. During electrolysis
measurements the gas tube was pulled out of the electrolyte. Otherwise, due to pressure
gradients inside the tube, electrolyte tended to be pushed into the gas tube and out of
the WE compartment. A PTFE covered stirring fish (& 1 mm, VWR) was used to stir
the electrolyte. Before the experiment it was also stored in Caro’s acid and cooked in
hot HyO. The position of the stir fish and the external stir motor can be seen in the
picture on the right in figure [3.8]

At the end of measurements the WE compartment was emptied using a glass syringe
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Figure 3.7: 3D drawing of the main components of the electrolysis cell exhibits the
placement of the transparent Nafion membranes in front of the small O-rings separating
the RE and CE compartments from the main WE compartment, respectively. The O-ring
setup used for sealing the silicon electrode is identical to the one used for the sample
holder depicted in figure The three electrodes depicted in the rendering is color-
coded as before: RE (blue), silicon WE (red) and glassy carbon CE (gray).

with an PTFE tube adapter in order to analyze the resulting electrolyte sample for elec-
trolysis samples. Due to the sensitivity to contamination the glass syringe and PTFE
tube was also cleaned in Caro’s Acid and boiled in HoO overnight. The electrolysis
cell could be used for several measurements when the WE was washed / emptied and
re-filled with ultrapure HyO at least three times and stored in H5O. Residual organic

species from the prior measurement could be removed in this way and would not be
detectable via NMR.

3.5 Product analysis

3.5.1 'H-NMR measurements

"H-NMR spectroscopy was performed at 300 K using an Avance IIT 500 System (Bruker
Biospin, Germany) with an UltraShield 500 MHz magnet and a SEI 500 S2 probe
head (5 mm, inverse '"H/'3C with Z-gradient). For all samples, the "H-NMR spectra
were acquired using the one-dimensional NOESY sequence “noesygpprld.comp” with
presaturation of the residual water signal during the relaxation delay (5 s) and the
mixing time (10 ms) using spoil gradients. The acquisition time was 4.1 s. Spectra
were the result of 512 scans, with data collected into 64 k data points. The analysed
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Figure 3.8: Left: Comparison of Nafion sheet in its initial state and a cleaned, ready to
use Nafion membrane. Right: Custom built motored electromagnet used for turning the
small stir fish (turquoise arrowhead) inside the WE compartment.

solutions (500 pL) were taken directly from the electrochemical cell after electrolysis and
mixed with 40 uL of pyridine calibration solution (0.135 M pyridine) and 60 puL D5O.
NMR tubes (Scientific, 178 x 4.97 mm, 500 MHz, DURAN, Germany) were cleaned in
fresh / hot Caro’s acid overnight, cooked in ultrapure HyO afterwards and dried with
Ar. With the addition of the pyridine calibration solution each HoO based sample (540
uL) contained 10 mM pyridine.

0.5M KCI
— Hterm

NMR signal intensity

Pyridine H.O

2

10 9 8 7 6 5 4 3 2 1 0
chemical shift (ppm)

Figure 3.9: NMR spectrum of a clean 0.5 M KCI sample with the added pyridine cali-
bration solution. Same data as in fig. [7.7} electrolysis sample of an H-terminated silicon
electrode.

Of the three main pyridine peaks in the NMR, as depicted in figure the area
of the peak with the highest chemical shift around 8.7 ppm was used as the reference
area, to which all other product and contamination peak areas inside of the sample were
referenced to. The relative peak sizes were then correlated to known concentrations of
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the prepared calibration solutions which, using the known electrolyte volume inside the
WE compartment, could be calculated into number of moles for the respective chemical
species. The sensitivity was such that concentrations lower than 10 uM were detectable
using NMR, as can be seen in the calibration plot in figure |3.10}
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Figure 3.10: NMR spectra of different product and contamination species in 0.5 M KCl
in descending concentrations down to 10 pyM. Original from the master thesis of Andreas
Heine [27].

3.5.2 GC measurements

GC measurements were conducted using a GC2010 Plus GC (Shimadzu, Japan) equipped
with a barrier discharge ionization detector (BID 2010 Plus, Shimadzu, Japan) oper-
ating at a temperature of 300 °C and a micropacked ShinCarbon ST 80/100 (inner
diameter 0.53 mm, length 2 m; Restek GmbH, Germany) column. It is continuously
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purged by helium (He, purity 6.0, Westfalen AG), which is further refined by two heated
gas purifiers. The gas overhead of the electrolysis cell is sampled via semiautomatic sam-
ple collection with several valves controlled by the GC: In standby position (Position
B), a 6-port valve connects the He supply line over a sample loop of 100 ul. volume
with the GC column (see Figure [3.11). Over the other two ports, a vacuum pump is
connected to the electrolysis cell, both lines equipped with an additional 2-way valve.
To draw a gas sample, the 6-port valve switches into position A so that the He line is
directly connected to the column, while the sample loop is between vacuum pump and
cell. By opening the valve in front of the pump, the sample loop can be evacuated.
When this valve is closed and the one in front of the cell is opened, the vacuum inside
the sample loop is filled by the overhead gas from the cell containing possible gaseous
reaction products. Now, the analyte or carrier gas is transported into the column by
switching of the 6-port valve into position B. Before starting the next electrolysis, cell,
tubes and pump are purged with COs under a small overpressure which is controlled
by an additional pressure controller in the COq supply line directly in front of the cell.

Position A Position B
Cell He supply Cell He supply
sample sample i
loop loop :
Vacuum pump Column Vacuum pump Column

Figure 3.11: Working principle of the 6-port valve. From [106].

In order to achieve a separation of all relevant gas peaks, the measurements started
from 60 °C with a ramp of 3 % until 80 °C, where the ramp rate was increased to
10 % up to a temperature of 150 °C. There, it stayed constant for 4 min and finally
ramped up to 200 °C with 40 % In parallel, a pressure ramp started at 130 kPa with
12 % up to 250 kPa, where it stayed constant for the rest of the measurement. These
parameter developments are plotted in figure [3.12]

The measurement routine has been calibrated using a gas mixture containing 1.08
% hydrogen, 1.01 % carbon monoxide, 1.02 % methane, 1.27 % ethene and 95.6 %
carbon dioxide (custom mix by Linde AG, Germany; relative measurement error: 2 %)
and the calibration method of the LabSolutions software (GC software from Shimadzu,
Japan). Since the BID detector has a very linear behavior and a reproducible dilution
of gases could not be guaranteed, only the original gas mixture has been measured
three times and the average value for each species have been used. Using LabSolutions
the ratio of the detectable gases were detected and finally used to split the partial
electrolysis charge, which was left after subtraction of the charge used for the production
of the liquid products, i.e., the absolute (calibrated) size of product gas signals were not
considered, rather than their ratio. For the measurements in figure the gas overhead
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Figure 3.12: GC measurement routine with the column temperature (magenta) and
analyte pressure (green) ramps. The corresponding GC signal (blue) is from

of the electrolysis cell after electrolysis was sampled using a syringe to manually inject
100 pL of the overhead gas into the built-in injection port of the GC (injection port
temperature: 150 °C). Reproducibility obviously was worse when injecting manually,
but in the case of these measurements only hydrogen gas was detected, so the higher

error margins did not come into play.



Chapter 4

Preparation and surface
characterization of silicon electrodes
functionalized with pyridine

In this chapter the preparation of silicon electrodes functionalized with immobilized
pyridine molecules is described. An electrografting procedure of diazopyridine is devel-
oped, which yields a layer of covalently bound 3-pyridine molecules ontop of the silicon
surface. The modified surface is characterized with XPS. The measurements presented
in this chapter were partly done by Sebastian Lindner, Anton Tosolini and Manuel
Windscheid in the course of their respective bachelor theses, which were supervised by
the author as part of this thesis [68-70].

4.1 Electrografting (in-situ generated) 3-diazopyridine
on silicon electrodes

The cleaned and etched, H-terminated n-type silicon electrodes were electrochemically
functionalized in order to immobilize pyridine molecules on the silicon surface. Previ-
ous attempts in our group used hydrosilylation of ethyl- / vinyl-pyridine derivatives to
immoblize pyridine onto the silicon electrodes [59,/60], but control of the layer thick-
ness and the resulting reactivity of the modified electrode was difficult to attain. In
order to improve these parameters during the functionalization process via control of
the potential of the working electrode, diazopyridine was electrochemically grafted onto
the silicon surface. Grafting diazomolecules had been shown to form covalently bound
molecules on glassy carbon [107-109] as well as silicon [64,66,67] electrodes. Diazopyri-
dine was not available as a stable diazonium salt at the beginning of the thesis and was
therefore generated in-situ by diazotization of aminopyridine [110] in an acidic solu-
tion, during which the reaction of 3-aminopyridine and sodium nitrite (NaNOs) yields
3-diazopyridine in an acidic solution [111] such as 0.5 M HySOy, as depicted in figure
41l

Complete diazotation was reported to be reached after 15 s and only small amounts
of the decomposition product 3-hydroxypyridine were detected after 2 min. [111]. The
decomposition reaction is shown in figure

This grafting method for glassy carbon modification was further developed into a

49
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Figure 4.1: Diazotation of 3-aminopyridine in 0.5 M H,SO, [111].
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Figure 4.2: Decomposition of 3-diazopyridine to 3-hydroxypyridine in 0.5 M H,SO, [111].

grafting procedure for silicon electrodes. An important aspect was the stability of the
in situ generated diazopyridine cations over time. In NMR measurements conducted by
Ignaz Hb’hlein[] (see figure , the developing signals of the formed 3-diazopyridine 3
min. after the start of the reaction and its eventual decomposition to 3-hydroxypyridine
after 90 min. could be followed. The 3-diazopyridine peaks at 6 = 9.45, 9 and 8.75
ppm (maroon spectrum) that were observed 3 min. after the start of the diazotation
process disappeared after 90 min., while the 3-hydroxypyridine peaks around § = 8.0,
7.75 and 7.6 ppm (turquoise spectrum) developed into the main signals 90 min. after
diazotation.

4-aminopyridine was also considered in the beginning of the thesis as an alternative
precursor molecule, but it tended to decompose quickly to 4-hydroxypyridine during
diazotization [112] without forming sufficient amounts of 4-diazopyridine, as can be
observed in the 'H-NMR spectra in figure . Due to the 'H-NMR measurements of
the insufficient diazotation of 4-aminopyridine, the more stable 3-aminopyridine was
instead chosen as the sole precursor for the grafting process.

The electrografting procedure itself [68] was derived from established grafting proce-
dures with phenyl rings on silicon electrodes [66] and with in-situ generated 3-diazopyridine
on glassy carbon [111}]113]. The etched electrode was immersed into an electrolyte con-
sisting of 0.5 M HySO4 + 1.8 mM HF + 1 mM 3-aminopyridine, purged with Ar at
the open circuit potential (OCP). Later measurements without fluoric acid (HF) re-
quired the silicon electrodes being biased at a potential of Ewg ~ -0.20 V vs RHE
during degassing of the electrolyte. NaNO, was then added to the electrolyte, which
was subsequently stirred for 30 s to initiate the in-situ generation of 3-diazopyridine.
Subsequently, without stirring, the potential of the silicon working electrode Ewg was
ramped towards more cathodic potentials in order to initiate the reductive electro-
grafting process. Figure 4.5 shows consecutive electrografting cyclic voltammograms
between -0.07 V and -0.84 V vs. RHE in the resulting grafting electrolyte.

The main reduction peak observed in the first scan at -0.42 V vs. RHE is attributed

'WACKER-Chair of Macromolecular Chemistry, Chemistry Department, Technical University of
Munich
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Figure 4.3: NMR spectra of a 1:1 stochiometric mixture of 3-aminopyridine and NaNO,
after 3 min. (maroon) and after 90 min. (turquoise) with developing signals from 3-
diazopyridine and 3-hydroxypyridine.

to the reduction of 3-diazopyridine. The thereby generated pyridine radicals abstract
hydrogen atoms of the H-terminated silicon surface, leaving, as a first step, dangling
bonds. Subsequently pyridine radicals also react with the latter, resulting in the covalent
attachment of 3-pyridine to the silicon surface. This process is shown in figure [4.6]
In undesired side reactions, pyridine radicals also react with already bound pyridine
molecules, leading to patches with branched, polymerized molecule chains [111}/114], as
depicted in figure [£.7]

The gradual decrease of the reduction current in figure in subsequent CV scans
could be attributed the depletion of diazonium cations in the double region, which
becomes apparent when comparing the cyclic voltammograms obtained in stirred and
unstirred solutions. In a stirred solution, the reduction peak can be observed over
several cycles, probably due to an increased transport or replenishment of diazopyridine
cations into the double layer. Excess NaNO, in the grafting solution can also lead to
an additional reductive current [111,]115] shown in equation , though this reduction
current does not show a peak-like behaviour |[111], rather a current step.

1
NO, +2H,0 + 3¢~ — 5N, + 40H (4.1)

To minimize this effect, the stochiometric ratio of aminopyridine and NaNOy was set
at 1: 1.
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Figure 4.4: 'H-NMR spectra of a 1:1 stochiometric mixture of 4-aminopyridine and
NaNO; right after mixing (dark blue), after 3 min. (green) and after 90 min. (maroon)
with signals from 4-aminopyridine and only 4-hydroxypyridine. NMR measurements
were conducted by Ignaz Hoéhnlein.

Grafting 3-diazopyridine resulted in modified silicon electrodes, where the onset for
the hydrogen evolution reaction (HER) was shifted towards more positive potentials
[68], as denoted by the dashed blue arrow in figure This improvement of the
reactivity of the modified silicon electrodes for HER stood in contrast to the effect of
grafting benzene derivatives such as 4-bromobenzene diazonium onto the same silicon
electrodes. In figure [£.9) 4-bromobenzene diazonium was grafted onto an H-terminated
silicon electrode (dashed violet) in the same manner as 3-diazopyridine and it resulted
in an onset shift of the HER on the modified electrode towards more negative potentials
(violet) compared to its initially H-terminated surface (red). The latter observation is
consistent with literature reports, where grafted layers of benzene derivatives such as
4-bromo- or 4-nitrobenzene acted as a blocking or passivating layer for electrochemical
reactions ontop of the grafted Si(111) electrode [64,66,67].

In contrast, the positive effect on the onset of HER depicted in figure [4.§] of the
grafted 3-pyridine layer ontop of silicon electrodes was noted as a new defining charac-
teristic of the functionalization procedure with 3-diazopyridine; the size of the onset
shift of HER was subsequently used as a quantitative characteristic to assess the ”qua-
lity” of the grafted layer. The influence of potential control on the grafting process and
of the concentration of the grafting species was investigated by varying the concentra-
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Figure 4.5: Three consecutive cyclic voltammograms (CVs) of an H-terminated silicon
electrode in the unstirred grafting electrolyte. The potential cycles were started 30 s after
the addition of NalNO,. Electrolyte: 0.5 M HSO,4, 1.8 mM HF, 1 mM 3-aminopyridine,
1 mM NaNO,, purged in Ar. Scan speed: 50 mV/s. Data from the bachelor thesis of
Sebastian Lindner [68].
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Figure 4.6: Schematic of the electrochemical grafting process of 3-diazopyridine on H-
terminated Si.

tion of grafting species, the CV scan rates or, in the case of constant potential steps,
the grafting potential and the charge drawn during grafting.

With respect to the onset shift of HER on the resulting modified electrodes, all four
parameters exhibited a parameter range, where the reactivity increase was maximal, i.a.
optimal values could be found regarding the potential control (constant set potential,
Cv parameters etc.) during the grafting process with respect to the size of the HER
onset shift afterwards. This observation corresponds to those during the grafting of
diazopyridine on glassy carbon, where differences in the potential control methods like
CV scan rates or potential steps led to more or less porous pyridine layers [111}[113].
The difference here is that the grafted 3-pyridine layer on silicon electrodes can lead to
an increase in reactivity (positive HER onset shift) as well as a decrease in reactivity
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Figure 4.7: Schematic of the undesired side reaction during the electrochemical grafting
process of 3-diazopyridine on silicon (see also )
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Figure 4.8: CV of a silicon electrode with hydrogen (H-) termination (red) and 3-pyridine
(3py-) termination after functionalization via electrografting 1 mM 3-aminopyridine and
1 mM NaNo,. Electrolyte: 0.1 M H,SO,4, 1.8 mM HF, purged in Ar. Scan rate: 50
mV /s. Data from the bachelor thesis of Sebastian Lindner .

(negative HER onset shift) of the modified electrode, as seen in the two plots in figure
4.10, where the influence of the concentration of the grafting species on the resulting
HER onset shift is exemplarily shown. On glassy carbon electrodes only the blocking
properties of the grafted layer was observed . Slower scan rates as well as longer
potential steps tended to yield more compact, less porous layers . The onset
shift for HER was either negligible or negative when the thickness of the grafted layer
was too big or the layer too compact, similar to the plot on the left in figure

It was found that the grafting step potential (right side of fig. needed to be
more cathodic than the peak potential of -0.42 V for increased reactivity. Also, at even
lower step potentials, the formation of multilayers was believed to increase because of a
presumed higher layer thickness, either via covalent bonds between pyridine molecules
(see the surface polymerization in figure or via azo-bridges . Interestingly,
the effect on the reactivity of the grafted electrodes did not clearly correspond to the
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Figure 4.9: Effect of grafting 2 mM 4-bromobenzene diazonium salt onto an illuminated
p-type silicon electrode (violet dashed) can be seen in the negative shift of the HER
onset, when comparing the CVs of the initially H-terminated silicon electrode (red) with
the CV of the 4-bromobenzene terminated electrode (violet solid). Electrolyte: 0.1 M
H,SO, + 1.8 mM HF, purged with Ar. Scan rate: 50 mV /s, 100 mV /s during grafting
(violet dashed). Data from the bachelor thesis of Sebastian Lindner [68].

amount of surface polymerization. To limit the multilayer formation, grafting experi-
ments were conducted with 3-amino-4-methylpyridin and 3-amino-5-methylpyridin, i.e.
aminopyridine, where the C4/C6 carbon atoms in the pyridine ring, where polymer-
ization would take place, were methylated. The thickness of the resulting layers was
decreased to 1/10 compared to the layers grafted with unmethylated 3-diazopyridine
as obtained from XPS measurements described later [£.2) but the corresponding HER
onset shifts were significantly smaller compared to unmethylated 3-pyridine-terminated
electrodes, which produced a thicker 3-pyridine layer |[70]. The best surface activation
was achieved using a two step process with an initial potential step to -0.74 V vs. RHE
for 30 s, followed by 10 cyclic potential scans between -0.24 V and -0.64 V vs. RHE
with a scan rate of 50 mV /s, as seen in figure . It may be tentatively suggested
that the constant potential step at a potential more cathodic than the grafting peak at
~ -0.42 V vs RHE, around the onset of HER, together with moderately fast potential
ramps generates a comparatively porous grafted layer on top of the silicon electrodes,
while slower CV scan rates and step potentials which are more positive than the HER
onset tend to yield more compact layers [69)].
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Figure 4.10: Effect of the 3-aminopyridine concentration on the resulting HER onset shift
of the grafted silicon electrode. Left: CVs depicting the negative shift in HER onset on
a silicon electrode with its initial H-termination (red) and after grafting with 0.4 mM
3-aminopyridine and 0.4 mM NaNO, (blue). Right: CVs depicting the positive shift in
HER onset on a different silicon electrode with its initial H-termination (red) and after
grafting with 0.2 mM 3-aminopyridine and 0.2 mM NaNO, using the same potentiostatic
parameters as in the case of 0.4 mM 3-aminopyridine (blue). Electrolyte: 0.5 M H,SOy,,
purged in Ar. Scan rate: 100 mV/s.
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Figure 4.11: Left: Grafting CVs (1st cycle) at different scan rates. Right: Potentials
chosen for electrograting using a constant potential step. Electrolyte: 0.5 M H;SO,, 1.8
mM HF, 1 mM 3-aminopyridine, 1mM NaNOQO,, purged in Ar. Original figure from the
bachelor thesis of Anton Tosilini [69].
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Figure 4.12: Potential profile of the described two step grafting process.
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Figure 4.13: Left: Grafting current during the potential step at -0.738 V 30 s after the
addition of NalNOs; Right: Subsequent cyclic voltammograms following the potential
step in the unstirred grafting electrolyte. Electrolyte: 0.5 M H>SO,4, 1.8 mM HF, 1 mM
3-aminopyridine, 1mM NaNO,, purged in Ar. Scan rate: 50 mV/s.
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Synthesis of diazopyridine tetrafluoridoborate (C;H;N-N; BF})

In collaboration with the WACKER-Chair of Macromolecular Chemistry, Chemistry
Department, Technical University of Munich, a method was developed for the syn-
thesis of diazopyridine tetrafluoridoborate (CsHsN-N3BF; ) or diazonium salt, which
was sufficiently stable in ambient air. Tobias Helbiﬂ developed the synthesis, which is
described in the following:

e 5.00 g aminopyridine (53.1 mmol, 1.0 equivalent (eqv.)) is dissolved in 50.0 ml
fluoroboric acid (H3OBFy, 48 %) and cooled to 5 °C.

e 5.50 g NaNO, (79.7 mmol, 1.5 eqv.) is gradually added over the course of 1 h and
the mixed solution stirred for 3 h.

e The resulting dispersion is filtered with a Biichner funnel and washed with ~ 10
ml fluoroboric acid (48 %).

e The filtered, white, solid powder is finally dried in vacuum. In the end this process
yields 6.15 g diazopyridine tetrafluoroborate (31.9 mmol, 60 %).

With this synthesis method, 3-, but also 4- and 2-diazopyridine tetrafluoroborate
diazonium salts were produced, which were stored in the dark in the refrigerator. While
the 4- and 2-diazopyridine salts remained active up to month-long storage and retained
their initial white color, 3-diazopyridine salt seemed to decompose more quickly (in
the course of 2 weeks) and developed a yellow tint. The decomposition process was
accelerated by exposing the salt to light and humidity each time when the salt containers
were opened.

N/ \ N*=N

N/
/ '\

\ / N*=N A

/ \ N*=N

Figure 4.14: Diagram of synthesized 4-, 3-, and 2-diazopyridine tetrafluoridoborate.

The new diazopyridine salts were used as a replacement for aminopyridine and
NaNO; in the grafting solution and the silicon samples were grafted using the estab-
lished grafting process shown in fig. [4.12 Compared to the prior in situ generated

2WACKER-Chair of Macromolecular Chemistry, Chemistry Department, Technical University of
Munich
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diazopyridine, the resulting grafting CVs shown in fig. [4.15] exhibit a less clear current
response or a peak-like current curve from the reduction of the diazopyridine salts. The
reduction peak at -0.42 V vs. RHE is not visible any more, and only a smaller peak at
-0.34 V vs. RHE is discernible. It shows a diminishing behaviour in subsequent scans
in an unstirred grafting solution. Otherwise the main characteristics consist of a rather
stable reduction current between -0.30 V and -0.60 V before the onset of HER more
negative of -0.60 V vs RHE.
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Figure 4.15: Grafting CV of an electrolyte containing 1 mM 3-diazopyridine tetrafluorob-
orate. Electrolyte: 0.5 M H;SO,, 1.8 mM HF, 3-diazopyridine tetrafluoroborate, purged
in Ar. Scan rate: 50 mV/s.

The subdued reduction current response during grafting of diazopyridine salts com-
pared to grafting with in situ generated diazopyridine could point towards a lower
effective concentration of the synthesized diazopyridine in the electrolyte after insertion
of the salt. Typically, the amounts of inserted salt tend to be higher than the equivalent
amounts of inserted aminopyridine and NaNQOy, with their ratio (varying with age and
decomposition state of the salts) between 2:1 up to 10:1 in order to achieve a similar
HER onset shift. A reason could be that the synthesized diazopyridine salt also decom-
poses during storage to hydroxypyridine similar to the in-situ generated diazopyridine
(cf. the NMR spectra in figure . NMR measurements of the diazopyridine salt
dissolved in solution showed only faint signals, even in high concentration.

After the grafting procedure samples were retrieved from the grafting electrolyte, cleaned
again using the aforementioned cleaning protocol (see section [3.2]) and either stored in
air or etched again before further measurements.
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4.2 XPS characterization of the grafted samples

To characterize the grafted 3-pyridine layer on top of the silicon electrodes, grafted
samples were analysed using X-ray photospectroscopy (XPS). All H-terminated samples
were new and unused samples, which were cleaned and etched before introduction into
the vacuum chamber of the XPS instrument, while all 3-pyridine-terminated samples
were first grafted, electrochemically characterized and then subsequently cleaned and
etched before transferring them into the vacuum chamber.
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Figure 4.16: XP overview spectra of a silicon sample with H-termination (red) and with
3-pyridine-termination after the grafting process (blue).

In figure two overview XP spectra are depicted, one from an H-terminated
silicon surface (red) and one from the modified sample with a 3-pyridine layer, similar
to the grafted electrode depicted in figure (blue). Comparing these two spectra,
the presence of pyridine on the surface of the grafted sample is clearly seen by the
emergence of peaks corresponding to nitrogen (N in pyridine: 399.5 eV) and carbon
(Cis: 285.5 eV) [79].

The detailed single spectrum of the nitrogen N4 region in figure [4.17] reveals one
main peak at 399.5 eV and a smaller peak shifted to higher binding energy at 400.3 eV.
While the main peak can be attributed to the nitrogen atom in pyridine [79,/116], the
additional N4 peak shifted by ~ +1 eV to higher binding energy may be traced back
to azo (N=N) bridges, which are formed by the binding of diazopyridine on already
grafted pyridine molecules [113], as illustrated in figure [4.18

The area under the azo-Ny4 peak amounts to about 15 % of the total Ny signal and is,
thus, smaller than the relative size previously reported for the grafting of diazopyridine
on glassy carbon [113][117,/118], which showed the azo sub-peak with an area of 22
% of the pyridine Nig peak area. In contrast to the reported grafted glassy carbon
electrodes, all 3-pyridine-terminated samples were cleaned and etched after the grafting
process and a second time after their electrochemical characterization, so the covalent
binding as well as the azo bridge binding on the immobilized pyridine are strong enough
to withstand these treatment steps, while one can assume that there are no (merely)
adsorbed pyridine molecules left on the silicon surface. The presence of the azo-Niq
signal validates the assumption that the azo bridges possess a similar robustness towards
the etching procedure with fluoride containing solutions as the Si-C bonds.
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Figure 4.17: N;; XP detail spectrum of the 3-pyridine-terminated silicon sample (blue).
Dotted lines denote single peak fits, whereas the dashed line denotes the cumulative fit

of the data.

Figure 4.18: Illustration of the coupling of pyridine molecules through azo (N=N) bridge

formed during the grafting process.

In figure detailed spectra of the Siy, region of the H-terminated silicon sample
(red) and the one grafted with 3-diazopyridine (blue, same samples as in fig. 4.16)) are

shown. Comparing the different surface terminations of the silicon sample, the Siy,
peak around 99.5 eV is strongly attenuated in case of the 3-pyridine-terminated silicon
sample. The second peak around 102.7 eV points to a partial formation of silicon oxide
(Si02) [119] on the surface due to oxidation of the grafted sample, as this sample was
measured after electrochemical measurements without an additional etching step in
fluoride containing solutions. Another possible explanation for this peak are residuals
of a silicone paste used for sample assembly on a previous sample holder, since the
energy shift is comparable to literature values of both, silicone and SiOs species [79).
The same can be said for the enhanced oxygen signal (O 532.5 eV) in the survey
XP spectrum of the grafted silicon sample shown in figure [4.16, whose energy can also
be attributed to both, silicone and SiO,. Small patches of silicone paste were present
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Figure 4.19: Si 2p XP detail spectra of silicon samples with H-termination (red) and with
3-pyridine-termination after the grafting process (blue). Dotted lines denote single peak
fits.

around the edges of the samples, which were not completely removed before the XPS
measurements in order to minimize possible contamination sources of the modified
surface. Nonetheless, the main part of the O peak around 532.5 eV visible in figure
[4.16] should be attributed to adsorbed HyO on the surface due to the cleaning steps as
well as the electrochemical measurements the samples were subjected to prior to their
transfer into the vacuum chamber, not only to SiO, or silicone residues on the surface.
The binding energy of the Siy, photo electrons of the 3-pyridine-terminated sample is
shifted to higher energies relative to the peak of the H-terminated sample. This shift
could originate from the different surface termination as well as from the silicon oxide
residing on the surface [120].

Thickness estimation of the 3-pyridine layer

The thickness of the grafted 3-pyridine layer was estimated using two approaches. For
the first approach (I) the intensity of the Siy, peak Isi," of an ungrafted, H-terminated
sample was compared to the intensity of the Siy, peak of the grafted sample, ISigpPy .
The relative attenuation of the peak intensity or the reduction of the peak area can be
described by an exponential function where the exponent is dependent on the attenua-
tion length of the Siy, photoelectrons (i.e., the attenuation length of electrons with the
kinetic energy of Ey, = hv — E} gi2p) in an organic layer, Aor(Epb gi2p), and the layer
thickness d [66,/121].

Py —d
=exp| ———— | sin® 4.2
Isiop " P ()\OL(Eb,Sizp) ) (4.2)

© denotes the detector angle relative to the sample, which was kept at © = 90°, i.e.,
perpendicular to the sample for all measurements. For Aor(Ep gizp), as estimated from
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alkyl- and alkoxy-monolayers, the attenuation length amounts to Ao, (Eb sizp) = 3.95 nm
[121].

For the second approach (II), the signals of the Cys and Siy, peaks of the grafted sam-
ple were considered. Its ratio can be correlated to the respective attenuation lengths
oL (Eh sizp) and Ao (Eh c1s) in polyethylene as an equivalent of the pyridine layer, and
the layer thickness d [122-124].

~ —d
fo? o (1= e ()
[Si2ppy Isi0p™ - exp <_—d)

MoL(Eb,sizp)

(4.3)

Isio,™ stands for the photoelectron intensity of an idealized, clean, semi-infinite silicon
crystal, whereas Ic1s™ stands for the photoelectron intensity of a semi-infinite, solid
layer of the respective benzene derivative. The ratio of both values is estimated to be
between 2.2 and 1 [122]. For a closed layer of polyethylene, the respective attenuation
lengths are Aor(Ep,c1s) = 3.67nm and AoL(Fbsiop) = 4.12nm [124,|125]. The thick-
ness of the 3-pyridine-layer from figure was calculated as dsp, = 4.75 nm (I) and
dspy &= 1.24 —2.35 nm (II). A source of uncertainty is the fact that the modified sample
in figure was partly oxidized. Following the observations of the effect of oxidation
on the performance of the grafted sample in section [5.2] the grafted sample is expected
not to be fully covered by covalently grafted pyridine molecules. These ungrafted areas
on the silicon surface are then prone to oxidation, which would lead to a composite layer
on top of the silicon surface with parts covered by SiO, and parts covered by grafted
pyridine molecules. While the oxide-free ,i.e., ungrafted surface areas could yield a
lower effective layer thickness from the XPS signals [121], the areas covered by SiOs
should increase the attenuation of the modified Siy, peak [SiQPPy due to the attenuation
length of SiOs (Asio, (Ebsizp) = 3.78 nm) being comparable or slightly lower than that
of the organic (polyethylene) layer [125].

Nonetheless, these thickness values point towards a grafted 3-pyridine-layer consist-
ing of more than a monolayer of immobilized pyridine molecules, assuming a monolayer
thickness of dyy, & 0.4 nm, which is slightly smaller than 4-bromobenzene [66] due to
the missing endgroup such as Br-; NOg- etc. [13]. In comparison, the formation of a
4-bromobenzene monolayer after electrografting has been achieved, yielding a thickness
of dyr, = 0.7nm [66]. A thickness between 1.24 — 2.35 nm fits to other thickness es-
timates of grafted layers of i.a. 4-nitrobenzene and phenyl/aryl derivatives on silicon
substrates, as determined by XPS (3.0 — 6.0 nm [122]; 1.0 — 1.9 nm [120]) and Ruther-
ford backscattering spectroscopy (/ 2.5 nm [64]). The actual 3-pyridine layer thickness
should be lower without the partial oxidation of the grafted sample and its correspond-
ing attenuation of the Sip, peak and thus less than 2 to 3 monolayers. The thickness
value for method (I) (see equation[d.2] i.e., the attenuation of the Siy, peak) of 4.75 nm
deviates more strongly. One additional source of uncertainty is the subsequent, separate
measurement of the H-terminated sample. Here, the sample position and the position
as well as the parameters of the X-ray source might have been changed compared to
the measurement of the grafted sample.

For the XPS measurements depicted in figure [£.20, both the unmodified and the
grafted sample were etched before the XPS measurement to negate the effect of silicon



CHAPTER 4. PREPARATION AND SURFACE CHARACTERIZATION OF
64 SILICON ELECTRODES FUNCTIONALIZED WITH PYRIDINE

l. [ 3py_term
():d=0.61nm
(I):d=0.15-0.32 nm

Si2p peak position shift:
" % +73 meV after grafting

intensity (a.u.)

. . . A [ R B B
96 97 98 99 100 101 102 103 104 105 106

binding

Figure 4.20: Si 2p XP detail spectra of silicon samples with H-termination (red) and with
3-pyridine-termination after the grafting process (blue). Dotted lines denote single peak
fits.

oxide on the Siy, peak, as one can see from the absence of the SiOy peak around 103
eV. Both samples were mounted onto the same XPS sample holder and measured us-
ing the same XPS parameters. Again, the binding energy of Siy, peak energy of the
3-pyridine-terminated sample is shifted (less than in figure [4.19), now assumably with-
out the effect of residual SiO, remaining on the surface. The resulting attenuation is
much weaker compared to figure and barely visible in the figure. This is reflected
in the thickness estimations of ds,, = 0.61 nm (I) and dspy ~ 0.15 — 0.32 nm (II) for
the grafted sample, which would correspond to a modified silicon surface which is only
partially covered by a 3-pyridine monolayer, thus leading to an effective layer thickness
slightly below the value of a monolayer. The grafted samples from figures (3py-Si
ox) and (3py-Si etched) differ in grafting solutions and concentrations (3py-Si ox:
1 mM 3-aminopyridine + 1 mM NaNOs; 3py-Si etched: 1 mM 3-diazopyridine salt) but
show similar electrochemical behaviour concerning the onset shift of HER in an acidic
electrolyte (for 3py-Si ox in figure ~ +260 mV for HER onset; for 3py-Si etched
in figure ~ +230 mV). At the end of chapter [4.1] it was mentioned that the same
concentration of diazopyridine salt tended to yield a smaller effective concentration of
diazopyridine in the solution compared to using in-situ generated diazopyridine, cor-
responding to a smaller grafting current during the grafting process (which, however,
could also be due to the missing residual reduction current of NaNO;). The resulting
3-pyridine layers also appear to be less thick when using diazopyridine salts. Together
with the thickness determined by XPS and the total electrical charge drawn during elec-
trografting process described in figure [4.13] a grafting yield 7, 3, can be estimated from
the total charge drawn during the grafting process Qg 3py, the number of monolayers
grafted, nyp,, and the minimal charge necessary to graft a monolayer Q. The grafting
charge Qg 35y Was calculated by integrating the current during the potential step and
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the subsequent potential ramps. For grafted 4-nitrobenzene it has been estimated that,
in order to form a fully closed monolayer on 1 cm? of Si (111) surface (the surface atom
density on H-terminated Si (111) is 7.8 - 10" per 1 cm?), at least Quyp, = 128 uCem 2
is needed to graft 3.9 - 10 molecules, which form the closest packed grafted mono-
layer for benzene ontop of Si (111) [64]. The ratio between the charge consumed to
form the number of monolayers measured by XPS and the total charge drawn during
electrografting is the grafting yield 7, 3py:

nmr - QML
Moy = T (4.4)
g,0Py

The results for the 3-pyridine-terminated samples presented in figures and are
listed in table 4.1l

3py-Si ox (fig. ’4_19[) 3py-Si etched (fig. ’4_2()[)
. : 0.1 mM 3-aminopyridine | 2 mM 3-diazopyridine
grafting species + 0.1 mM NaNO, synthesized salt
Qg3py (1Cem™?) | 1.31-10* 775
d (I);(IT) (nm) 4.75;1.24 — 2.35 0.61; 0.15—0.32
ny (1);(11) 11.9;3.1-5.9 1.5;0.4—-0.8
Ne3py (1);(I1) (%) | 11.6 ; 3.0 — 5.8 24.8 ;6.6 —13.2

Table 4.1: Drawn charge Qg 3py, pyridine layer thickness ds,,, number of monolayers
nyr, and the resulting grafting efficiency 7, 35, for grafting processes of the 3-pyridine-

terminated samples presented in figures and

The grafting of the synthesized 3-diazopyridine salt resulting in the 3-pyridine termi-
nated sample in figure is about twice as efficient as the grafting of in situ generated
3-diazpyridine resulting in the grafted sample in figure [£.19] Compared to grafted lay-
ers of 4-nitrobenzene [122], the grafting yields for 3-diazopyridine 7, 3., are up to 10
times smaller. Apparently, only a fraction of the charge drawn during electrografting
is being consumed by generating 3-pyridine radicals, with the remaining charge go-
ing into side reactions like HER, reduction of residual Oy [47,126-128], and reduction
of remaining, unreacted NaNOs in the case of in-situ generation of 3-diazopyridine [111].

In the end, a procedure to electrochemically graft 3-diazopyridine, either in situ gen-
erated or synthesized, onto H-terminated silicon electrodes has been developed, which
yields a layer of covalently bound 3-pyridine molecules on the silicon surface. In XP
spectra the presence of the pyridine termination was confirmed, while the grafted layer
thickness is estimated to be slightly smaller than one monolayer, leading to a rather
small grafting efficiency compared to other reported grafting procedures.

Control of the thickness and coverage of the grafted layers could be improved by the
presence of radical scavengers such as DPPH (2,2-diphenyl-1-picrylhydrazyl), which was
reported to limit the thickness of the grafted layer to a monolayer during the grafting of
4-nitrobenzene diazonium on glassy carbon electrodes [129-131]. The inclusion of such
scavengers could lead to an increase of the robustness of the grafting procedure against
changes in diazonium concentration, as well as an improved grafting efficiency g 3py,
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and should be considered for future grafting procedures for the reliable formation of a
monolayer of grafted pyridine molecules on the silicon electrode.

Additionally, the detail spectra of the Siy, in figures |4.19 and [4.20] show a shift of
the peak position when comparing the Siy, peak of an H-terminated sample with a
modified, 3-pyridine-terminated sample. Changing the surface termination of silicon
can lead to differences in the work function at the surface of the sample and the bend-
ing of the energy bands at the surface due to the coverage and composition of the
surface termination, as well as differences in the dipole moments of the surface termi-
nation molecules [120,/122}(132,/133]. The examination of the surface energetics using
XPS and (in the future possibly) ultraviolet photoelectron spectroscopy (UPS) mea-
surements would be worthy of further investigation, in order to elucidate the effect of
functionalized species on the energetics of the silicon electrode.




Chapter 5

Hydrogen Evolution Reaction
(HER) on grafted silicon electrodes

Cyclic voltammograms of the silicon electrodes modified with grafted 3-pyridine molecules
exhibited a significant shift of the onset of the hydrogen evolution reaction (HER) to-
wards more positive potentials, i.e., smaller overpotentials compared to the initially
H-terminated electrodes, as can be seen in figure |5.1}
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Figure 5.1: Cyclic voltammograms of an n-type silicon electrode with an H-terminated
surface (red) and a surface modified with grafted 3-pyridine molecules in the above men-
tioned two-step grafting process (blue) showing the positively shifted onset of the HER
in an acidic electrolyte. Hysteresis feature between -0.35 to -0.60 V nearly vanishes after
150 CV cycles (navy). Electrolyte: 0.5 M H;SO,4 and 1.8 mM HF, purged with Ar. Scan
rate: 100 mV/s.

The overpotential for the HER was decreased by up to 400 mV, reducing the over-
potential necessary for a current density of 0.5 mA/cm? from -1.04 V to -0.64 V vs
RHE. In addition to the overall shift of the HER onset, the grafted electrode exhib-
ited a hysteresis in the potential range between -0.35 to -0.60 V, which was absent
in case of the H-terminated silicon electrode. The hysteresis might originate from ad-

67



CHAPTER 5. HYDROGEN EVOLUTION REACTION (HER) ON GRAFTED
68 SILICON ELECTRODES

sorped/chemisorped (diazo- or hydroxy-) pyridine molecules. After 150 CV cycles the
hysteresis nearly vanished and the CV of the grafted electrode showed a remaining, ex-
ponentially increasing HER, current response with increasing overpotential. Previously
it was speculated that the hysteresis might originate from the reduction and oxidation
of the bound protonated pyridine molecules/pyridyl radicals |134], but subsequent mea-
surements could not reproduce this hysteresis feature. The small, negative regression
of the HER onset shift after the 150 cycles (compare navy to blue CV in fig. [5.1)
points towards a slight degradation of the grafted surface over time, which will be dis-
cussed later in more detail in section Silicon electrodes grafted with 4-bromo- and
4-nitrobenzene are reported to also exhibit a hysteresis in their CVs after cleaning and
etching procedures, but their cause has not been further investigated [66].
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Figure 5.2: Left: CVs of a silicon electrode with an H-terminated surface (red) and a
surface modified with a 3-pyridine layer (blue) ; Right: Tafel-like plot of the downward
scans of the CVs of the H-terminated (red) and 3-pyridine-terminated electrode. Dashed
lines indicate the flatband potentials of a similarly grafted silicon electrode, as obtained
from Mott-Schottky plots (see figure . Electrolyte: 0.5 M H,SO,, purged with Ar.
Scan rate: 100 mV/s.

The Tafel-like plots of the downward scans show a similar slope for the HER on the
H-terminated (139 mV /decade) and 3-pyridine-terminated electrode (130 mV /decade).
The exchange current density jo or the intersection of the linear fit of the Tafel-like
plot with the corresponding flatband potentials Eg, (derived from figure in the EIS
chapter) for the grafted electrode (jospy, = 1.83 -107% ©A/cm?) was strongly increased
compared to its initial, H-terminated state (jou = 5.84 -107% gA /cm?). By interpreting
these jo values, it seems that the immobilized pyridine layer enhances the reactivity of
the modified silicon electrode for the HER, resulting in an exchange current density that
is over 400 times larger, but the reaction itself seems not be fundamentally changed by
the surface modification. The slopes of the downward scans are comparable to values
from literature, which range from 200 mV/decade to 140 mV /decade |48.|135] down to
117 mV /decade |47,/78], whereas the observed jopu values are ~10 [47] to ~30 times
smaller than literature values on H-terminated, n-type silicon electrodes [48,(136}/137],
although cited values were recorded on Si (100) samples [136,/137]. The shift of the onset
potential for HER towards smaller overpotential on the 3-pyridine-terminated electrode
is one of the largest, reported reactivity improvement for an organically modified silicon
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electrode and comparable to previous surface modifications on silicon electrodes with
metal nano islands [138-150] and polymers with decorated metal particles [138,|151].
In contrast, the increased reactivity of the functionalized silicon electrodes investigated
here stem from the purely organic, grafted 3-pyridine layer, without addition of any
catalytically active metal particles. Reported onset shift of HER on modified silicon
electrodes are collected in table 5.1l

‘ Substrate ‘ Surface mod. ‘ Electrolyte ‘ AEpgr (mV)
. 3-pyridine layer 400
J134] n-Si etched (this work) 0.5 M H2SOy, pH 0.3 @ 0.5 mA /em?
] . 0.5 M K5SO4 + AcB!
_[139] p-Si etched Ag film pH 4.7 350
130
. . 2
[140] | p-Si etched Pt deposited 0.5 M K504 @ 5 mA fom?
1%)11{\/IlKC1 + 0.1 M HCI 260
Pt isles [ M KCI + PhoB?
DH 6.6 460
[138] | p-Si etched 1 M KCI + 0.1 M HCI 200
24) . onx—4 | PH1
(PQE)n - nPH(0)- 20X e+ PhoB
340
pH 7
. -200
Cd isles @5 A fom?
. -120
Pb isles @ 20 pA Jem?
50
Co isles 9
[141] | p-Si ctched 0.5 M H,80,, pH 0.3 220 e
Ni isles @ 20 pA Jem?
. 220
Au isles @ 20 pA Jem?
. 320
Pt isles @ 20 pA Jem?
pSi etched Pt deposited 400
42] | | . Pt deposited 7.6 M HI 600
" /p-Si Pd deposited 300
_[152] | pSi etched RuO, 2 M HCI 600
. . . 500
l153l p—Sl etched SIW12040H4 modified 0.5 M H2SO4 @ 10 mA/cm2




CHAPTER 5. HYDROGEN EVOLUTION REACTION (HER) ON GRAFTED
70 SILICON ELECTRODES
Pt isles 450
1143| | p-Si etched Au isles 1 M HCIL, pH 0 450
Pt & Au isles 500
. WOgj3 layer 400
[144] | p-Si etched Pt NP/WO; Tayer® 0.1 M H»SO4 ,pH 1 =0
nSi etched viologen (V) 120
Pt-VZT 500
154 | i etched [ 3LO-PLVET 0.1 M NazS04, pH 6 570
5LO-Pt-VZ+ 650
pSi 8.6 M HBr 300
145 nanowire Pt NP + 50 mM Br~ /Brs @ 10 mA/cm?
FeO,, isles, aged * 370
[146] | p-Si etched Pt isles 0.1 M NaySOy4, pH 9 350
Pt/FeO, isles, aged 700
Pt deposited 530
epostte @ 10 mA /cm?
. . . 0.2 M KHP® + 0.5 M K5S0, | 480
1147] | p-Si etched Ni deposited pH 4.5 @ 10 mA /em?
. . 500
Ni-Mo deposited @ 10 mA /em?
. 650
155 pSi etched adsorbed Mo3zSy 0.1 M HCIO4 @ 4 mA Jem?
151 pSi etched Pteomplex-SC11 layer” 50 mM HySO4 500
480
10
Au NS film @ 10 mA /em?
. 0.5 M K2SO4 + H2S04 670
1148] | p-Si etched Pt NP film pH 1 @ 10 mA fem?
Pt/Au NS film 670
@ 10 mA /cm?
pSi Pt NP 0.5 M NaQSO4 + HQSO4
149 . . " 220
nanowire atomic layer deposition pH 1
. Au isles 0.1 M H5SOy4 500
[150] | p-Sietched 5 S e pH 1 620
W2 C dep. 350
. Pt dep. 700
[156] | pSi etched Ni-Mo dep. 1 M HySO4 150
W-C/Pt dep. 700
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. 150
TiO2 dep. @ 10 mA /cm?
. 270
Ni dep. @ 10 mA /cm?
. . . 0.1 M B;'' + 1 M KCl1 270
[157] | pSi etched TiO2|Ni dep. pH 9.2 @ 10 mA /em?
500
NG 12
TiNicas @ 10 mA /cm?
Pt dep. ?@020 mA /cm?
[158] | pSi etched TiO;|hydrogenase'3 50 mM MES™ pH 6.0 300
COP;1¢ 30017
[159] | pSi|mesoTil® 0.1 M acetic acid, pH 4.5
Nip!® 300'7
. NiFe layered
ot
[160] | [T double hydroxide 1 M KOH 530
] - 19
61] | pSictched | il EOR)Cl 0.5 M H,S0, 400

Table 5.1: Table of reported surface modifications for silicon electrodes and their effect
on the onset of HER AEyggr using the modified electrodes in aqueous electrolytes.

! Acetate buffer

’Independent of pH

3Phosphate buffer

4Redox Polymer with dispersed / incorporated Pt nanoparticles
5Nanoparticles

Slayers of Pt-decorated viologen chains

710 h at 0.28 V vs RHE, ill.

8Potassium Hydrogen Phthalate

911-mercaptoundec-1-ene complexed with Pt particles

0Nanostructured film

1 Borate ions

12dropcasting TiNip,e precursor molecule and cathodically activating TiNipe
13|NiFeSe]-hydrogenase isolated from Desulfomicrobium baculatum (Dmb)
142 (N-morpholino)ethanesulfonic acid

5 mesoporous Ti layer deposited onto pSi

16¢cobalt diimine-dioxime, phosphonated molecular proton reduction catalyst
7compared to pSi|mesoTi

8DuBois-type, phosphonated molecular proton reduction catalyst
19Triethanolamine
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5.1 HER on silicon electrodes grafted with 2- or 4-
diazopyridine
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Figure 5.3: Left: Cyclic voltammograms of a silicon electrode with an H-terminated
surface (red) and a surface modified with a 2-pyridine (blue) layer; Right: Cyclic voltam-
mograms of a silicon electrode with an H-terminated surface (red) and 4-pyridine layer
(blue). Electrolyte: 0.5 M H,SO,, purged with Ar. Scan rate: 50 mV/s.

Grafting 2- or 4-diazopyridine onto silicon electrodes yielded modified electrodes
with increased reactivity which behave similarly as the 3-diazopyridine grafted elec-
trodes. These pyridine layers were grafted using the respective diazopyridine salts that
were synthesized by Tobias Helbig and Marc Klobergﬂ (see the synthesis steps in chap-
ter . It would be interesting to see, if differences in the positive shift of HER onset
could be observed due to the different orientation of the nitrogen atom of these diazopy-
ridine molecules. Since the protonated nitrogen atom was proposed to act as a reaction
center for HER [21,22], differences in HER reactivity would point towards a reaction
mechanism, where the orientation of the nitrogen atom in relation to the silicon surface
influences its behaviour. However, the observed effect of grafted 2- and 4-pyridine lay-
ers on the silicon electrodes was well inside the range of reactivity increase found with
3-pyridine layers and did not show distinguishable characteristics.

5.2 Electrochemical stability of the HER onset shift
on 3-pyridine-terminated silicon electrodes

After electrografting 3-diazopyridine onto silicon electrodes the pyridine molecules form
a covalent bond with surface silicon atoms (or with other pyridine molecules), which
should create a robust modified surface. Grafted electrodes retained their electrochem-
ical behaviour after ultrasonification in HoO and organic solvents like acetone, ethanol
and isopropanol. In this regard the grafted layer on a silicon electrode shows simi-
lar stability as grafted pyridine layers on glassy carbon [111,[113] and grafted benzene
derivatives on silicon electrodes [66,/67]. Figure shows CVs of an electrode that

both members of: WACKER-Chair of Macromolecular Chemistry, Technical University of Munich
Chemistry Department
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Figure 5.4: CVs of a grafted Si electrode (blue) after dipping in NH,F (40%) (green),
ultrasonicated for 10 minutes in acetone (black) and ethanol (cyan), compared to the
CV of the initially H-terminated silicon electrode (red). Electrolyte: 0.1 M H,SO, and
1.8 mM HF, purged with Ar. Scan rate: 50 mV/s. Data from the bachelor thesis of
Sebastian Lindner [68§].

was grafted, cleaned, etched, and afterwards measured in 0.1 M HySO4 + 1.8 mM HF
(blue). Then, it was subsequently rinsed with HoO and dipped in NH4F (40%) as an
additional cleaning / etching step, rinsed again with HoO and measured again in the
aforementioned electrolyte (dashed green). This intermediate cleaning cycle was re-
peated with ultrasonication in acetone (dotted black) as well as ethanol (dashed dotted
cyan). The onset shift of HER did not change after all of these cleaning cycles. The
changes in the current step from -0.35 to -0.5 V vs RHE before the otherwise stable
onset of HER might be attributed to remaining Os dissolved in the electrolyte during
extraction and insertion of the sample [47}/126/128].

Silicon oxide formation is known to change the characteristics of a grafted layer [162].
It forms at ”free” silicon surface sites (i.e. without surface termination such as hydrides
or molecules) and grows isotropically into the bulk silicon und underneath the grafted
surface area, thus roughening or fissuring it [64,/162]. After removal of this oxide via
etching the remaining surface has a lower coverage of immobilized molecules, because
some were attached to oxidized silicon atoms which were removed during etching. In the
case of layers which inhibit reduction reactions, i.e. HER, such as benzene derivatives
[66,/162], the lower molecule coverage led to smaller negative onset shift of the HER,
which was previously shown in figure 4.9 thus diminishing the passivating effect of the
grafted benzene layer on the HER. On electrodes modified with 3-pyridine an opposite
trend was observed, when an anodic or oxidative potential was applied to the silicon
electrode. As seen in figure the improved onset of HER of the grafted electrode is
diminished, once the n-type electrode is oxidized by a potential sweep above -0.2 V vs
RHE to 0.75 V vs RHE in ambient light.

In figure [5.6] a grafted electrode with an observed HER onset shift (blue) was
stored in air for two weeks and thus possessed a native oxide layer |48], when it again
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Figure 5.5: CV of a grafted silicon electrode (same sample as in fig. , whereby the
potential was swept into the anodic / oxidizing region, with the first (blue), second (cyan)
and following scans (dark yellow) in ambient light. As reference, the CV of the electrode
in its initial, H-terminated state is also shown (dashed red). Electrolyte: 0.5 M H,SO,,
purged with Ar. Scan rate: 50 mV/s

was electrochemically measured. Similar to figure the resulting CV (cyan) showed
a smaller onset shift for HER compared to its initial, H-terminated state (red). After
etching the oxidized or aged sample, the improved onset of HER due to the grafted 3-
pyridine-layer, that the sample showed before the oxidation / ageing, could be restored
(green).

However, oxidation or ageing of the sample and subsequent etching of oxidized elec-
trode could also lead to a diminishing of the HER onset improvement. Figure
shows a grafted sample which HER improvement is dimished after storage in air for
two month and up to four cleaning / etching steps. Similar to the oxidation and the
resulting fissuring of other grafted layers [162] a loss of grafted pyridine molecules on the
aged, etched sample surface could explain the negative development of the HER onset
shift. In an analogous manner to the 3-pyridine-termination, immobilized 4-bromo- and
4-nitrobenzene molecules led to a negative shift of the onset of HER on the grafted sam-
ples (see fig. and the passivating or deactivating effect of these layers diminished
after etching them in NH4F, which led to defects in the grafted layer and therefore a
reduction of the negative HER onset shift [65].

Apparently, the covalently bound pyridine layer is stable towards ultrasonification in
water and organic solvents. But it is remarkable that oxidation of a grafted silicon
electrode negates the HER onset improvement. In this regard it behaves similarly to an
unmodified, H-terminated silicon electrode; the pyridine layer does not protect the sili-
con surface from oxidation, as it has been reported in publications of silicon electrodes
grafted with phenyl derivatives which also show signs of silicon oxide after the function-
alization [64,66,67,120,122162]. The observations with oxidized, 3-pyridine-terminated
samples not only point towards a rather porous pyridine layer, since a continuous layer
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Figure 5.6: CVs of a grafted sample with H-termination (red), with 3-pyridine-
termination (blue), as well as CVs of the grafted electrode after oxidation in air for two
weeks (cyan) and subsequent etching of oxidized 3-pyridine-terminated sample. Elec-
trolyte: 0.1 M H5SO,, purged with Ar. Scan rate: 100 mV/s.

should passivate the sample from oxidation. But it also appears that the improved
onset of HER originates from an interaction of the grafted pyridine molecules with
the non-functionionalized, H-terminated silicon surface itself rather than only from the
grafted layer. Oxidation of the grafted pyridine molecules also could not explain the
deactivation of the modified surface, as pyridine should not be oxidized in the potential
range where silicon surface oxidation occurs but rather at more anodic values of ~ 1.41

V vs SCE [18][163).

5.3 HER on grafted silicon electrodes in weakly acidic
electrolytes

To further investigate the effect of the grafted 3-pyridine layer on HER, the electro-
chemical behaviour of the grafted electrodes in electrolytes with a weakly acidic pH
was examined. Silicon electrodes decorated with metal islands showed a shift in the
onset of HER in neutral to alkaline electrolytes similar to or even larger than in acidic
electrolytes (see table . Dissolved pyridine has a pK, value of 5.3 [18] and thus
is present in acidic electrolytes mainly as the positively charged pyridinium. The pK,
value of pyridine / pyridinium grafted on glassy carbon was estimated to be pK, zpy
~ 5 |113], which is very close to the value of dissolved pyridinium. Therefore, it can
be assumed that the grafted pyridine layer at acidic pH values is also comprised of
immobilized pyridinium molecules, which would deprotonate (back) to pyridine at pH
values around and above 5. Signs of grafted pyridinium or its hydronated nitrogen
atoms have also been observed as an additional peak shifted to higher binding energies
in the nitrogen Ny, detail XP spectra on grafted glassy carbon electrodes [113].
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Figure 5.7: CVs of an electrode with H-termination (red) and 3-pyridine-termination
after grafting (blue) and after two months long storage in air and final etching step
(green). Electrolyte: 0.5 M H;SO,, purged with Ar. Scan rate: 50 mV/s.

Curiously, the improvement in the onset of HER on 3-pyridine-terminated silicon
electrodes vanishes in an electrolyte with a weakly acidic pH, as can be seen in figure
In this plot, the first cycles of the CVs from the two samples are compared, one H-
terminated (solid red), the other modified with a 3-pyridine-layer (dashed red, dashed
and solid blue lines). The grafted electrode shows a positive HER onset shift of about +
200 mV in an acidic environment but practically no onset shift in an electrolyte with a
pH > 6. Only the first cycle of each CV of the measurements in the neutral electrolyte
is shown, because the electrochemical behaviour or its current response of the electrodes
did not stay constant during the usual time period of one CV measurement (=~ 3 - 5
minutes), i.e., the voltammograms of different cycles did not stabilize during the time
of several CV cycles. This instability varied with different electrolyte components and
salts at the same bulk pH such as NaySOy, universal buffer (Na,HPO, + citric acid) and
sodium acetate buffer, with Ky,SO, showing the smallest degradation effect. As a first
assumption, this could be linked to a degradation or roughening of the silicon surface
due to alkaline etching [164], when the local pH at the electrodelelectrolyte interface is
shifted to alkaline values, when protons are consumed during HER.

The change in electrochemical behaviour of the grafted silicon electrodes when in-
creasing the pH of the electrolyte mirrors that of a pyridine-grafted glassy carbon elec-
trode reducing and oxidating ferricyanide [Fe(CN)g]*~/4~ [111}[113] (see fig. [p.9). On
glassy carbon electrodes, the grafted pyridine layer acts as a blocking layer for the redox
reaction, leading to subdued oxidation and reduction current peaks of the ferricyanide
in electrolytes with higher pH values. However, the blocking properties of the pyridine
layer are diminished when the pH of the electrolyte is consequently shifted to lower or
more acidic values, to where the CV at pH 3 looks almost the same as the CV on a
bare, ungrafted glassy carbon electrode. Using this dependence of the current response
on the pH of the solution it was then shown that the blocking properties of the pyridine
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Figure 5.8: CVs of a silicon electrode with H-termination (red) and 3-pyridine-
termination after grafting (blue) in acidic electrolyte (0.5 M H;SO,, purged with Ar,
dashed lines) and neutral electrolyte (0.5 M K>SOy, pH > 6, purged with Ar, solid lines).
Scan rate: 50 mV/s.

layer on top of glassy carbon depends on the state of protonation of the grafted pyri-
dine molecules and the changing interaction of the pyridine / pyridinium layer with the
[Fe(CN)g]3~/4~ anions. When protonated, the positively charged pyridinium molecules
tended to pull the negatively charged [Fe(CN)g]3~/4~ molecules closer to the electrode,
thus increasing the redox reaction current. In an analogous manner, it seems that the
protonation of the pyridine molecules grafted onto silicon electrodes is essential for the
resulting onset shift of the HER. Once deprotonated, the same grafted electrode does
not exhibit the improvement of the HER onset any more in an electrolyte with pH >
6.

3-pyridine terminated silicon electrodes show an increased reactivity towards HER,
i.e., a shift of its onset potential for HER towards a smaller overpotential in acidic elec-
trolytes. This shift is linked to the protonation of the immobilized pyridine molecules
to pyridinium, as the HER onset shift vanishes, when the pH of the electrolyte is
higher than the pK, of grafted pyridinium molecules. One possible cause would be
the increase of the local proton concentration at the electrode|electrolyte interface due
to the protonated 3-pyridinium layer at the surface. If half of the surface is covered
by grafted pyridinium molecules as proposed in chapters and [6.4] then there are
N3y & 2.0- 10 grafted 3-pyridinium molecules per 1 cm? Si (111) surface. With that,
a local H™ concentration from the pyridinium molecules can be calculated, together
with the thickness of the 3-pyridine layer dg,, = 4 A and the Avogrado number Ny:

.d
— ey " Sonv 300 M (5.1)

[Hﬂ 3py NA

The local [H*]3p, concentration would be 600x higher than the bulk concentration of
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Figure 5.9: CVs of a grafted glassy carbon electrode in electrolytes with varying pH
values containing 5 mM Fe(CN)g 3=/4=_ Electrolyte: 0.1 M KCl, pH adjusted with HCI
and KOH. Scan rate: 20 mV/s. Original plot taken from [113].

protons of 0.5 M. The resulting shift of the HER due to the pH change in front of the
electrode would only amount to a part of the presented total HER onset shift:

Another cause for the increased reactivity might be linked to an improvement of the
kinetic parameters for HER at the modified silicon surface, i.e., a lowered activation
barrier, considering the slope of the Tafel plots does not seem to noticeably change
with the grafted pyridinium molecules (see fig. . The reaction mechanism of HER
on semiconducting electrodes poses numerous questions and electrochemical impedance
spectrometry (EIS) measurements could provide valuable insight into the overall reac-
tion and the effect of surface modifications on the reaction itself. This is discussed in
the next chapter.



Chapter 6

Electrochemical Impedance
Spectroscopy measurements of
grafted silicon electrodes

To further investigate the effect of the grafted pyridine layer on silicon electrodes,
Electrochemical Impedance Spectroscopy (EIS) measurements were conducted. The
perturbation frequencies range from 10 kHz down to 50 mHz, while the potential in
the cathodic region was set between the onset of HER (e.g. > -0.7 V vs RHE for H-
terminated silicon electrodes) and ~ -0.2 V vs RHE to reduce the influence of possible
surface oxidation. Measurements were conducted starting from the cathodic potential
limit and shifted to more anodic potentials. The perturbation amplitude E, was £ 20
mV. Impedance values in the following are stated for an electrode area of 1 cm? if not
otherwise mentioned.

6.1 Impedance measurements in the cathodic po-
tential region

In the cathodic potential region a typical Nyquist plot of the impedance spectrum of
an H-terminated silicon sample consists mainly of a half circle, as can be seen on the
right of figure This main feature can be fitted with an equivalent circuit consisting
of two resistors (Rg, Rp) in series and a capacitor Cp connected in parallel to the
resistor Rp (see figure . The dashed lines in the Nyquist plot in figure show the
corresponding fits of the data points depicted with the coloured squares.

Rgs can be interpreted as the serial resistance of the electrochemical cell comprised
of the resistances of the electrolyte, the contacts and the potentiostat. The half circle
can be interpreted as a redox reaction such as HER taking place on the surface in
the double layer, with Rp = R denoting the charge transfer (CT) resistance of the
assumed reaction through the electrochemical double layer in front of the electrode and
Cp = Cq as the capacitance of the double layer. Modifying the same silicon electrode
(red in figure with a 3-pyridinium-layer, the grafted electrode (blue in figure
also displays a half circle in the Nyquist plot which is, however, noticeably smaller
than the one of the H-terminated surface, i.e., the resistance of Rp is greatly reduced.
The reduction of R could be seen in accordance to the improved HER on the grafted

79
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Figure 6.1: Left: CVs showing the effect of the grafted 3-pyridinium-layer on HER on
the silicon electrode. The black dashed line marks the corresponding WE potential for
the single EIS measurements. Scan rate: 10 mV/s ; Right: Nyquist plots of a silicon
electrode with H-termination (red) and with 3-pyridinium-termination (blue) at -0.54 V
vs RHE. Dotted lines show the corresponding fits of the data points. Electrolyte: 0.1 M
H>SO,4, purged with Ar.

Figure 6.2: Equivalent circuit used to fit the recorded EIS spectra in figure

silicon electrode described in the previous chapter, as it would denote a more facile
charge transfer through the double layer.

In figure[6.3] the values for Cp were taken from the individual fits of the Nyquist plots
recorded at different potentials and plotted versus the potential of the electrode Ewg.
The H-terminated silicon electrode shows a sloped Cp vs Ewg curve, which exhibits
a sigmoidal shape, starting around -0.15 V vs RHE (Fig. , red curve). While the
shape of the Cp vs Ewg curve for the grafted, 3-pyridinium-terminated electrode stays
similar, Cp 3py is increased compared to Cp y over most of the aforementioned cathodic
potential region. Similar to the charge transfer resistance, since the onset of HER is
improved on the grafted silicon electrode, as seen in the left side of figure [6.1] this
increase in capacitance could also be attributed to the grafted 3-pyridinium layer as in
the previous chapter[5] This connection was further explored with EIS measurements in
electrolytes with a weakly acidic pH (see figure . The measurement were conducted
after the corresponding CVs shown in figure in the previous chapter. The measured
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Figure 6.3: Plots of the parallel capacitance Cp vs Ewg of a silicon electrode with
H-termination (red) and 3-pyridinium-termination (blue). Electrolyte: 0.1 M HySO,,
purged with Ar.

potential ranges were chosen in accordance to the initial and turning potentials of the
CVs, which did not cover the less cathodic parts of the Cp vs Ewg curve compared to
the curves in figure 6.3

In a weakly acidic electrolyte with a pH higher than the pK, value of pyridinium,
thus with deprotonated grafted 3-pyridine molecules, the Cp vs Ewg curve of the grafted
silicon electrode exhibits lower capacitance values than the curve of an H-terminated
silicon electrode. Other than a general increase of Cp compared to the measurements
in 0.5 M HySOy,, the change of Cp due to the grafted pyridine layer matches more
closely the reported decrease of the total capacitance of silicon electrodes after grafting
them with (electrochemically passivating) organic molecules such as 4-bromobenzene
and 4-nitrobenzene, as displayed in the reference figure on the right of figure For
comparison, the potential scale on the top in figure is noted vs a mercury/mercury
sulfate reference electrode (MSE) instead of RHE. The inset in the reference figure
show the same effect of the grafted 4-bromo- or 4-nitrobenzene layers on the HER as in
figure[4.9, namely a negative onset shift of the HER compared to an H-terminated silicon
electrode. In contrast to this behaviour, the CVs in the weakly acidic electrolyte of the
3-pyridine-terminated electrode did not show a negative shift of the HER onset as much
as an unchanged HER onset for the silicon electrode grafted with deprotonated pyridine
molecules. Again, the protonation of the immobilized pyridine molecules seems to be the
cause for the higher differential capacitance that the grafted 3-pyridinium-terminated
silicon electrodes exhibit in the cathodic potential region compared to other reported
functionalized electrodes. The increase in capacitance can apparently be negated by
deprotonating the pyridinium molecules in electrolytes with pH higher than the pK, of
pyridinium in the same way the positive onset shift of HER can be negated.
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Figure 6.4: Left: Cp-Ewg plots of a silicon electrode with H-termination (red) and 3-
pyridine-termination (blue) in an electrolyte with a weakly acidic pH. Electrolyte: 0.5
M K2SO,; pH: 5.31 (H-termination) and 5.81 (3-pyridine-termination); purged with Ar.
Potentials also plotted vs MSE for comparison with reference figure on the right. Right:
C-Ewrg plots of silicon electrodes with H-termination (solid) and after electrografting
4-bromobenzene diazonium salt, using a grafting charge of 250, 500, 1000 ;C/cm?. Elec-
trolyte: 0.1 M HCI, pH 1, purged with Ar. Original figure from [64].

6.1.1 EIS measurements at HER

In addition, EIS measurements were conducted at potentials, where hydrogen evolved
on the electrodes with a faradaic current density of ~ 20 A /cm? in an acidic electrolyte
(cf. figure[6.5]). Over a large range of frequencies the resulting Nyquist plots of both H-
terminated and 3-pyridinium-terminated electrodes (at similar current densities) look
very similar to the ones shown in figure(6.1/and can be modelled with the same equivalent
circuit shown in figure This means, at a comparable current density there are no
signs in the EIS spectra which point towards a different reaction mechanism taking place
at the grafted silicon electrode (blue) compared to the initially H-terminated electrode
before grafting (red), albeit requiring less overpotential. When the grafted electrode
was measured at the same potential (navy) as the H-terminated electrode, then the
half circle of the Nyquist plot was greatly reduced in size, i.e. the charge transfer
resistance Rer is greatly reduced, similar to figure [6.1] together with a corresponding
increase of the faradaic reaction current. In contrast to the main half circle, the origin
of the linearly increasing part of the spectrum at high frequencies remains unclear, but
it seems unaffected by the grafted 3-pyridinium layer. Like in figure the HER as
the main reaction occurring on the modified silicon electrode seems to take place in
the same manner as on the H-terminated silicon electrode, only with its onset shifted
towards smaller overpotentials.

Noticably, the values for the parallel capacitance C, after the onset of HER are
lowered for the grafted silicon electrode compared to the H-terminated electrode, both
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Figure 6.5: Left: Nyquist plots of a silicon electrode with H-termination (red) and with 3-
pyridinium-termination at a comparable faradaic current ~ —20 A/ cm® (blue) as well as at
the same potential (-1.13 V vs RHE) (navy, inset). Dotted lines show the corresponding
fits of the data points. Right: CVs showing the effect of the grafted 3-pyridinium-layer
on the HER on the silicon electrode. The black dashed lines mark the corresponding
potentials for the single EIS measurements. Electrolyte: 0.5 M H;SO,, purged with Ar.
Scan rate: 50 mV/s

for the measurements at the same potential and at similar current densities. The EIS
measurement of the grafted silicon electrode after HER onset thus shows a capacitive
behaviour different from the general increase of C,, for grafted electrodes in the cathodic
region before the onset of HER (fig. . The deviation is believed to stem from the
beginning HER current and its effect on the impedance of the interface [162,/165]. As
described in the discussion section [6.4] the sigmoidal shape of the Cp vs Ewg curve is
excepted to saturate around a plateauing capacitance value independent of the more
cathodic potentials, but Cp vs Ewg curves systematically deviate from that proposed
behaviour when, as in figure [6.3] the Cp vs Ewg curves continues to rise with more
cathodic potential. This deviation might be caused by the changing charge transfer
impedance once faradaic current from HER sets in. Rgr values from the EIS spectra
before HER onset from figure [6.3] are in fact 10-30 times larger than the values derived
from the EIS measurement after onset of HER. This decrease of the faradaic part of
the RC impedance of the double layer could lead to the change in Cp, but needs further
investigation.

In summary, grafted, 3-pyridinium-terminated silicon electrodes show a similar
qualitative behaviour in the EIS measurements in the cathodic potential region com-
pared to their initially H-terminated state, but a decrease of the charge transfer re-
sistance Rer across the double layer and an increase of the total capacitance C,. In
contrast, the grafted 3-pyridine-layer on glassy carbon electrodes is reported to lead
to an increase of the charge transfer resistance, which is explained by the grafted
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Hterm. 3py-t§rm., 3py-term.,
same j same Ewg
Rg |20 31 Q 30

Rer | 3.67 kQ | 3.70 kQ 77 Q
Cp |39pulF |18 uF 2.1 pF

Table 6.1: Fit values of the EIS spectra in figure using the equivalent circuit
of the H-terminated silicon electrode (left column), the 3-pyridinium-terminated elec-
trode at a comparable current density ~ —20 uA/cm2 (middle column), and finally the
3-pyridinium-terminated electrode at the same potential (-1.13 V vs RHE) as the H-
terminated electrode (right column).

molecules forming a blocking layer for the redox reaction of ferricyanide [Fe(CN)g|?~/4~
[111,/113,/166]. Similarly, silicon electrodes are reported to show a decrease of their
total capacitance compared to unmodified H-terminated electrodes when modified with
a passivating or blocking layer of organic molecules, such as 4-bromobenzene and 4-
nitrobenzene [64], which are similarly sized molecules compared to pyridine. Other
grafted silicon and glassy carbon electrodes also exhibited a lowering of their total ca-
pacitance of the electrode|electrolyte interface after surface modification with organic
molecules [165,/167,/168]. In contrast to those reports, for glassy carbon electrodes
grafted with carboxyphenyl groups the capacitance at open circuit potential in 0.1 M
KCI containing 5 mM K3Fe(CN)g/5 mM K4Fe(CN)g/0.1 M phosphate buffer (pH 7) was
reported to increase [166]. The increase of the total capacitance of the 3-pyridinium-
terminated silicon electrode electrode might point towards an opposite effect of the
pyridine / pyridinium layer compared to the benzene layers on silicon electrodes, which
is further addressed in section [6.4l

6.2 Mott Schottky plots

EIS measurements were also conducted at potentials positive of the OCP. In the anodic
potential region electrons as the majority charge carriers in the n-type silicon elec-
trodes are depleted, leading to positive band banding at the surface. In this depletion
region one can make use of the Mott Schottky (MS) equation to determine the flatband
potential Eg, and the doping density Np:

A? 2 kT
= Ewg — Ep, — — 1
CZg eeSieoND( WE b e ) (6.1)

A is the area of the electrode, e the elemental charge, eg; the permittivity of silicon
(esi = 11.9 [48]), Np the doping density, Ewg — Eg, the potential of the silicon electrode
relative to its flatband potential Eg,, k the Boltzmann constant and T the temperature.
When we assume that most of the potential drop over the electrode|electrolyte interface
occurs in the space charge layer and none in the Helmholtz layer, i.e., Cgc is much
smaller than Cy and thus dominates the total capacitance, then we can denote Cp =
Csc and use the same equivalent circuit in figure to fit the EIS spectra in the anodic
region, which show a similar half circle shape in their corresponding Nyquist plots. For
the MS plots the measurements were conducted between ~ 0.3 V and 1 V vs RHE.
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For potentials below Ewg < 0.3 V deviations from the linear behaviour of the MS plot
have been reported due to surface states on the silicon electrode in contact with the
electrolyte [47], and are omitted for the fitting. Since the electrolyte used in these EIS
measurements do not contain HF, the electrodes unpreventably oxidized when biased
to anodic potentials, which again led to deviations from the linear behaviour at more
anodic potentials. Hence, the surface oxidation limited MS measurements at more
positive potentials for Eywg > 0.8 V vs RHE, where the obtained Cg¢ values were also
omitted for fitting.
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Figure 6.6: MS plots of the silicon electrode from figure with initial H-termination
(red) and 3-pyridinium-termination after grafting (blue). Cp values obtained from fitting
the EIS spectra using the equivalent circuit Electrolyte: 0.1 M H,SO,4, purged with
Ar.

The MS plots (figure show a flatband potential for the H-terminated silicon
electrode of Eg, gy = —27 mV vs RHE which is in good agreement with literature
values ranging from -140 mV up to +40 mV vs RHE [47,|64,(169-171]. The doping
density as determined from equation [6.1), Np = 8.78 x 10 ecm™, also corrensponds
well with the values of the manufacturer for the specific resistance 1 — 10 Qcm for the
silicon wafers used in this thesis. The grafted electrode exhibits only a slightly changed
flatband potential Eg, 3,y of about -20 mV more negative than Eg, . However, the
values varied from sample to sample up to AEg, =~ 80 mV in their flatband potential
after functionalization, with the mean value of all samples exhibiting AEg, .y ~ —10
mV. Some samples also exhibited a small positive shift of the flatband potential, as seen
in figure [6.13] For grafted benzene derivatives a shift in flatband potential up to +200
mV has been reported [120], but it has also been reported that such a shift vanished in
electrolytes containing HF [64].

As can be seen in figure 6.7, the same small shift of Eg, 3, towards more negative
potentials compared to Eg, g was observed when conducting the MS measurements in
weakly acidic electrolytes with a pH higher than the pK, of pyridine. These measure-
ments were conducted following the measurements in figure [5.§ and on the same
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Figure 6.7: MS plots of the silicon electrode from figure with initial H-termination
(red) and 3-pyridine-termination after grafting (blue); Electrolyte: 0.5 M K,SO,, purged
with Ar, pH 5.31 (H-term.), pH 5.81 (3py-term.)

silicon electrodes. The flatband potentials seem to shift in a Nernstian behaviour to-
gether with the RHE [171], although smaller, non-Nernstian shift values have also been
reported in the literature |98,/172]. Again, the flatband potential was slightly -15 mV
more negative with the 3-pyridine-termination after grafting, indicating that the shift
of the flatband potential AEg, might be independent of the pH of the solution and
thus independent of the protonation / deprotonation state of the grafted pyridinium /
pyridine layer.

The 3-pyridine-termination does not appear to drastically change the flatband potential
compared to the initial H-termination on silicon electrodes. The onset shift of the HER
due to the 3-pyridine layer of > 4400 mV therefore cannot be explained by such a shift
of the flatband potential of the modified electrode, especially since the shift of the flat-
band potential is towards slightly more negative potentials and seemingly independent
of the protonation state of the grafted pyridine layer.

6.3 Discussion: Effect of the 3-pyridinium-termination
on the surface energy band positions

With the gathered values of flatband potential and doping density from the MS plots,
one can attempt to assemble the energy band diagram at the surface of the silicon
electrodes and the effect the grafted 3-pyridinium-termination has on the band edge
positions of the now modified silicon electrode. The main guiding energy value in order
to examine the surface energy band diagram is the Fermi energy Ew, which can then
be placed inside the band gap in relation to the position of the band edges. In the bulk
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of an n-doped silicon substrate at room temperature (= 300 K) one can determine the
position of Er within the band gap in relation to the conduction band edge, using the
doping density Np obtained in the fitting of MS plot (see chapter |6.2)):
N N
Ep = B} — kTIn—2 = Eb — Ep = kTln— (6.2)
Np Np
with the bulk band edge of the conduction band EY,, Boltzmann constant k, temper-
ature T and effective density of states in the conduction band N¢ [77]. The latter is
given by:

2mm kT ¥/ .
Neg = 2- (T) =2-10%em™ (6.3)
with the mass of an electron m, and the Planck constant A. With the known value
for the electron affinity xg; = 4.05e¢V [4§] the work function ®g;y, i.e., the energy
difference between the vacuum level E,,. and the Fermi energy Ep, of n-doped bulk
silicon can be calculated:

Pgip, = Fyae — Br = xsi + (E5 — Fr) (6.4)

At the surface, for example of the initially H-terminated silicon electrode, band bending
leads to a shift of the band edges compared to Er. When in contact with the electrolyte,
the open circuit potential E,., of the electrode can be used to determine the work
function ®g; ¢ of the surface. Because at the open circuit potential the electrochemical
potential of electrons at the surface of the electrode (Er) is the same as in the electrolyte,
the energy distance from Ef in the electrolyte to the vacuum level ®p, 1 should be the
same at the surface of the silicon electrode ®g;s. With the absolute potential of the
SHE (EY, i, = 444V [73]), the work function ®ocp can be calculated.

Qocpt =€ - (Eoepu(vs SHE) +4.44V)| = 4.149eV (6.5)

with the elemental charge e. ®qcp = Pgis then can be compared to the work function
®g; 1, in the bulk of the n-doped silicon electrode. Unfortunately, E,., values were not
consistently recorded for each electrode or surface termination. In the following the
Eocp values from another measurement set are exemplarily used, Egepr = —0.291 V vs
SHE for the initially H-terminated silicon electrode and Egp 3,y = —0.166 V vs. SHE
for the 3-pyridinium-terminated electrode resulting from the grafting process. Reported
Eocpu values for n-doped H-terminated silicon electrodes are listed in table , where
the above mentioned values fit in.

Silicon electrodes grafted with substituted benzene molecules were reported to show
a shift of their respective E,, values of up to AE,, ~ +110mV compared to an H-
terminated silicon sample [120], a shift similar to the values for Eqcp 3py — Eocpn given
above. Any differences in work function between ®g;}, and ®g; s can then be assigned
to the sum of the band bending FEj;,

Ebb =e - (Efb - Eocp) (66)

and a surface potential step §, which corresponds to a change of the electron affin-
ity of the surface. Controlling 6 would allow for a tailoring of the electron affinity of



CHAPTER 6. ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY

88 MEASUREMENTS OF GRAFTED SILICON ELECTRODES
](E\(}C‘;S SHE) Electrolyte
~0.160 3.3 M NH,F, pH 2 o8]
-0.180 1 M HF [173]
20.220 0.01 M H,SO, [174]
-0.3 1 M HCI + 25 mM HF | [175]
0.3 10 M NIL,F [162]
0.4 2 M HOF [136,[137]

Table 6.2: Selection of E,., g values for n-doped H-terminated silicon electrodes in aque-
ous electrolytes.

Fig. ’4_2()| H-terminated 3py-terminated | data origin

Eocp -0.291 V vs SHE | -0.166 V vs SHE

Eg, -0.139 V vs SHE | -0.162 V vs SHE | MS plots (CU, f = 1 kHz)
Np 8.22-10" em™ | 8.15- 10" em™3 | MS plots (CU, f = 1 kHz)
Ebb -0.152 eV -0.004 eV

4} -0.004 eV -0.027 eV

Table 6.3: Surface potential step 0 of the H-terminated and 3-pyridine-terminated samples
from fig. including the values used for its calculation.

the surface to better suit the desired application of the modified electrode, e.g. elec-
trochemical reactions such as HER or CO, reduction [120,|122}/132,|133]. An increase
in 0 would correspond to an effective increase of any redox potential of a chemical
species in the electrolyte and therefore an effective decrease of an applied potential at
the electrodelelectrolyte interface, i.e. the potential drop ¢y in the double layer, thus
leading to a lower reaction current at the same applied potential and vice versa.

0 = Pocpn — Epp — Psip, =
= ®oepi — Fop — xsi — (B3, — Er)
In table the values used for the calculation of the band bending Ey,;, and the surface
potential step § stemming from the measurement data from figure [£.20] are listed.

The qualitative energy diagrams of the H-terminated and 3-pyridinium-terminated
are shown in figures [6.8] and [6.9] respectively.

At open circuit potential in an acidic electrolyte (such as 0.1 M HySO, used in these
measurements), the band bending is negative for the H-terminated silicon sample, cor-
responding to reports on similar n-doped silicon samples in NH,F [49.|98|/162,/175] and
oxygen-free HoO + 50 mM ammonium sulfite [176], i.e., there is a weak accumulation
region near the electrode|electrolyte interface. Eppy = —0.152 eV is in the range
of the reported values from -0.14 eV [98] up to -0.28 eV [176] and -0.50 eV [162].
After grafting, the 3-pyridinium-terminated sample appears to show nearly no band
bending. These observations fit with the reported investigation of (slightly oxidized)
p-doped silicon electrodes electrografted with substituted benzene molecules [120]. The
grafted, modified surfaces also showed less band bending when immersed in an acidic
electrolyte (0.1 M HCIO4). The surface potential oy = —0.004 eV is close to zero

(6.7)
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Figure 6.8: Energy level diagram of n-type silicon sample with H-termination (red) from
the values from table

. E 55173p}'
oA et T F L™ B =444V
Bl
£ qs =405 eV |
=] I |
2 O .|
< | ocp.3py
§ 1 E, % I 5 —— |
cb |
| Er : . + By = -0.166 V
: : E{.’b_ap}_ = —0162 V
|
| T
I Ey " — Vo
=

Figure 6.9: Energy level diagram of n-type silicon sample with 3-pyridine-termination
after the grafting process (blue) from the values from table

for the H-terminated silicon electrode and only changes to a slightly more negative
value 3,y = —0.027 eV with 3-pyridinium termination. Similarly, p-doped (slightly
oxidized), H-terminated silicon electrodes are reported to show only a small, negative
surface potential ¢ (-0.01 eV), but the ones grafted with substituted benzene molecules
exhibited surface potential steps up to -0.23 eV [120]. The resulting surface potential
step with 3-pyridinium-termination changes only slightly and would only marginally
(or not at all) contribute to the presented shift of the HER onset in chapter

The same calculations of the surface potential step can be performed using XPS and
UPS data concerning the changing binding energy of the Siy, peaks in figure Now
the comparison is between the energy difference from the Siy, level up to the vacuum
energy F.. using bulk values of silicon, and the sum of the observed binding energy
Ey, siop and the work function ®g;
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BEg, + Eg + Xsi +0 = Eysigp + Ebp + Psis (6.8)

with the bulk valence band maximum BEg;,, = 98.74 eV [119,|122] and the band gap
E, = 1.12 eV |177]. The band bending can be calculated by comparing the bulk energy
difference from the Siy;, level up to the Fermi energy Er and the observed binding energy
Ey, siop-

BEg, + Eg — (ES, — Er) = Eysiop + Fup (6.9)

Matching results have been reported regarding band bending energies of grafted p-
type silicon electrodes [120]. Ultimately, the protonation of the grafted 3-pyridine
molecules has to be considered and kept constant when comparing different samples
in the same manner as in previous chapters. The values on which the energy level
diagrams in figures and are based on in table |6.3] stem from EIS measurements
in an acidic electrolyte; the grafted 3-pyridinium molecules are protonated. The effect
of the additional positive charge of the pyridinium molecules will certainly change the
energetics of the grafted silicon surface|electrolyte interface analogous to the change
in other electrochemical properties described in the following chapters and
[ In order to match the energetics measured using either EIS or XPS, the state of
the grafted pyridine layer has to be kept constant during both measurements, as it is
in the other reported measurements of grafted organic layers comprised of molecules
which cannot be protonated [120]. For future studies, these corresponding EIS and
XPS/UPS characterizations of the modified silicon electrode would be an intriguing
way to investigate of the effect of the grafted layer on the surface energy levels.
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6.4 Discussion: Fitting the capacitance vs potential
(C vs Ewg) curves and investigating its origin

As seen in figure [6.3] negative of Eg, the fitted values of the parallel capacitance Cp
versus Ewg curve of the silicon electrodes in an acidic electrolyte display a sigmoidal
shape with an exponential rise around the flatband potential Eg, and a flattened increase
slightly before the onset of the HER. This behaviour of the total capacitance Cp per 1
cm? can be fitted with a series connection of two capacitors, the potential dependent
capacitance of the space charge layer Cgc of the semiconducting silicon electrode, and

the capacitance of the Helmholtz layer Cy [64,(78,|162}/165,/167,[178].

l/Cp:1/Csc+1/CH (610)

with the (classical) Poisson-Boltzmann approximation of Cg¢ under accumulation con-
ditions (EWE < Efb) l177]

2¢e. _
Csc = % exp (—e%) (6.11)
where e is the elemental charge, eg; the permittivity of silicon (eg; = 11.9 [48]), Np the
doping density, k the Boltzmann constant, T the absolute temperature and Ewg — Eg,
the potential of the silicon electrode relative to its flatband potential Eg,. Furthermore,
Cy is derived from the model of the Helmholtz double layer. The charge at the surface
of the electrode Qy has the same magnitude as the charge of the space charge layer
Qsc+Qu = 0. The ions in the Helmholtz layer comprise a compact layer of hydrated
counterions, in this case hydrated forms of protons such as H3OT or H2O06™1 [1794[180].
O = 1% (6.12)
dn
where ey is the relative permittivity of the (highly ordered) HyO layer between electrode
and the counterions (~ 6 [74,[181}/182]) and dy the width of the Helmholtz layer, usually
the radius of at least one hydration shell of the hydrated protons (> 3 A [183]). Cy is
considered to be independent of the applied potential in the potential range used (i.e.,
the potential drop in the double layer A¢y being less than < 107 V/m [184186]).

As seen in the reference figure on the right of figure from [64] and in the figures
in from [93,|167], silicon electrodes grafted with a passivating or blocking layer
consisting of molecules such as benzene derivatives and alkenes show a decrease of its
total capacitance after the electrografting process. This decrease is modelled by the
insertion of a new capacitance Cyy, stemming from the dielectric molecular layer in
series, therefore decreasing the total capacitance of the grafted electrodelelectrolyte
interface Ciorq [64,(162,/1654|167,178].

1/Ctot,g = 1/CSC + 1/CML + 1/CH (613)

The inclusion of Cy, modelled as an additional plate capacitor (see equation is
believed to lead to a replacement or exclusion of HyO and other electrolyte components
[187,/188| by the dielectric organic molecular layer with its dielectrial constant ey, thus
inserting a new set of idealized capacitor ”plates” between the silicon surface and the
counterions in the Helmholtz layer, which leads to a decrease of the total capacitance
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Figure 6.10: Reported fits of Ci,; vs Ewg plots for differently terminated n-Si surfaces.
Left: C-Ewg plots of n-type silicon electrodes with H-termination (black dots) and after
grafting with diazobenzene with a CH,Cl substitution (open circles). Black lines are the
corresponding fits. Original figure is from [93]. Right: C-Ewg plots of n-type silicon
electrodes with H-termination (black dots) and after grafting with diazoalkenes with
different chain lengths (all other symbols). Black lines are the corresponding fits. Original
figure is from [167]. U denotes the potential of the working electrode Ewg vs MSE.
Impedances were measured at f = 1 kHz.

Ciotg Of the modified interface [64,[178]. For the calculation of Cyy, (eq. [6.14) the

distance of the capacitor plates is the height of the immobilized molecules.

Chp, = L0 (6.14)

Since the electrodes grafted with pyridine show an increase of the total capacitance Cp
compared to its initial, H-terminated surface, the question arises how this change in Cp
can be modelled, since the addition of a serially connected Cyy, stated above cannot
lead to an increase of the total capacitance. Therefore, only Cy and Cgc of equation
6.10| are used to fit the C-Ewg plots.

Equation [6.10] is fitted to the rising part of the C-Ewg plots between ~ 0.5-
— 2.0 uF /cm? in figure in order to acquire the Helmholtz capacitance Cy. Compar-
ing the Cp vs Ewg plots of the initial, H-terminated silicon electrode with the grafted,
3-pyridinium-terminated electrode, the changes in Cp can either arise from a shift in the
flatband potential of the electrode or the Helmholtz capacitance. At more cathodic po-
tentials, the onset of the HER current across the electrode|electrolyte interface distorts
the capacitance values [93,[165,(178], while at potentials near the flatband potential Eg,
the plot displays an additional, peak-like feature around ~ 450 mV vs RHE (similar
to the reference figure on the right side of figure , which is believed to correspond to
surface states on the silicon surface |[171}{189], possibly originating from hydrogen diffu-
sion into the subsurface region of the silicon electrode. When using fluorine containing
electrolytes, this capacitance peak is reported to disappear [64,167]. The space charge
capacitance Cgc depends on the flatband potential Eg, as well as the doping density
of the silicon electrode Np. While both values could be taken from the fitting results
of the MS plots, Cp with both values fixed could only be fitted poorly. The best fit is
achieved when using Np from the MS plot fit and Eg, as an additional fit parameter.
The fit results are tabulated in table [6.4]
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Figure 6.11: Fit of the C-Ewg plots from using equation for Cp.

Cpy for the H-terminated silicon electrode derived here is on the low side compared
to similar electrode systems [64,162,|178] but falls within the reported range of values
of the Helmholtz layer capacitance at an H-terminated n-type silicon electrode in an
aqueous electrolyte [64,162,167,(190,[191] from 0.5 [192] and 1.5 gF/cm™2 [193] up to 7
pF /em™2 [178]. Changing the surface termination from hydrogen to 3-pyridinium seems
to not only lead to a shift of the flatband potential AEg, ¢ of & +62 mV compared
to AEm ms & +80 mV as obtained from the MS plots, but also to a slight increase of
the Helmholtz capacitance Cy. As can be seen in table the values for the flatband
potentials Eg, c—g from the fit of the Cp vs Ewg plots deviate from the MS plot derived
Emms by up to &/ —145 mV for unknown reasons. Other reports showed a match of
Eg, using both fitting methods [64].

Further comparisons of the presented fitting method with the results of similarly grafted
silicon electrodes [64,93,/167] need to include an adaption of the capacitance values. In
the cited papers the total capacitance Cy, is calculated using an impedance measure-
ment at a fixed frequency of 1 kHz, reasoning there is a frequency range where the
impedance is almost fully capacitive [165,|167], i.e., the phase of the impedance ¢ is
higher than > 80°. In that case, the total capacity can be calculated from the imaginary
part of the impedance Z; [72].

1 1
wZ;  27f|Z] sin(p)

where f is the frequency of the impedance measurement and |Z| the absolute value of
the impedance. In two exemplary Bode plots of the EIS spectrum at -0.516 and -0.316
V vs RHE in figure[6.12], one can see the frequency range where the impedance is mostly
capacitive, i.e., all filled circles lie under the dashed line marking ¢ = 80°. The two
potentials span the potential range in which the CU plots were fitted.

Ctot =

(6.15)
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Figure 6.12: Bode plots of two EIS spectra from figure with measurements of the
H-terminated (red) and the grafted, 3-pyridine-terminated (blue) silicon electrode at -
0.516 V vs RHE (left) and -0.314 V vs RHE (right). Circles denote the total impedance
|Z| while the filled dots denotes the phase ¢ of the impedance.

Since between -0.516 and -0.316 V vs RHE the total impedance is mostly capacitive
at f = 1 kHz, the imaginary part of the impedance Z; at f = 1 kHz of each EIS spectrum
from figure|6.11|is extracted and converted into the total capacitance Ciy using equation
[6.15] The resulting Cyo; vs Ewg plots are shown in figure [6.13 and subsequently fitted

using the same equation [6.10] as in figure [6.11] Again, the fit results are listed in table
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Figure 6.13: Left: Fit of the C;,; vs Ewg plots with Z; values at f = 1 kHz from the EIS
spectra plotted in figure using equation Right: Fit of the MS plots with Z; values
at f = 1 kHz from the EIS spectra plotted in figure[6.4] using equation[6.1] Silicon electrode
with initial H-termination (red) and final 3-pyridinium-termination after grafting (blue).

The total capacitance vs potential plots match the plots for fitted parallel capac-
itance Cp, but the results feature the same problems of a rather small Helmholtz ca-
pacitance Cy for the silicon electrode with H-termination and the cathodic shift of the
flatband potentials of ~ —80 mV compared to the MS derived values Eg, ms, though the
shift is smaller compared to the values from figure The C-Ewg plots are, again,
fitted reasonably well using equation [6.10] in the rising part of the plots but deviate
near the flatband potential and at more cathodic potentials near the onset of HER.

The fit results point towards both a shift of the flatband potential Eg, and an appar-
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Flg 6.11 CH Efbp_E Efb7MS

Cp, full spectra | (uF/cm?) (mV vs RHE) | (mV vs RHE)

H-term. 1.83 £ 0.05 | -164 -37

3py-term. 2.18 £ 0.07 | -102 43

Flgi613 CH Efb7C_E Efb7MS

Ciot, I = 1 kHz | (uF/cm?) (mV vs RHE) | (mV vs RHE)

H-term. 1.81 £ 0.05 | -164 -86

3py-term. 2.05 4+ 0.07 | -100 -48

Table 6.4: Fitted values for the Helmholtz capacitance Cyx and flatband potential Eg, of the
C-Ewg plots from figures and as well as fitted Eg, values from the corresponding
MS plots.

ent increase of the Helmholtz capacitance stemming from the change in surface termi-
nation of the silicon electrodes from its H-termination to the 3-pyridinium-termination
after grafting. The flatband potential of the 3-pyridinium-terminated silicon electrode
is more anodic than with H-termination, in contrast to the results from the MS plots
in figure and [6.3] The increase of the Helmholtz capacitance is intriguing, as it
conventionally has been assumed to stay constant for silicon electrodes grafted with
blocking or passivating organic molecules [64,(93,/165,178]. As shown before, the C-Ewg
plots in KoSO4 at a pH > 5 display a decrease of the total capacitance after changing
the surface termination from hydrogen to 3-pyridine as also reported for other organic
layers in the literature. Using the same equations as in figure the C-Ewg plots in
K3S0, are also fitted, with the resulting values listed in table [6.5

T . 1,2x10* - oA
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Figure 6.14: Left: Fit of the C;,; vs Ewg plots with Z; values at 1 kHz from using
equation Right: Fit of the MS plots with Z; values at 1 kHz from using equation
Silicon electrodes with initial H-termination (red) and final 3-pyridine-termination
after grafting (blue).

Again, there is a systematic cathodic shift of the flatband potentials determined
using the MS plot or the C-Ewg fittings, although the differences are smaller compared
to the results in table . Emms values also show an almost negligible shift after
changing surface termination. As mentioned before (see figure the potential range
for the EIS measurement in the weakly acidic electrolyte was already in the HER region,
which is especially evident in the potential range chosen for the 3-pyridine-terminated



CHAPTER 6. ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY
96 MEASUREMENTS OF GRAFTED SILICON ELECTRODES

sample. Therefore, the fit of that C-Ewg plot contains much uncertainty and should be
treated with caution.

Fig. Cx Emc-r Eg ms

Ciot, I = 1 kHz | (uF/cm?) (mV vs RHE) | (mV vs RHE)
H-term. 4.17 £ 0.07 | 10 -9

3py-term. 2.62 £ 0.03 | -45 8

Table 6.5: Fitted values for the Helmholtz capacitance Cy and flatband potential Eg, of
the CEwg plots from figures as well as fitted Eg, values from the corresponding MS
plots.

The fit of the C-Ewg, plots at f = 1 kHz shown in figure results in a decrease of
the modified Helmholtz layer capacitance Cy 3p, compared to Cypn of the H-terminated
electrode, which can then be further deconvoluted into the additional capacitance of
the molecular layer Cyy, as shown in equation [6.13] Using the assumption of an un-
changed Helmholtz capacitance [93], the capacitance of the 3-pyridine layer Cspy—_1, can
be calculated by assuming analogously to equation [6.13] that the sum of the inverse of
Capy—1, and Cy i yields the inverse of the modified Helmholtz layer capacitance Cy spy
of the 3-pyridine-terminated electrode listed in table [6.5}

1/CH,3py = 1/CH,H + 1/C3pny = Cgpy,L =7.05 ,uF/cm2 (616)

Now equation can be applied to yield the thickness of the grafted 3-pyridine layer, if
the relative permittivity esp,, of a grafted 3-pyridine layer can be assumed to be similar
to other grafted organic layers such as grafted alkyl monolayers (eyr, = 3.3 [165]),
self-assembled n-alkyl thiol monolayers on Au/Cr/silicon electrodes (2.6 [188]) or solid
polyethylene (2.3 [194]). In publications investigating grafted (substituted) benzene
layers, usually ey, = 2.3 is used [64,93], which will be used in the following for €3,
because of the comparable size of a grafted pyridine molecule to grafted benzene. With
this assumption the following thickness dspy c—g is obtained:

dspy.cp = 2.9A (6.17)

The resulting layer thickness ds,y cg is smaller than the presumed height of a grafted
pyridine molecule of djp, ~ 4 A, which could point towards a modified silicon surface
only partially covered by grafted pyridine molecules, similar to the thickness estimations
using XPS in chapter [4.2] For figure [4.20] an average height of the grafted layer of less
than half of the height of one molecule was calculated (dspy xps = 1.5—3.2 A). Assuming
a heterogeneously mixed layer of either grafted pyridine or solvent molecules (H50) in
front of the silicon electrode, the capacitance of such a layer can calculated with an
effective relative permittivity e.q and dspy = 4 A 64,93,165).

€eff€0

Cgpy_L = = € = 3.2 (618)

d3py
eoff originates from the effective medium theory for heterogeneous thin films [195]/196]
and describes the effective relative permittivity of a film, when it consists of a mixture
of two phases 1 and 2, each with its own relative permittivity €;, 5. In our case, phase 1
is the grafted pyridine layer with e,, = 2.3, while phase 2 is comprised of the ordered
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H50 molecules where eg &~ 6, as it is the case in the Helmholtz layer. The assumed
heterogeneous surface layer is sketched in figure [6.15]

€y €y

H HH H H H

Figure 6.15: Sketch of the assumed heterogeneously mixed surface layer with phase 1
comprised of grafted pyridine molecules with ¢e3,, (blue area) and the solvent phase 2
comprised of HoO with ey (green area) in front of the silicon electrode (shaded black).

The resulting effective relative permittivity e.4 can then be correlated to the relative
permittivity values of the two phases and the volume fraction fs,, occupied by the
grafted pyridine molecules using equation [6.19]

€H — €eff

€3py — Ceff
€H + 2608

0 =1
3py €3py T 2€cf

+ (1 —f55y) (6.19)
The volume fraction fs,, is 1 when the organic monolayer is densely packed, i.e. every
second surface silicon atom is grafted with a pyridine molecule, leading to a (2 x 1)
structure on the Si(111) surface and a maximum surface density of 3.9 x 10'* pyridine

molecules per 1 cm? [64]. With the values given above the volume fraction is

f3py = 0.84 (6.20)

which agrees well with the number of monolayers ny, &~ 0.8 derived from the measured
thickness of the grafted 3-pyridine layer using XPS in table [4.1] as well as results from
other partially covered silicon surfaces grafted with substituted benzene Bz-R, with
substitutions R such as R = CioHos (fu, = 0.54), R = CHj (fur, = 0.76) [93],
R = CHyBr (fy, = 0.76) [64]. It is smaller than the volume fraction derived for
densely packed grafted layers of 4-bromobenzene (fy;, ~ 1 [64]). One reason for the
decreased packing of the 3-pyridine layer could be a difference in molecular dipole
moment compared to 4-bromobenzene [93,122,174]. The attractive forces between the
dipole moment of differently substituted diazonium cations and their reduced radicals
with the cathodically biased hydrophobic H-terminated silicon surface might necessitate
the additional rotation of the radicals in order for the radical carbon atom of the
pyridine ring to face the H-terminated silicon surface perpendicularly, thus decreasing
the grafting efficiency and the resulting coverage. Figure from [122,|174] shows
the proposed situation for 4-methoxybenzene diazonium in contrast to 4-nitrobenzene
diazonium, which reaches similarly high grafting coverage as 4-bromobenzene [64].

Finally one might speculate if the effective medium theory for heterogeneous thin
films can also be utilized to explain the apparent increase of the Helmholtz capacitance
of a silicon electrode with 3-pyridinium-termination in an acidic electrolyte, as seen in
figure and In that case, Cy spyn may again be described by the same equation
given for the initial Helmholtz capacitance Cy i of the H-terminated silicon electrode,
only now with an effective relative permittivity €eg spym-
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Figure 6.16: Left side: calculated directiosn (grey arrow, arrowheads point towards the
negatively charge side) and strengths (length of the arrow) of the dipole moments of
4-nitrobenzene and 4-methoxybenzene diazonium in its ionic (left), radical (middle) and
molecular state (right). Original figure from [174]. Right side: torsional force -% needed to
rotate the 4-methoxybenzene radical away from the preferred dipole moment alignment
with the negatively charged surface, in order for the radicalized side to face the surface.
The radicalized side possesses a partial negative charge §~ in addition to the larger partial
negative charge of the methoxy endgroup 6~ ~ and the radical would rather rotate with R
to the side. In contrast, the dipole moment of 4-nitrobenzene in all forms is favourable
to its orientation perpendicular to the silicon surface and experiences some electrostatic
pull 2. Original figure from [122].

€o €
Cri,apytt = —ﬁ’ﬁf 0 (6.21)

Presuming that Cy = 7pFem ™ and ey = 6 from [178] best match the presented
system, one obtains a Helmholtz layer thickness dy = 7.6 A. The thickness dog of
the composite, effective capacitor could be assumed to be at least the Helmholtz layer
thickness together with the difference in height of the surface termination molecules

pyridine (dsp, ~ 4 A) and hydrogen (dgi_g = 1.5 A [13]), as sketched in figure [6.17|

2

defp > dy — dgip + dapy ~ 12,14 (6.22)

The ratio of the Helmholtz capacitances of the H-terminated and 3-pyridine-terminated
silicon electrodes can then be used to determine the ratio between the effective relative
permittivity e.g spyn and the relative permittivity of HyO ep.

CH,prH ' deff

=C

CH,3pyH _ Ceff 3pyH - du .
C - d = €eff 3pyH — €H
H €H - Ueff

(6.23)

Ideally, the same sample would be measured in weakly acidic and acidic electrolytes
in order to first establish the volume fraction of the deprotonated 3-pyridine layer
and then use f3,, = {3, for the determination of the unknown relative permittivity of
the protonated 3-pyridinium layer espyn. When using fs,, = 0.84 from above ,
equation [6.19 could then be modified using equation this time with the two phases
being protonated 3-pyridine-layer with es,yn and H-terminated layer with ey:
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Si

Figure 6.17: Assumed arrangements of counterions/protons found at a silicon surface
spot with H-termination (left) and with 3-pyridinium termination (right). Black arrows
indicate the distances between the charged silicon surface and HgOZf counterprotons and
the heights of the different surface terminations.

€3pyH —€H * C 1—-c
Sy T T () )
63pyH+26H'C ( 3py) 2+c

Using the Cy values from table [6.4] of the C-Ewg plots at f = 1 kHz to calculate ¢, the
relative permittivity of the 3-pyridinium layer would be significantly larger than ey:

(6.24)

0 = 3py

€3pyH — 9.7 (625)

Presuming this is the relative permittivity for the modified Helmholtz layer augmented
by the grafted 3-pyridinium layer, the next step would be to connect ey to the surface
density of grafted, immobilized 3-pyridinium molecules ng e per 1 cm?. The increase in
relative permittivity compared to its initial value eg ~ 6 could depend on a reduction
of the orientation of the ordered HoO molecules inside the Helmholtz layer, where the
dipole moments of the water molecules are forced to align to the electric field on the
inside of the Helmholtz plate capacitor |197]. Simulations of ions and HoO molecules
as dipoles approaching a charged membrane suggest an asymptotic rise of €y gim to the
bulk value eg,0 = 78 [13] from the electrode|electrolyte interface towards a distance of
~ 10 A. The same effect can be reached by reducing the effective surface charge at the
simulated membrane [197}/19§].

Simulating the total capacitance of the modified silicon electrode|electrolyte
interface

The grafted, positively charged 3-pyridinium molecules can on the one hand shield the
negatively charged silicon surface in the cathodic potential range considered; the layer
effectively becomes part of the imagined, positively charged ”"plate” of the idealized
Helmholtz plate capacitor with a negatively charged silicon "plate”. The shielding
might reduce the concentration of counterions in the double layer by effectively replacing
them, which would lead to an increase of ez, at the 3-pyridinium-terminated interface
[197]. On the other hand, it can also affect the charge accumulation in the space
charge layer inside the silicon electrode near the interface, causing, e.g., changes in
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the band bending of the modified electrode compared to an H-terminated electrode,
which does not possess such an additional layer of immobilized charged molecules. The
change in the space charge layer due to the grafted pyridinium layer can likewise lead
to a change in the electrochemical double layer composition. The cumulative effect
of the charged 3-pyridinium layer could be responsible for the increased reactivity of
the electrode towards HER. Together with Munir Salmanﬂ, an attempt to simulate
the total capacitance from the potential drop across the interface is undertaken. The
total potential drop A¢yt(q) from the bulk of the silicon electrode to the bulk of the
electrolyte was calculated for the H-terminated silicon electrode following |78,

Apiorn(q) = Agec(q) + Adu(q) = —(Ewe — En,) (6.26)

which comprises the potential drop in the space charge layer under accumulation (q<0)

Adyc(q),

2kT —q
Ad.(q) = 1 , 6.27
D) e " (x/QkTeSieoND) ( )

and the potential drop in the Helmholtz layer A¢p(q):

€HE
Agu(a) = q-1/Cu; Cu = — . (6.28)
H
all depending on the total charge ¢, assuming charge conservation [78§]:
q = (Qsc = qu (629)

Analogous to equation the described potential drop fits the equivalent circuit of
two capacitors connected in series as seen on the left of figure [6.18]

To yield the total capacitance Cio(q) of the interface equations, ¢ (q) is differen-
tiated with respect to q and inverted.

H B 8¢tot,H(q) -
Ctot,sim(q) - (8—q) (63())

For the grafted, 3-pyridinium-terminated silicon electrode, the assumed equivalent cir-
cuit changes to the one on the right side of figure [6.18, The Helmholtz layer in front
of the electrode is then split up into a part of the modified silicon surface which is still
H-terminated and has a Helmholtz capacitance Cy, and a part of the surface which
is covered by a pyridinium layer with its own capacity C,, connected in series with
a modified Helmholtz layer with a capacity Cs,yn. The potential drop across the two
parts connected in parallel is the same for both branches (eq. [6.31]iv)). The charges on
Cy and Cy, qir and qpy respectively, add up to yield q" on the space charge capacitor
(eq. i)). It is at the modified Helmholtz layer where the additional charge of the
protonated 3-pyridinium molecules Qg+ is inserted (eq. ii)), where it has an
effect on the charge and thus the capacitance of the space charge layer (see eq. .
The equations governing the potential drop across the 3-pyridinium-modified interface
are given by:

'Non-equilibrium Chemical Physics Group, Physics Department, Technical University Munich
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Figure 6.18: Equivalent circuits used to simulate the potential drop Ad¢i.; of the un-
modified, H-terminated silicon electrode|electrolyte interface (left) and the grafted, 3-
pyridinium-terminated interface (right). Q, ;+ denotes the additional charge of the pro-
tonated pyridinium molecules stored between the capacitors f;,,C,, and f3,,Cspyn. On
the left side the total potential drop A¢;,; over the two capacitors connected in series is
depicted.

) d = amw + dpy

i) Qi+ = Uspy — py (6.31)
) Agbtotgpy = AQbsc + A¢H’
)

A¢H/ = A(bpy + A¢3pyH
The capacitance values on the 3-pyridinium-terminated part correspond to the volume

fraction ~ f3,, of the total surface of the electrode, while the capacitance of the H-
terminated electrode part correspond to ~ (1 — fs,.) (eq. [6.20).

qu’ €HED
v) A¢ppp = —————; Cq = —
) Adu (1 —fapy) - Ch Ty
. Upy €3py €0
vi) A¢yy = ———; Cp = —— 6.32
) Py f3py . pr Py d3py ( )
.. € €
vii)  A¢zpym = —fg q?’péj H; Capyn = —3?,? s
Py Py e

The values for the thickness dg, dspy, deg as well as relative permeabilities e, €3,y and
€spyn are taken from prior equations [6.12] [6.22] [6.21] and [6.24] Similarly, the charge
of the protonated pyridinium molecules can be calculated by multiplying the charge
of a closed monolayer of grafted pyridinium molecules (surface density in chapter
from [64]) with fs:

Quyirt = fapy - €+ 3.9 x 10Mem ™2 (6.33)

with the positive elemental charge e, since pyridinium is positively charged. Again, the
total capacitance of the 3-pyridinium-terminated silicon electrode is derived from the
total potential drop across the interface:
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Figure 6.19: C{, ;, (red dashed) and Cfgg:sim (blue dashed) plotted against Ewg — Eg, i
curves(potential scale is the same for the Ciu 3py plot) based on simulation data using
the set of equations in [6.26], [6.30], [6.34], [6.31], [6.32] Arrows indicate the direction of the
change between the two curves with increase values of f5,,, i.e., when a larger part of the

silicon electrode is 3-pyridinium-terminated.

model yields a Cfgg «im Vversus Ewg curve for a partially 3-pyridinium-terminated sili-

con electrode with some promising features similar to the Ciy vs Ewg curves in figure
. With increasing fs,, values, the Cf’é’t}: «im curve is shifted towards more positive
potentials due to the additional charge originating from the immobilized pyridinium
molecules Q, y+, while for f3,, = 0, i.e., no 3-pyridinium-termination, the total ca-
pacitance of the electrode is the same for both models. The same can be seen in the
positive shift of the flatband potential of the grafted silicon electrode compared to H-
terminated electrodes as listed in table [6.5] Since the capacitance of the space charge
layer Cge = 0qs./0A@s. is dependent its charge, the increase of qs.=q’ from the immo-
bilized pyridinium molecules Qi+ should lead to an increase in Cy. near the flatband
potential, where the total capacitance is dominated by Cs.; therefore a significant part
of the total potential is dropped in the space charge layer (see equation , where an
increase of Cg. corresponds to a positive shift in flatband potential.

Unfortunately, at the same time with increasing volume fraction fs,, of the 3-pyridinium-
terminated part of the electrode, the Cfgg «im CUrve saturates at a lower value compared
to Cg)t,sim- The potential-independent part of the total capacitance, i.e., the capaci-
tance of the modified Helmholtz layer, is smaller compared to the corresponding value
for the H-terminated silicon electrode, once fs,, > 0. This behaviour does not match

the experimentally determined results in figure for 3-pyridinium-terminated silicon
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electrodes. Additionally, the positive shift of the Cffg «im curve of ~ 100 mV for the
derived volume fraction value of f3,, = 0.84 is only achievable, if the charge of a closed
layer of pyridinium is strongly reduced. In the plot it is 100 times smaller than assumed
in equation ; otherwise the Cf’fg «im curve is shifted to several Volts more positive.
This is a strong hint that either the implementation of the additional charge of the
pyridinium molecules is not correct or the coverage of charged pyridinium molecules on
the modified surface is significantly smaller than fs,;,. For instance, while in the pre-
sented model the charge of the pyridinium layer Q,, y+ effects the space charge layer, it
does not directly influence the capacity of the modified Helmholtz capacitor Cspyr. As
stated before, this additional charge should correlate to the calculated increase in the
relative permittivity of the modified Helmholtz layer espy5, but in the presented model

this correlation is kept constant.

The presented attempt at modelling the total capacitance of the interface was only
partially successful in reproducing the change in total capacitance of the interface once
the surface termination is changed from hydrogen to 3-pyridinium. Further investiga-
tions and augmentations of the interface model and its equivalent circuit are needed to
incorporate more features of the Ci.; vs Ewg curves. Especially the effect of the charge
of the grafted pyridinium layer on the composition and width of the double layer and
the shielding of that charge due to the species in the double layer would be of significant
interest, as would be the application of the Poisson-Boltzmann equation on the whole,
1D-extended silicon|pyridinium|electrolyte interface. In the end, these inquiries were
deemed to be beyond the scope of this thesis.
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Chapter 7

COy reduction reaction (CO3RR)
on grafted silicon electrodes

Finally, we were interested in the performance of the grafted, 3-pyridinium-terminated
silicon electrodes towards the CO, reduction reaction (CO2RR). Two electrolytes were
used for the investigation of CO3RR on grafted silicon electrodes. 0.5 M HCI was used
as an electrolyte with a low, acidic pH, while 0.5 M KCI was used as the electrolyte
with a weakly acidic pH. HCI was used instead of H,SO,, because electrolyte samples
based on sulfuric acid led to a more noisy baseline in the NMR spectra due to a possible
interaction of the sulfate ions with the water suppression method deployed. 0.5 M KCl
has been commonly used in publications, which observed methanol and other reduction
products of the COsRR on metal [19,2124-26|199] and semiconductor electrodes [32,33]
with dissolved pyridine. Together with CO, as purge gas and dissolved pyridine in the
electrolyte the pH of the solution could also have a small buffer capacity around pH 5.3
due to the presence of pyridine/pyridinium and COs/hydrogen carbonate (HCOjy) as
acid/base pairs [21].

7.1 CO3;RR on grafted Si electrodes in acidic elec-
trolytes

The 3-pyridinium-terminated silicon electrodes show improved reactivity towards HER
in acidic electrolytes like 0.5 M HySO,4 and 0.5 M HCI saturated with CO,, as can be
seen in figure [7.1] The presence of CO, did not change the onset shift of the HER on
the grafted silicon electrodes, so signs of COsRR could not be deduced from the CV
data alone.

To investigate CO3RR on H-terminated and modified silicon electrodes and the
formation of possible reduction products, galvanostatic bulk electrolysis measurements
of electrodes with both surface terminations were conducted at a set current density
and subsequent product analysis of the electrolyte and the gas overhead were carried
out via NMR and GC. Figure[7.2|shows the Ewg vs t plots of the bulk electrolysis for an
H-terminated (red) and a modified, 3-pyridinium-terminated silicon electrode (blue).

At a current density of -31.7 uA /cm?, both Ewg vs t curves in the left plot of fig.
show an initial increase in overpotential until they settle after 5 min. The potential
values after 10 min are similar but slightly higher than the ones on the CVs in figure
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Figure 7.1: CVs showing the effect of the grafted 3-pyridine-layer on HER on an n-type
silicon electrode in CO, containing electrolyte. Electrolyte: 0.5 M HCI, purged with
COs;. Scan rate: 50 mV/s.

06 F T T T T T T T T T | 00 —I T T T T ]
0.5 M HCI, CO,, stirred [ - r ]
L 0.5 M HCI, CO,), stirred j
r — H-term 1 o2k H 2 ]
07+ . ’ — H-
= 0, —3py - L term ]
S I S 1 ——3py
w w R 4
u &2 04 I
@ @ [
Y Y
> > [ 1
w w -06F -
H 2 I j
L w A
o8 LN_r\ ]
[ - N
41,0 4
I B PR BRI PP EPEE SRR RPN PR SR P S T S
0 60 120 180 240 300 360 420 480 540 0,0 0,5 1,0 15 2,0

t(s) t(h)

Figure 7.2: Galvanostatic bulk electrolysis of an H-terminated silicon electrode (red) and
a 3-pyridinium-terminated electrode (blue). Samples were characterized before electrol-
ysis via CVs shown in figure Left: First 10 minutes of electrolysis. Right: Complete
plot of the applied potential during the 2 h long electrolysis. At the end of the mea-
surement after 2 h the potential of the electrodes were switched to OCP. Electrolysis
current density for both samples: -31.7 4A/cm?. Electrolyte: 0.5 M HCI, purged with
CO; before electrolysis. Electrolyte was stirred during electrolysis

marked at the black dashed line. The potential of the electrode modified with
3-pyridinium is consistently shifted to a ~ —200 mV smaller overpotential compared
the H-terminated electrode and reaches the steady potential plateau after a slightly
longer electrolysis time. On a timescale of 2 hours the grafted electrode stays at this
steady potential aside from some peaks due to bubble desorption from its surface, while
the H-terminated silicon electrode shows a slow dccline of the applied overpotential
during electrolysis starting after about 30 min. This potential shift towards lower
overpotentials during HER could be caused by the HER itself. It has been reported
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that, after long electrolysis measurements at high overpotentials of < -3 V vs RHE,
illuminated p-type silicon electrodes showed noticably improved reactivity for the HER
[200]. This behaviour was correlated to the formation of a subsurface hydride layer,
where evidence of the absorbed hydrogen atoms under the surface of the electrode has
been found via Fourier-transform Infrared spectroscopy (FTIR) measurement [201]. If
the lowering of the overpotential during the electrolysis on the H-terminated electrode
was also caused by the HER and the subsequent surface hydride formation, then this
process does not seem to take place on the grafted, 3-pyridinium-terminated silicon
electrode. After the electrolysis, the grafted sample shows a positive shift of OCP

potential compared to the H-terminated electrode of ~ +80 mV (Eit2l, = —0.162 V
vs RHE; Eggg}gpy = —0.086 V vs RHE) similar to the OCP values used in the previous

chapter [6.3] and table [6.3] The positive OCP shift was apparently unchanged after the

electrolysis.

H,O

2

GC signal intensity

NMR signal intensity

0 9 8 7 6 5 4 3 2 1 0 -1 0o 1 2 3 4 5 6 7 8 9 10 11 12
chemical shift (ppm) retention time (min)

Figure 7.3: Left: NMR signals from electrolysis samples of the bulk electrolysis on H-
terminated (red) and 3-pyridinium-terminated silicon electrodes (blue) from figure
Black dashed lines show the expected chemical shifts for formic acid (FA), methanol
(MeOH) and acetonitrile (AN); Right: GC signals from (manually injected) gas overhead
samples after bulk electrolysis measurements on H-terminated (red) and 3-pyridinium-
terminated silicon electrodes (blue) from ﬁgure Besides peaks for produced hydrogen
(H2) only residual peaks of air (O3, N3) and CO;, are visible. No other gaseous CO,
reduction products (CO, CH,4) were detected.

Product analysis of the gas overhead using the procedures described in chapter [3.5
revealed no COy reduction products such as carbon monoxide (CO) or methane (CHy)
in the GC spectrum. Electrolyte samples measured using 'H-NMR (figure also
showed no liquid products such as formic acid (FA) and methanol (MeOH). The H,
signals relative to the main CO, peak are almost the same for the H-terminated and
the 3-pyridinium-terminated electrode, with slightly more Hy gas signal detected during
the electrolysis on the H-terminated electrode (H-term.: 1.2 %; 3py-term.: 1.0 %).
Since no other reduction products were detected, this discrepancy could also be caused
by the inconsistency of manual gas sample injection used for these two measurements.
The larger gas volume injected during the manual injection compared to the automated
injection procedure tended to lead to an overload of GC column, which caused deviations
in peak form and area of CO4 as the main gas component. These deviations could then
lead to changes in the relative peak area of the Hy peak. The small, noise-like deviations
from the baseline in the NMR spectrum in the region of methanol (/3.34 ppm) stem
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from the worsening water suppression method due of the high proton concentration
in the electrolyte and the remaining HyO signal (=~ 4.8 ppm), i.e., they do not point
towards trace amounts of detected methanol. For NMR measurements of electrolyte
samples with an acidic pH, acetonitrile (AN) was used as an internal calibration species
instead of pyridine (see left side of figure [7.3). The chemical shifts of pyridine shifted
in an acidic sample in such a way that it masked the potential peak of formic acid.

7.2 CO3RR on grafted Si electrodes in weakly acidic
electrolytes

CO2RR on grafted Si electrodes in 0.5 M HCI as an acidic electrolyte yielded no COq
reduction products. One of the reasons for the missing CO, reduction products could
be the low concentration of dissolved COy of ~ 38.7 mM (20°C) / ~ 33.5 mM (25°C)
in the electrolyte [202,203]. Due to the much higher concentration of H" compared
to dissolved CO, at pH < 1, HER from protons could be the favored reaction across
the electrode|electrolyte interface und thus be the dominating reaction in the acidic
electrolyte. In more neutral and alkaline pH ranges the HER from protons subsides
and is replaced by water splitting, which possesses much slower reaction kinetics. For
example, on Pt the exchange current density of HER from Hy0O is 10 times smaller in
alkaline than in acidic electrolytes [204,205]. Electrolysis measurements were therefore
conducted in a weakly acidic electrolyte (0.5 M KCl) with a pH around 5. The pH was
chosen to be close to the pK, py = 5 of grafted pyridinium [113] in order to minimize
HER while at the same time to ensure pyridinium still being present on the surface of
the grafted silicon electrode.

j (uA/cm?)
5
T

OO —— H-term., pH 4.97 _
ro : — 3py-term., pH 5.07
-80 _ ........... __________ 0.5MH,SO,, Ar| |

! . ! . ! . ! . !
-1,2 -1,0 -0,8 -0,6 -0,4
E, VS RHE (V)

Figure 7.4: Left: CVs of H-terminated (red) and 3-pyridine-terminated silicon electrodes
(blue) before the electrolysis. Dotted lines denote CVs of the grafted sample in 0.5 M
H,SO,, purged in Ar, before (dotted, red) and after grafting (dotted, blue). Electrolyte:
0.5 M KCl, purged with COy;. pH before electrolysis: 4.97 (H-terminated, red), 5.07
(3-pyridine-terminated, blue);
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As can be seen in the CV in figure [7.4] both the H-terminated silicon electrode as
well as the grafted, 3-pyridine-terminated electrode again show an exponential rise of
current several hundreds of mV negative of RHE. Similar to figure the onset shift
of the 3-pyridinium-terminated electrode visible in an acidic electrolyte (dashed CVs)
vanishes in the weakly acidic KCI electrolyte with pH = 5, irrespective if the solution
is saturates with Ar or COs. One of the main characterics of the pyridine mediated
CO3RR was the reported redox potential around RHE [19}21,32]. Since around RHE
there is no significant current observable, a different potential range was chosen for
the bulk electrolysis measurements. Similar to reported electrolysis measurements on
silicon electrodes [50453,206] a potential of ~ -1.16 V vs RHE was held constant during
the electrolysis, i.e. the electrolysis measurements in weakly acidic electrolytes were po-
tentiostatic instead of galvanostatic as in figure in HC1. The intention of this change
is to make the electrolysis results more comparable to literature results of COoRR bulk
electrolysis on unmodified silicon electrodes listed in table [7.1]
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Figure 7.5: Left: Potentiostatic bulk electrolysis of silicon electrodes with H-termination
(red) and 3-pyridine-termination after the grafting process (blue). Right: Beginning
of potentiostatic bulk electrolysis of silicon electrodes with H-termination (red) and 3-
pyridine-termination after the grafting process (blue). Electrolyte: 0.5 M KCIl, purged
with CO,. pH before electrolysis: 4.97 (H-terminated, red), 5.07 (3-pyridine-terminated,
blue).

Analogous to the galvanostatic electrolysis measurements in HCI (figure , at the
start of the potentiostatic electrolysis in KCI (figure the current drops significantly
until settling around values higher than the ones obtained in the CVs, i.e., the current
at the cathodic turnaround potential. Because of the higher current density bubble
formation at the electrode intensified compared to the measurements in HCI, leading
to multiple current spikes during the electrolysis. The H-terminated silicon electrode
shows a trend towards higher current density over the time period of the electrolysis,
though this trend is less clear to see compared to figure due to the current spikes.
The 3-pyridine-terminated sample shows the same trend towards higher currents at the
end of the 2 h long electrolysis, but it also has a section in the j vs t curve till 0.8 h /
48 min, where the current density falls linearly. During the electrolysis the majority of
the surface of the electrode was at times covered by gas bubbles, which could effectively
lead to a decrease of electrode area and thus a (linear) decrease in reaction current.
The bubble formation rate was also more pronounced on the grafted than on the H-
terminated sample, which might partially explain the larger current spikes compared
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the ones present on the j vs t curve for the H-terminated electrode.
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Figure 7.6: GC signals from gas overhead samples after electrolysis measurements on
H-terminated (red) and 3-pyridine-terminated silicon electrodes (blue) from figure in
weakly acidic KCI. Hy, and CO were detected.

Sampling of the gas overhead after electrolysis in the GC (figure show Hy and,
in addition, CO gas as a product of the COsRR. The 3-pyridine-terminated sample
produced a slightly higher ratio of the two product gases for hydrogen: Hy:CO (79% :
21%), compared to the H-terminated electrode (76% : 24%).
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Figure 7.7: Left: NMR signals from electrolysis samples of bulk electrolysis on H-
terminated (red) and 3-pyridine-terminated silicon electrodes (blue) from figure in
weakly acidic KCl. Besides pyridine (10 mM) as the calibration species only FA is de-
tected; Right: Zoom into the FA region of NMR signals from of bulk electrolysis on
H-terminated (red) and 3-pyridine-terminated silicon electrodes (blue) from figure in
weakly acidic KCI.

In the KCI based electrolyte at a pH around 5, formic acid (FA) was detected in
the NMR spectrum (figure as the only liquid product of CO3RR. The changes in
chemical shifts in the NMR spectra (i.e. the different shifts of the pyridine peak at 8.60
/ 8.64 ppm in the right NMR spectrum of figure arise from differences in pH of the
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NMR samples. With the total amount of produced formic acid (H-term.: 375 nmol;
3py-term.: 350 nmol) the faradaic efficiency 7 pa for the CO, conversion into formic
acid can be calculated,

nkF -2
Nt,FA — Qe

with n being the number of moles of formic acid, F the Faraday constant and Qgg,
the total charge drawn during the electrolysis. For the formation of one formic acid
molecule, 2 electrons are needed. Although more charge was drawn on the grafted
sample during the 2 h long electrolysis, the amount of formic acid produced via CO re-
duction on the 3-pyridine-terminated electrode was slightly smaller compared to amount
produced on the H-terminated electrode (350 to 375 nmol), leading to a worse faradaic
efficiency (15.8 % compared to 26.7 %). The rest of the electrolysis charge can then
assigned to the gaseous products Hy and CO corresponding to their ratio, since both
molecules consume 2 electrons for the formation of one product gas molecule, respec-
tively. For the measurements in figure the faradaic efficiency for Hy evolution im-
proved from 55.8 % for H-terminated electrode to 66.7 % for the 3-pyridine-terminated
electrode. For CO production faradaic efficiencies are very similar, namely 17.6 % and
17.5 % for H-terminated and 3-pyridine-terminated electrodes, respectively. The prod-
uct distribution and faradaic efficiency are comparable to CO5 reduction conducted on
unmodified silicon electrodes in aqueous and nonaqueous electrolytes [50-53,[206]. In
the same manner as in HCI, functionalizing a silicon electrode with a grafted 3-pyridine-
layer does not improve its reactivity towards COsy reduction in a weakly acidic electrolyte
with a pH ~ 5. In fact, the grafted layer led to a decrease of detected CO5 reduction
products (44.2 % to 33.3 %), most significantly for formic acid.

(7.1)

It is known that the use of an unbuffered electrolyte such as 0.5 M KCI can lead
to a rise of the local pH at the surface (as well as the bulk pH over the duration of the
electrolysis, if the electrolyte volume is small enough) compared to the initial bulk pH
of 5. In unbuffered electrolytes the local pH can be shifted from a bulk pH value as
low as 4 up to beyond 10 during reductive electrolysis, such as HER on Pt electrodes
even at comparatively small current densities [207,[208]. At these alkaline local pH
values two problems could arise for the COsRR on grafted silicon electrodes. First,
in alkaline solutions silicon electrodes can be etched [164,[209], leading to a change of
the surface during the electrolysis, for example a degradation of the 3-pyridine-layer
via etching pyridine-terminated silicon surface atoms, thus removing grafted pyridine
molecules (similar to the situation described in [162]). This surface change affects the
electrochemical effect of the grafted layer on the COy reduction. Together with the
aforementioned formation of (sub)surface hydrides during cathodic electrolysis both
H-terminated and grafted silicon electrodes irreversibly changed their electrochemical
behaviour during the electrolysis and electrolysis measurements on the same electrode
could not be repeated. Second, for the COsRR mediated with dissolved pyridine most
proposed reaction mechanisms focus on the protonated pyridinium molecule as the cat-
alytically active species [21,22,210]. With a pKa of around 5 [113], there would be
very few to no grafted pyridinium molecules present on the silicon surface at an alka-
line local pH. The protonation of the grafted pyridine layer has been shown to be the
main reason for the improved onset of the HER of the 3-pyridinium-terminated silicon
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electrodes in previous chapters [5.3] and [6.1} In order to minimise the local pH shift to
higher, alkaline values, a last set of electrolysis measurements were conducted where
the applied reduction potential was pulsed.
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Figure 7.8: Potential control for the pulsed electrolysis or ”Differential Pulsed Amper-
ometry” (DPA).

Using the ”Differential Pulsed Amperometry” (DPA) measurement protocol on the
Biologic SP 300 Potentiostat, the applied potential was toggled between the reduction
potential Ewg, = -1.16 V and a 400 mV more positive rest potential Ewg, = -0.76,
where the faradaic current is negligible (see figure . For each reduction pulse of t,
= 0.5 s the potential stayed at Ewg . for t, = 4.5 s. Together with additional convection
due to stirring of the electrolyte, the local pH should shift back to the bulk pH during
the resting time t, at Ewg, after it had been increased by the reduction pulse. The
current jppa was recorded at the end of each reduction pulse to minimise the capacitive
contribution of the current, denoted t (jppa) in figure The total reduction charge
for each pulse is calculated by multiplying jppa with the pulse length t,, assuming jppa
is mostly faradaic.

The resulting electrolysis j vs t curves in figure still exhibit the main features of
the potentiostatic electrolysis measurements shown in figure [7.5] namely a current drop
at the beginning and a general trend towards higher currents over the duration of the
2 h long electrolysis. If the initial drop in reduction current stems from a depletion of
reactants (protons and COs) in the double layer in front of the electrode, the pulsed po-
tential control with the given parameters and the additional stirring could not mitigate
this change in the chemical composition of the double layer. The pulse and rest time
were optimised as a compromise between the length of the electrolysis, as the samples
tended to degrade over longer measurement times, and the overall charge drawn, as
the pulsed electrolysis led to a total charge of only 15 % of the drawn charge during
(constant) bulk electrolysis. Such a decrease of the produced amounts of CO; reduction
products made their detection difficult, as they were near the sensitivity limits of the
product analysis tools deployed in this thesis.

For the H-terminated silicon electrode, formic acid was produced in addition to Hy
and a negligably small amount of CO close to the detection limit of the GC (figure
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Figure 7.9: Left: CVs of a H-terminated (solid red) and a 3-pyridine-terminated silicon
electrodes (solid blue) before the electrolysis. Dotted lines denote CVs of the grafted
sample in 0.5 M H,SO,, purged in Ar, before (dotted red) and after grafting (dotted
blue). Right: Potentiostatic DPA electrolysis of silicon electrodes with H-termination
(red squares) and 3-pyridine-termination (blue squares). Electrolyte: 0.5 M KCl, purged
with CO,. pH before electrolysis: 4.99 (H-terminated, red), 4.8 (3-pyridine-terminated,
blue)
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Figure 7.10: Left: NMR spectra of electrolysis samples from the DPA electrolysis on
H-terminated (red) and 3-pyridine-terminated silicon electrodes (blue) from figure
in weakly acidic KCIl. Besides pyridine (10 mM) as the calibration species only FA is
detected; Right: GC signals from gas overhead samples from the DPA electrolysis on
H-terminated (red) and 3-pyridine-terminated silicon electrodes (blue) from figure in
weakly acidic KCIl. H; and CO were detected in both measurements.

. Again, the changes in chemical shifts in the NMR spectra (most noticeable in
the pyridine peaks) arise from differences in pH of the NMR samples. As in figure ,
the grafted electrode produced a smaller amount of formic acid despite the reduction
charge drawn during the pulsed electrolysis being larger. Compared to the measurement
series with constant potential in figure the pulsed electrolysis led to a higher Hy to
CO ratio (H-terminated: 93.5 % : 6.5 %; 3-pyridine-terminated: 94.4 % : 5.6 %) and
slightly higher faradaic efficiency for formic acid production on H-terminated electrodes
versus slightly lower faradaic efficiency for FA on 3-pyridine-terminated electrodes. The
product analysis results from all described bulk electrolysis measurements are listed in
table , together with results from literature.
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Fig. | Si surface mod. Electrolyte QeL (C)! | Ewg vs RHE (V)
H-term. 0.5 M HCI + COy, pH 0.3 | -0.144 “1.007 (avg.)

3py-term. 0.5 M HC1 + CO,, pH 0.3 -0.144 -0.860 (avg.)
H-term. 0.5 M KC1 + COg, pH 4.97 -0.271 -1.163
3py-term. 0.5 M KCI1 + CO, pH 5.07 -0.427 -1.163
H-term. 0.5 M KCI1 + COq, pH 4.99 -0.060 -1.163
3py-term. 0.5 M KCI1 + CO,, pH 4.8 -0.087 -1.163
_ Literature data
- 0.1 M Li»SO4 + CO
2 20504 2 ) )
J206| pSi (ill) PANI? | T O 2 56.7 1.284
Lo 0.5 M NaySO4 + COq
[50] | pSi (ill.) H-term. pH > 6 -231 -1
* 0 0.3 M TBAP? -1.7
7[51] pSi (ill.) H-term. in MeOH* + COy B vs. Ag/AgCl
. 0.1 M TBAP -2.7

(b2 | pSt QL) Heterm. |47 6\ H,0 i AN £ €O, | T vs. Ag/AgCl
53 | pSi (ill.) Heterm, | -2 M KHCOs +CO; 1.2 fem?® | -0.613

B pH 7
Fig. | Hy : CO FA (nmol) | Hy (%)¢ | CO (%)® | FA (%)8 | other products | CO2 (%)7
- - 100 - - - 0

— — 100 — — — 0
76 : 24 375 55.8 17.6 26.7 - 44.2

79.2 : 20.8 | 350 66.7 17.5 15.8 — 33.3
93.5: 6.5 | 94.8 65.1 4.5 30.4 — 34.9

944 : 5.6 57.3 82.3 4.9 12.8 — 17.7

_ Literature data

J206| — 5.05-107 — — 17.1 Formaldehyde | 27.7

o] | - — - - ~ 18 Formaldehyde® | ~ 18

J51] 82 : 17 — 82 17 — HCOOCH;3 30.3

J52] 96.7 : 1.7 - 87.8 1.5 2.1 CH4 5.1

J53] 85.5:14.0 | — 73.5 12.0 4.3 CHy 16.7

Table 7.1: Bulk electrolysis of CO5 on silicon electrodes and subsequent product analysis.
Literature data is included for comparison.

!Charge drawn during electrolysis
2Polyaniline, (C¢H4NH),,
3Tetrabutylammonium perchlorate
4Methanol

5 Acetonitrile
SFaradaic efficiency
"Faradaic efficiency for the sum of all CO reduction products
8Traces
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7.3 Discussion: The evolving role of pyridine / pyri-
dinium for the CO,RR

The neutral to negative effect of the grafted 3-pyridine layer on the CO;RR on sil-
icon electrodes seems to fit into the emergence of critital reports from other groups
investigating the pyridine mediated CO, reduction reaction. The first diverging views
on the proposed homogeneous reaction mechanism arose with density function theory
(DFT) calculations, which stated that the neutral pyridinyl radical, proposed as the
catalytically active species [21], was electrochemically inert and the reduction potential
of pyridinium (< -1.2 V vs SCE) should have been much lower than experimentally
observed (=~ -0.6 V vs SCE) [211-213]. Likewise, the reaction was surface sensitive,
thus negating its initially assumed homogeneous nature. It was reported that certain
electrode materials could not reduce CO5 with pyridine present in the electrolyte, like
gold (Au) [214] and glassy carbon [215]. This behaviour was similar to the shift of
the reduction peak of pyridine in acetonitrile, where the potential scaled linearly with
the overpotential needed for the same HER current of the respective electrode materials
measured [46]. As both Au and glassy carbon electrodes need rather high overpotentials
for HER compared to Pt and H-terminated Pd electrodes, the availability of surface
hydride was then proposed to play a crucial role in the (now) pyridine-"mediated” COq
reduction on, for example, Pt electrodes [210]. In operando FTIR measurements in
our group on Au and Pt electrodes in acidic electrolytes containing pyridine showed,
that the main difference between Au and Pt was the amount of adsorbed hydronium
and Zundel cations, thus amount of adsorbed protons on the surface of Pt [216]. Simi-
larly, DFT calculations on semiconducting electrodes, like p-GaP, which showed a high
faradaic efficiency for CO4 reduction to methanol, focused on the H-termination of its
surface under electrolysis conditions [217]. While CO,RR was improved with dissolved
pyridine to yield methanol and other reduction products, electrochemical systems re-
ducing CO, where pyridine was immobilized on the surface of the electrode have also
been reported. Pyridine derivatives incorporated in metal/alloy powder electrodes like
Pd [218], Cu-Pt [219] and Cu-Pd [220] led to these electrodes reducing CO5 to methanol
with high efficiency and much reduced overpotential required. Gold electrodes covered
with 4-pyridinylethanemercaptan [221] and copper electrodes covered with a poly(4-
vinyl pyridine) film [222] showed a significant increase in their faradaic efficiency for
reducing COs to formic acid despite the negative results of CO,RR on gold and copper
with dissolved pyridine [214].

Figure 7.11: Proposed reaction scheme for pyridinium-mediated reduction of CO; on Pt
with surface hydrides. Original figure from [210].
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The effect of pyridine on the electrochemical COy observed in this thesis and con-

comitantly conducted studies in other groups is summarized in table

Electrolyte Effect of pyridine
Electrode sat. with COq on CO;, reduction
0.5 M NaySO4 + 10 mM Py MeOH (30%) (1]
Pd pH 5.3 Formaldehyde
0.5 M KCL pH 5.4 MeOH (36%) 21"
MeOH (26%) L
Pd-Cu 0.5 M KCI, pH 5.4 EtOH [220]
MeOH (36%)? L
Pt-Cu 0.5 M KCl, pH 5.4 EXOH (357%) 219
MeOH (22%)
0.5 MKCI + 10 mM Py, pH 53| .00 1]
MeOH
0.5 M KCI + 10 mM Py, pH 4.8 PrOH [23]
0.1 M KNO3 + 10 mM Py
bH 5.3 no products [223]
0.5 M KC1 + 10 mM Py, pH 5.3 MeOH (14%) [24]
Pt 0.5 M KCI + 10 mM Py, pH 5.3 MeOH?* [81]
MeOH (7%)
5
0.5 M KCI + 10 mM Py, pH 5.3 EtOh, PrOH, BuOH [25]
0.1 M LiC104% + 10mM Py
DH 5.5 4 MeOH (30%) 26]
0.5 M KCI + 10 mM Py, pH 5.3 | FA (2%) 224
0.5 M KCIl + 10 mM Py, pH 4.7 | no products 225]
0.5 M KCI + 10 mM Py, pH 5.3 | no products [27]
0.5 M KCI + 10 mM Py, pH 5.3 | no products [215]
0.5 M KCI + 10 mM Py, pH 5.3 | no products’ [226]
0.1 M LiCIO,® + 10 mM Py MeOH (7%) &
GC pH 5.5 FA
0.5 M KCIl + 10 mM Py, pH 5.3 | no products [215]
0.1 M NaF + 10 mM Py no products [214]
FA (21%) g
Au 0.1 M KHCO;, pH 6.8 CO (12%) [221]
0.5 M KCI + 10 mM Py, pH 5.3 | no products [215]
Cu 0.1 M KHCOj, pH 6.8 FA (40%) 222
Sn 0.5 M KCI + 30 mM Py, pH 5.3 | FA (32%) 199
Pt-Au'? 0.1 M KHCOg3, pH 4.0 MeOH (39%) [227] 1
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Cuy,O/Zn0O | 0.5 M KHCOg3, pH 5 MeOH (26%) [228]
GaP 0.5 M KCI + 10 mM Py, pH 5.3 | MeOH (96%) [32]
P 0.5 M KCI + 10 mM Py, pH 5.3 | MeOH (55%) [36]2
CulnS, g}ll 15\)/IQacetate buffer + 10 mM Py MeOH (97%) 1371

13
CdTe/FTO 12}11 ) NaHCOs = + 10 mM Py on (61%) 35|
Cuy0 0.1 M acetate buffer + 30 mM Py EtOH 138]
pH 5.2

Table 7.2: Reported bulk electrolysis data of CO; on various electrodes in electrolytes
containing pyridine.

IPyridine derivates incorporated

2.0.6 V vs SCE

3.1.2 V vs SCE

4Trace

5C0;3 overpressure up to 50 bar

6CHgCN/HgO 40% (V/V)

"Piperidine

8Gold electrodes covered with 4-pyridinylethanemercaptan
9Copper electrodes covered with a poly(4-vinyl pyridine) film
0Nanoparticles

1 Self-assembled monolayer of 2-pyridinethiol film

12GaP passivated by TiOs

134 citrate acid buffer
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Recently, several other publications appeared, in which COsRR on Pt with pyridine
dissolved in the electrolyte were investigated. In these studies, no reduction products
were detected [215223,225] besides formic acid and trace amounts of CO [224]. In our
group, methanol as a CO, reduction product was either only detectable in trace amounts
[81] or not detected at all, together with any other CO, reduction products [27,226],
when using the same or comparable electrolysis parameters compared to literature
reports of successful COsRR. Saveant et al. showed that the current increase seen in
figure previously mainly attributed to CO5 reduction [21] could be explained by the
HER driven by protons dissociated from pyridinium (fig. blue CV) superpositioned
to the HER driven by protons stemming from carbonic acid in the COy saturated

electrolyte (fig. [7.12] green CV).

61 ~ 6
1i (uA) i (uAd) ;
4 - 4
24 a 2 >
0 )
24 =
4 »
! E (Vys.NHE) E (Vvs.NHE) |
B R N R B R e S R L R

04 02 O -02 -04 04 02 0 -02 -04 -0.6

Figure 7.12: Experimental (left) and simulated (right) CVs of a Pt electrode in 0.1 M
KNO; with 10 mM pyridine (blue), purged with CO; (green), and finally with both
pyridine and CO; (red). Beware of inverted sign of the current density, cathodic current
densities are denoted as positive. Original figure from [223].

In electrolytes with a weakly acidic pH around 5, both weak acids pyridinium and
carbonic acid act as proton sources, which can lead to a current peak before HER
from water splitting starts to occur. FTIR experiments during and after CV scans or
electrolysis measurements on Pt found little to no indications concerning the mediation
or catalysis of CO, reduction by pyridine or pyridinium besides signals stemming from
the adsorption of CO [225], formate [224] and from of the hydrogenation of pyridinium
[229]. The signs of pyridine hydrogenation were also found in our group in FTIR
measurements on a Pt electrode in an acidic electrolyte with dissolved pyridine [216].
All the while, the use of an unbuffered electrolyte such as 0.5 M KCI in most of the
prior electrolysis measurements led to questions of the validity of reaction mechanisms
surrounding pyridinium as the targeted mediating or catalytically active species, since
with any noticable reduction current density the local pH of the electrolyte at the
electrodelelectrolyte interface would shift towards alkaline values [207,208], thus leading
to the deprotonation of pyridinium back to pyridine.
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These aspects prompted a collaboration with Dr Pierre-Yves Oluﬂ, in which bulk
electrolysis measurements were conducted in a carefully designed electrochemical setup
with the goal to minimise the shift of the local pH in front of the electrode [226].

@ - 0.1 mA cm 2, no stirring |

. e o o

@ - 1 mA cm?, stirring

1

o

(N)
|

@ -1 mA cm?, no stirring

Potential vs.RHE / V

1

e

=Y
!
!

0 -0.5 -1 -1.5 =2
Charge /C

Figure 7.13: Galvanostatic measurement of a Pt mesh electrode at -0.1 mA /cm? without
stirring (black), at -1 mA /cm? without (green) and with stirring (red). Electrolyte: 1 M
KCIl 4+ 10 mM Py, purged with CO,.

In figure the effect of the local pH shift can be seen. Under galvanostatic
conditions, a current density of -0.1 mA/cm? leads to a stable electrode potential of
-10 mV vs RHE without stirring, while for -1 mA /cm? the potential decreases with
increasing measurement time and charge transferred, indicating a shift of the local pH
in front of the electrode towards higher, alkaline values, as the proton concentration in
the double layer cannot be supported by the mass transport of protons from the bulk
under stagnant conditions. When additional stirring is provided, the current vs time
curve for -1 mA /cm? stays constant at about -60 mV vs RHE, thus showing no signs
of a local pH shift. The potential difference between the two cases is ~ 240 mV, which
would correspond to a local pH shift of 4.2 units. Without stirring and at a current
density of -0.1 mA/cm?, it could therfore be ensured that the predominant reactants
for the pyridine mediated CO3;RR were indeed CO, and pyridinium as proposed in the
aforementioned reaction mechanisms [21,210] instead of HCO3 and pyridine, as present
at an alkaline local pH value of > 9.2. In these measurements the present pyridinium
underwent full hydrogenation during electrolysis in CO5 saturated 0.5 M KCl with a pH
~ 5 at mild reductive conditions ( ~ 0 V vs RHE) and was the sole reduction product
besides Hy, with no CO, reduction products detectable. In an acidic electrolyte, almost
all of the pyridinium as the predominant pyridine species was hydrogenated to piperidine
(confirming the trend in [216]), whereas in an alkaline electrolyte no piperidine was
detected, since there is no pyridinium present in an alkaline electrolyte environment.
The hydrogenation of pyridine to piperidine is independent of the presence of COs in

'Non-equilibrium Chemical Physics group, Physics Department, Technical University Munich
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the electrolyte. With these results, pyridinium can be ruled out as a probable catalyst
for the CO3RR in near-neutral, weakly acidic electrolytes while hydrogenated pyridine
species such as piperidine also do not seem to show catalytic properties for the CO3RR.

pyridine
A « A
pyridine
’ B
pyridinium
| ' A
'\\}yridine
“ c
piperidinium
piperidine
pyridinium
l hL___ B
e —— A———————— | D
10 ? 8 Zlh ,6 L Shif 3 2 1 0 m piperidinium
emica ift / ppm piperidinium
piperidinium
M ] E
T T A
10 9 8 7 6 3 2 1 0

Chemical Shift / ppm

Figure 7.14: Left: 'H-NMR of electrolyte samples before (A) and after (B) -15 C elec-
trolysis on Pt mesh at -0.1 mA cm™2. Electrolyte: 1 M KCl + 10 mM Py electrolyte
(initial pH = 5.3), COs-saturated. Piperidine peaks emerge after the electrolysis in the
NMR . spectrum. Right: 'H-NMR of Nj-saturated 1 M KCI + 10 mM Py electrolyte
(initial pH = 7.5) before (A) and after (B) -15 C electrolysis on Pt mesh at -0.1 mA
cm™2. In the alkaline electrolyte pyridine is not hydrogenated and there are no signs of
piperidine. 'H-NMR of N;-saturated 1 M KCI + 0.2 M HC1 + 10 mM PyH™ electrolyte
(initial pH = 0.7) before (C) and after -5 C (D) and -15 C (E) electrolysis on Pt mesh at
-0.1 mA c~2. In the acidic electrolyte almost all pyridine is hydrogenated into piperidine.
In all NMR spectra there are no signs of other species, such as CO;RR products.

1,2-dihydropyridine as a partially hydrated pyridine molecule was reported to show
no observable interaction with added *CO, and H,O when measured in NMR along
with other organic hydride donors (OHD) [230], supporting the independence of the
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hydrogenation of pyridine from the CO;RR. It is doubtful in light of these findings,
that pyridinium on its own takes some significant part in the reduction process of
COg; rather pyridine could provide a still unexplained synergy effect on the reduction
reaction of COy in neutral and alkaline electrolytes. Molecules similar to pyridine, i.e.,
with a nitrogen moiety, have been reported to show similar enhancing properties for the
CO2RR like imidazole [34], pyrazine [24], picoline [199] and pyridoxine (Vitamin B6)
[231]. Substituted pyridine derivates, such as the precursor molecule 4-aminopyridine
used in this thesis, showed even higher faradaic efficiencies for the methanol and formic
acid production from COs reduction than pyridine when dissolved in electrolytes [232].
The mediating nature of pyridine and similar molecules on the electrochemical COq
reduction needs to be further explored with an emphasis on elucidating the underlying
reaction mechanism on the substrate or electrode used for the reduction and the effect
of the actual (local) electrochemical environment at the electrode|electrolyte interface,
i.e., local pH shift and the composition of chemical species present, on the reaction.
Only then can the effect of pyridine on the reaction system be deduced. In light of
the results of the 3-pyridine grafted silicon electrodes for COoRR, it can be stated that
a grafted pyridine layer on top of a silicon electrode does not enhance or catalyse the
electrochemical COs reduction. Immobilized pyridine might possibly play an indirect
role, such as inhibiting competing side reactions or stabilizing intermediate species
during the COsRR, but the as described grafted pyridine layer does not show this kind
of COsRR~promoting properties.
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Chapter 8

Summary

In this thesis, the surface modification of H-terminated n-type silicon electrodes with
immobilized pyridine molecules was investigated in order to elucidate the effect of the
functionalized pyridine layer on the reactivity of the silicon electrodes with respect to
the hydrogen evolution and COs reduction reaction, where pyridine was reported to
lower the required overpotential and improve the efficiency and selectivity of the reduc-
tion reaction towards methanol production.

A suitable electrochemical procedure was developed to graft 3-diazopyridine (either
in situ generated or as a synthesized diazonium salt) covalently onto a planar, H-
terminated n-Si electrode. The resulting layers were shown to be resistant against
various aqueous and organic solvents but did not prevent the unfunctionalized surface
atoms from oxidizing. Likewise, such functionalized silicon electrodes could be indirectly
damaged by the chemical etching of the underlying oxidized silicon substrate in fluo-
ride containing solutions. XPS measurements in conjunction with EIS measurements
confirmed the presence of grafted pyridine molecules on the modified silicon electrodes
with a partial surface coverage of less than a monolayer.

The grafted silicon electrodes were shown to be activated toward the hydrogen evo-
lution reaction, for which the onset potential of the HER is reduced substantially by up
to ~+400 mV compared to an H-terminated silicon electrode, which is, to the knowledge
of the author, one of the highest achieved overpotential reduction caused by an organic
surface modification on silicon substrates, and rivals results for metallic surface modi-
fications. The positive HER onset shift is predicated on the protonation of the grafted
pyridine or pyridinium molecules in an acidic electrolyte, as the onset shift vanishes in
weakly acidic solutions with a pH higher than the pK, = 5 of the grafted pyridine layer.

In EIS measurements, the grafted 3-pyridinium-terminated silicon electrodes exhib-
ited a higher total capacitance than in their prior H-terminated state in an acidic
environment, while the capacitance of the functionalized electrode was lowered in a
weakly acidic solution with a pH > 5, again pointing towards the modification of the
electrodelelectrolyte interface with a layer of the immobilized, protonated pyridinium
molecules. This layer of charged pyridinium molecules is presumed to influence the
composition of the Helmholtz layer in front of the silicon electrode as well as the thick-
ness of the space charge layer, which could result in the higher double layer capacitance,
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and subsequently higher total capacitance of a modified electrode.

In contrast to the increased reactivity for HER, the grafted 3-pyridine layer showed
no detectable enhancement of the CO, reduction reaction during the bulk electroly-
sis both in acidic and weakly acidic electrolytes, i.e., when the immobilized pyridine
molecules were protonated or deprotonated. This neutral to negative behaviour of the
grafted pyridine layer seems to fit into the emergence of a critical view concerning the
favourable effects of pyridine on the CO; reduction reaction presented in literature.
Further studies on the CO,RR on Pt electrodes led to the conclusion, that reactions
involving pyridine like its de-/protonation or hydrogenation seem to take place inde-
pendent of the COy reduction and no CO, reduction products were detected in an
electrolyte containing pyridine. For HER, the grafting of 3-diazopyridine turned out
to be an intriguing method to tune the energetics and electrocatalytic properties of
the silicon|electrolyte interface and thereby its reactivity towards HER. The method
could be expanded to other (metallo)organic molecules with (known) electrocatalytic
activities towards desired reactions, which could in turn lead to functionalized (silicon)
photoelectrodes ”activated” towards numerous electrochemical reactions.

During the duration of the thesis, parts of the results were published:

e [134] Li, Q., Schonleber, K., Zeller, P., Hohlein, 1., Rieger, B., Wintterlin, J.,
and Krischer, K. (2015). Activation of silicon surfaces for Hy evolution by elec-
trografting of pyridine molecules. Surface Science, 631, 185-1809.

e [226] Olu, P. Y., Li, Q., and Krischer, K. (2018). The True Fate of Pyridinium in
the Reportedly Pyridinium-Catalyzed Carbon Dioxide Electroreduction on Plat-
inum. Angewandte Chemie, 130(45), 14985-14988.
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Appendix

Origin of plot data

e [3.9, 20180605, 0.5 M KCl, sample from H-terminated silicon electrode

e [4.8¢ Archiv/lindner/3Amminopyridine nSi/20130703neu, nSi, Electrolyte: 0.1 M
H,SO,4, 1.8 mM HF, purged in argon (Ar). Scan rate: 50 mV/s.

e [1.9; Archiv/lindner/Bromobenzene pSi/20130514, p-Si, Electrolyte: 0.1 M HySOy4
+ 1.8 mM HF, purged with Ar. Scan rate: 50 mV/s, 100 mV /s during grafting
(violet dashed).

. 20180208 left: 1 2 right: 3 4 , nSi, Electrolyte: 0.5 M HySO,, purged in
Ar. Scan rate: 100 mV/s, left: double graft with 0.4 mM 3apy + NaNO,, right:
double graft with 0.2 mM 3apy + NaNO,

o [4.12]4.13: 20140319, nSi, Electrolyte: 0.5 M HySO4, 1.8 mM HF, 1 mM 3-
aminopyridine, ImM NaNO,, purged in Ar. Scan rate: 50 mV /s

° 20160216, nSi, Electrolyte: 0.5 M H,SO4, 1.8 mM HF, 3-diazopyridine
tetrafluoridoborate, purged in Ar. Scan rate: 50 mV/s.

° 20140319, paper [134]
. 20140319, paper [134]

. 20140319, paper [134]

° XPS/20170313, inset: 20170313, nSi, Electrolyte: 0.5 M HySOy, purged with
Ar. Scan rate: 10 mV/s.

. 20140304, nSi, Electrolyte: 0.5 M HySO,4 and 1.8 mM HF, purged with Ar.
Scan rate: 100 mV/s

o 20160216, nSi, Electrolyte: 0.5 M H5SOy, purged with Ar. Scan rate: 100
mV/s

e [5.3] left: 20160822, nSi, Electrolyte: 0.5 M HySOy, purged with Ar. Scan rate:
50 mV/s ; right: 20150825, nSi, Electrolyte: 0.5 M HySO,, purged with Ar. Scan
rate: 100 mV/s.

e [5.4) Archiv/lindner/130710/Probe 1, nSi, Electrolyte: 0.5 M HySOy, purged with
Ar. Scan rate: 50 mV/s
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. 20140304, nSi, Electrolyte: 0.5 M HySOy, purged with Ar. Scan rate: 50
mV/s

. 20140425, nSi, Electrolyte: 0.1 M HySO4, purged with Ar. Scan rate: 100
mV/s.

o 20180622, sample from 20180420, nSi, Electrolyte: 0.5 M H5SOy, purged with
Ar. Scan rate: 50 mV/s

. m 20180520, nSi, acidic electrolyte (0.5 M HySOy, purged with Ar, dashed lines)
and neutral electrolyte (0.5 M K3SOy, pH > 6, purged with Ar, solid lines). Scan
rate: 50 mV/s

. 20170607, nSi, Electrolyte: 0.1 M H,SOy, purged with Ar. Scan rate: 10
mV/s

e [6.3] 20170320, nSi, Electrolyte: 0.1 M HySOy, purged with Ar.

. 20180520, nSi, Electrolyte: 0.5 M K,SOy4; pH: 5.31 (H-termination) and 5.81
(3-pyridine-termination); purged with Ar.

o 20180409, nSi, Electrolyte: 0.5 M H,SOy, purged with Ar. Scan rate: 50
mV /s

. 20170607, nSi, Electrolyte: 0.1 M H2SOy, purged with Ar.

o 20180520, nSi, Electrolyte: 0.5 M K3SOy4, purged with Ar, pH 5.31 (H-term.),
pH 5.81 (3py-term.)

e [6.3] values from 20170407

o [7.1][7.2][7.3, 20180622, nSi, Electrolyte: 0.5 M HCI, purged with Ar or CO,. Scan
rate: 50 mV/s.

o [7A[7TH7.6[7.7 nSi, H-term. 20180430, 3py-term. 20180504, Electrolyte: 0.5 M
KCl, purged with CO,. pH before electrolysis: 4.97 (H-terminated, red), 5.07
(3-pyridine-terminated, blue)

. nSi, 20180609, 3py sample from 20180607, Electrolyte: 0.5 M KCI, purged
with COs. pH before electrolysis: 4.99 (H-terminated, red), 4.8 (3-pyridine-
terminated, blue).

e [6.19 thesis/pyridin_ cap4_ ctot.txt ; export from Mathematica work book the-
sis/pyridin_ cap4.nb
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