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Abstract

In the first part of the thesis, the development of a method of preparation of ligand-free copper
(CuNS), gold (AuNS), and bimetallic nanostructures (NS) was described. NS were obtained by
localized electrorefining of polycrystalline metal wires from the microelectrodes on indium tin
oxide (ITO) and glassy carbon (GC) supports, using scanning electrochemical microscopy
(SECM). The morphology of the obtained NS and thus their catalytic properties were adjusted
by the electrorefining parameters, e.g. the potential of electrodeposition, translation rate of the
microelectrode and composition of the electrolyte. A number of various NS prepared on a single
support were studied for their catalytic activity toward oxygen reduction reaction (ORR) in
alkaline media and carbon dioxide reduction reaction (CO2RR) by SECM feedback mode. Their
electrocatalytic activity toward the afore-mentioned reactions depends on electrorefining

conditions.

In the second part preparation of syringaldazine (Syr) modified carbon nanoelectrode for
local pH imaging was described. pH was determined from the mid-peak potential of a cyclic
voltammogram of an adsorbed Syr. Voltammetric pH nanosensor exhibited a stable quasi-
reversible voltammetric response within the pH range of 2 — 12 with fast response and high spatial
resolution. It was successfully applied for mapping of local alkalization of buffered electrolyte in

the vicinity of a Pt microelectrode during ORR.



Streszczenie

W pierwszej czeSci pracy przedstawiona zostala metoda otrzymywania czystych
(nie pokrytych grupami funkcyjnymi), miedzianych, zlotych oraz mieszanych nanostruktur
metalicznych (NS). NS otrzymano za pomocg miejscowej elektrorafinacji poprzez kontrolowane
roztwarzanie polikrystalicznych drutow odpowiednich mikroelektrod. Nanostruktury osadzane
byly miejscowo na elektrodzie ITO (tlenku indu domieszkowanego tlenkiem cyny)
lub na elektrodzie z wegla szklistego (GC), przy uzyciu skaningowej mikroskopii
elektrochemicznej (SECM). Morfologi¢ otrzymanych NS (ksztatt i wielko$¢), a tym samym
ich wlasciwosci  Kkatalityczne, dostosowywano zmieniajgc parametry elektrorafinacji,
np. potencjat elektroosadzania, szybkos$¢ przesuwu mikroelektrody lub sktad elektrolitu.
Wiasciwosci katalityczne NS osadzonych na tym samym podtozu, podczas réznych warunkow
elektroosadzania, badano wzgledem reakcji redukcji tlenu (ORR) w $srodowisku alkalicznym
i reakcji redukcji dwutlenku wegla (CO2RR), uzywajac trybu sprzezenia zwrotnego SECM.
Aktywnos$¢ NS wzgledem wymienionych reakcji katalitycznych zalezata od warunkéw w jakich

prowadzone byto ich elektroosadzanie.

W drugiej czesci opisano otrzymanie nanoczujnika do lokalnego obrazowania zmian pH.
Czujnik ten uzyskano przy uzyciu nanoelektrod weglowych zmodyfikowanych syryngaldazyna
(Syr). Warto$¢ lokalnego pH =zostala wyznaczona poprzez pomiar potencjatu redoks
zaadsorbowanej Syr. Sensor wykazywat stabilng kwazi-odwracalng odpowiedZz w zakresie
pH od 2 do 12. Cechowat si¢ szybkim czasem odpowiedzi i wysoka rozdzielczoscig przestrzenna.
Zastosowano go do wykonania mapy lokalnych zmian pH w roztworze buforowym,
przy powierzchni mikroelektrody platynowej, podczas prowadzenia na niej reakcji redukcji

tlenu.



Abbreviations

Abbreviation Meaning

[Bmim][NTf2] 1-butyl-3-methylimidazolium bis (trifluoromethylsulfonyl) imide

3D three-dimensional

AC alternating current

AC-SECM alternating current SECM mode

AFC alkaline fuel cell

AFM atomic force microscopy

AUNS gold nanostructures

AuUME gold microelectrode

CHE computational hydrogen electrode

CNE carbon nanoelectrode

CNTs carbon nanotubes

COzRR carbon dioxide reduction reaction

CuNS copper nanostructures

CuUME copper microelectrode

Ccv cyclic voltammetry

DC direct current

DCE direct current electrodeposition

DCE 1,2-dichloroethane

DFT density functional theory

DPA 9,10-diphenylanthracene

EC-AFM electrochemical atomic force microscopy
ECL electrochemiluminescence

EC-SPMs electrochemical scanning probe microscopies
EC-STM electrochemical scanning tunneling microscopy
EDX energy dispersive X-ray spectroscopy

EMF (AV) electric potential difference (formerly called electromotive force)
Emp midpeak potential

Ep peak potential

FB feedback SECM mode

FDM ferrocendimethanol

GC glassy carbon plate electrode

HER hydrogen evolution reaction

i.d. inner diameter

ICEs internal combustion engines

ISME ion selective microelectrode

ITET lon transfer/electron transfer SECM mode
ITO indium tin oxide electrode

IUPAC International Union of Pure and Applied Chemistry
LIA lock-in amplifier

MOFs metal organic frameworks

NCNTSs nitrogen-doped carbon nanotubes
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non-PGM
NPs

NS

o.d.

oC

OCP
ORR
PANI
PAQ
PBS

PCE
PEMFC
PtUME
QRCE
RC

SCE
SECCM
SECM
SECPM
SEM
SF-SECM
SG/TC
SHE
SICM
SI-SECM
SPM
SPR
STM

Syr
TG/SC
UME
UPD
VA-NCNTSs

non-platinum group metal

nanoparticles

nanostructures

outer diameter

open circuit

open circuit potential

oxygen reduction reaction

polyaniline

9,10-phenanthraquinone

phosphate buffered saline

pulse current electrodeposition

proton exchange membrane fuel cells

platinum microelectrode

quasi-reference counter electrode

redox competition SECM mode

saturated calomel electrode

scanning electrochemical cell microscopy
scanning electrochemical microscopy

scanning electrochemical potential microscopy
scanning electron microscope

shearforce SECM mode

substrate generation/tip collection SECM mode
standard hydrogen electrode

scanning ion conductance microscopy
Surface-interrogation SECM mode

scanning probe microscopies

surface plasmon resonance

scanning tunneling microscopy
4-Hydroxy-3,5-dimethoxybenzaldehyde azine (syringaldazine)
tip generation/substrate collection SECM mode
ultramicroelectrode (microelectrode)
underpotential deposition

vertically aligned nitrogen-containing carbon nanotubes
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1. Introduction and research goals

Electricity (electrical power) is generated by the conversion of primary energy sources like fossil
fuels, nuclear, wind or solar. It is an essential element of everyday life and economic vitality. In
some places, e.g. in European Union, fossil fuels are still the major power source.! Reaching the
carbon balance in the environment is currently one of the most extensively investigated topics.
Electricity generated from low efficient internal combustion engines (ICEs) is gradually replaced
by the one obtained in proton exchange membrane fuel cells (PEMFC) or alkaline fuel cells
(AFCs), where direct conversion of chemical energy into electricity occurs.??

Many researches are focused on innovations in electricity generation, energy storage, and
exploitation of renewable energy sources. Oxygen reduction reaction (ORR) in alkaline media is
a well-known reaction which is important in the conversion of the chemical energy to electricity.
ORR is well-catalyzed by an expensive Pt catalyst.* Finding an inexpensive and efficient catalyst
for ORR is challenging. Researches are also focused on carbon dioxide reduction reaction
(CO2RR) which suggests a new approach to the topic of energy storage and reduction of this
greenhouse gas in the atmosphere. However, the mechanism of CO2RR is very complicated, and

still not well understood.®

Crucial parameter influencing the product selectivity and thus the reaction pathway during
catalytic reactions is the pH of the solution.® pH determination in micro- and nanoscale, and its
control, are indispensable for maintaining desired process conditions. It is a challenge to develop
a fast, sensitive and reliable sensor to detect small pH changes. Carbon-based voltammetric
sensors seem to be the best candidates for these applications since they are biocompatible,

conductive, appropriate for surface modification and suitable for experiments in nanoscale.”®

The main goal of the presented thesis is to develop a procedure of obtaining a new
nanomaterials with high electrocatalytic activity toward ORR in alkaline media and CO2RR. This
methodology should allow to obtain nanomaterials in an environment-friendly and efficient way.
Their morphology and catalytic properties should be easily adjusted. It is important to understand
the mechanisms of how the procedure conditions influences the structure of obtained
nanomaterials. The second goal is to develop a tool allowing to indicate which features of
nanomaterials are responsible for their catalytic properties. Many electrocatalytic processes
driven on the nanomaterials in aqueous solutions cause local changes in the acidity of the solution,
near the surface of the catalyst. There is a current interest to investigate how much local pH can
change even in buffered electrolytes. This requires development of a sensor able to detect low

pH variations at nanometric spatial resolution.
11



Literature review

2. Oxygen reduction reaction

2.1. Introduction

Internal combustion engines (ICEs) have harmful impact on the environment, as they have low
efficiency (15%) and emit dangerous pollutants like CO.. Essential innovations in electricity
generation and alternative methods for fueling transportation, as well as exploitation of renewable
energy sources such as solar, wind, and hydroelectric power are necessary. Proton exchange
membrane fuel cells (PEMFC) involve electrochemical oxidation of fuel (e.g. hydrogen) and
show off much higher energy efficiencies (50-60%) than ICEs, with low operating temperature,

quick starting, and a compact construction.?%2

Despite the problems with the hydrogen production, fuel station infrastructure and their
high cost, PEMFC are already commercialized.* One of the most expensive component of the
PEMEFC production cost is the price of the catalyst — platinum, which catalyzes both anodic and
cathodic reactions. On the anode, platinum catalyzes oxidation of Hz into protons. This process
needs relatively low overpotential and low loadings of platinum.* However, on the cathode, a
much larger amount of catalyst is required, since platinum catalyzes the slow process of oxygen
reduction reaction (ORR). Also, platinum natural resources are not rich enough to maintain the
global mass production of fuel cell cars without its cost-effective recycling methods.'® A lot of
researches toward finding an alternative catalyst were performed, but the cost of PEMFC still
remains a main barrier in exploitation for transport and powering of stationary or portable

devices.?>1®

Recent advances in polymer anion exchange membranes have led to increasing studies of
alkaline fuel cells (AFCs).2 AFCs have a lot of advantages in comparison to traditional PEMFCs.
They requires lower overpotentials to ORR in the alkaline media and, instead of Pt, they use
transition metals that are cheaper and more easily accessible,'® e.g. palladium as an anode
catalyst!” and silver as the cathode catalyst.!® Silver is also a promising replacement for platinum
because it has similar mechanisms and kinetics for ORR catalysis.'® Even though low anodic
overpotentials facilitate alcohol oxidation in alkaline media, the slow kinetics of the ORR remains

a significant challenge.

12



2.2. ORR mechanism

In the ORR, molecular oxygen can be electrochemically reduced to stable products by two or
four electrons pathways. Products depend on the catalyst, electrode potential, temperature,
electrolyte composition and other physiochemical parameters. The mechanism of ORR strongly

depends on the pH of the solution.

In acidic media, [E° vs. standard hydrogen electrode (SHE)]:

0, + 4(H* + ™) 2 2H,0 E®=1.229V (Eq.2.1)
0, 4+ 2(H* 4+ e”) 2 H,0, E® =0.695V (Eq.2.2)
H,0, + 2(H* + ™) 2 2H,0 E®=1.763V (Eq.2.3)

In alkaline and neutral media, (E° vs. SHE):

0, + 2H,0 + 4e~ 2 40H™ E®=0.401V (Eq.2.4)
0, + H,0 + 2e” 2HO; + OH~ E®=—0.065V (Eq.2.5)
HO; + H,0 + 2e~ 2 30H" E®=0.867V (Eq.2.6)

In acid solutions, ORR occurs by direct four electron-proton reaction or by consecutive
two-electron-proton steps. In the first case O yields directly to H>O formation, in the second one
- to H202 and then H20. In alkaline media, the four-electron direct reduction results in the
formation of four equivalents of hydroxide, while the two-electron reduced product is one
equivalent of hydroxide and one hydroperoxyl anion. The hydroperoxyl anion can then be further
reduced by two electrons to three hydroxide ions.#10:11.20.21

ORR

dissociation

- Oads + Oads

ads

|:»0H + O™ associative
peroxo

ads

\." .
>0 OH™ = HOOH™ =—> OH™ + OH ==H0"+H0"“  mechanism

ds

Fig. 2.1. Proposed ORR mechnisms.?
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The proposed ORR mechanisms can be unified in a single scheme (Figure 2.1). The ORR
proceeds through a dissociation mechanism when the O-O bond of oxygen breaks directly upon
adsorption and the formed Oags is reduced successively to OHags and to H2Oags. The associative
mechanism of the ORR involves the formation of OOHags, which breaks into Oags and OHags.
Moreover, the ORR can proceed through the peroxo mechanism when two electron-transfer steps

lead successively to OOHags and to HOOHags, and then breaks into OHags.??

Density functional theory (DFT) was used to calculate the adsorption energies on metallic
surfaces and indicated that the binding energy between oxygen intermediates and the catalyst
surface is correlated with the catalytic efficiency for ORR. In accordance to the Sabatier principle,
a reactant must bind to the catalyst surface in an appropriate manner: strong enough, to make the
reaction happen and weak enough to dissociate and therefore to protect the catalyst from
poisoning by the intermediates or the reactants.?® To find the optimal oxygen binding energy
(AEo) for an ORR catalyst one can compare catalytic activity to AEo, and based on theoretical
calculations and experimental data create a “volcano plot” graph showing these correlations

(Figure 2.2).420:24.25

0.0

0.5

1.0p

Activity

15

2.0

-2.5

AEQ (eV)
Fig. 2.2. Volcano plot showing relationship between oxygen binding energy and catalytic activity toward ORR

calculated using Sabatier Analysis.*

As it is seen in the Figure 2.2, Pt catalysts lies in the most optimal position, closest to the
potential activity maximum. However, it is not occupying the most optimal position (peak of the
volcano plot), so there is still a room for the improvement in design more efficient ORR

catalysts.?%1!
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Fig. 2.3. (a) Free enthalpy diagram for the four-electron associative ORR on Pt(111)? and (b) two-electron ORR
on PtHgs.?” The free energy diagram is shown at three different potentials: 0 V (blue lines), the corresponding

equilibrium potential (green lines), and the limiting potential (black lines). The blue-green arrows indicate the effect
of the potential based on the CHE model.#*!

Pt(111) is the best example of catalytic surface to understand ORR mechanism in
comparison to the theoretical work, because of large volume of available experimental data.?
Figure 2.3 shows DFT calculated diagram for the a) four- and b) two-electron ORR mechanism,
using computational hydrogen electrode (CHE) model.* In CHE model, the free energy of asingle
proton-electron pair is defined as —eU relative to H in the gas phase at standard conditions, where
U is the electrode potential with respect to the reversible hydrogen electrode (RHE). When the
energies of adsorbate solvation (AEw),?° electric field effect (AEfieid),® zero-point energy
(AZPE),* and entropic correlations (-TAS)* are added to a DFT calculated binding energy (AEee),

one can calculate the adsorption free energies of a reaction intermediate (with n proton-electron
pairs) as a function of the potential, by the equation 2.7:!

AG = AEgy, + AE,, + AEf;,q + AZPE — TAS — nelU (Eq. 2.7)

The dissociative process of ORR is not important for the Pt(111) surface,* therefore figure 2.3-a
describes only the associative pathway of the studied reaction.

As it is shown in figure 2.3-a, at the potential U = 0.0 V, the reaction is facile, because all
the reaction steps are downhill. At the equilibrium potential (U = 1.23 V), in accordance with the
equation 2.7, the adsorption energies are shifted by —neU, by the number of H* + e pairs
corresponding to each intermediate. Consequently the reduction step of *OH to H20 is uphill in
energy, which means that the surface of the catalyst is covered by these species blocking further

O adsorption. U = 0.8 V is the maximum potential, where all of the reaction steps are downhill

15



in free energy (it is called limiting potential, UL), what is in agreement with observed maximum
potential for large ORR current densities.3! One can calculate the theoretical overpotential (theo)
for Pt(111), which is a difference between the equilibrium potential U = 1.23 V and the limiting
potential UL = 0.8V. It is equal Mtheo = 1.2-0.8 V = 0.4 V. Figure 2.3-b shows two-electron ORR,
which leads to undesirable product in fuel cells — H2O.. In this reaction only one intermediate
occurs (*OOH). Similar CHE analysis can be used to see the thermodynamic behavior of this
reaction. Again, at the U = 0.0 V the reaction is facile, but at the equilibrium potential, U = 0.7
V, formation of the intermediate is slightly uphill. In this case the neo =~ 0.70-0.63 V = 0.07 V.11

Two- and four electron ORR processes were widely studied in details. However, SECM
experiments show desorption of a very active reductive intermediate, *OH radicals, when O is
reduced at a Pt electrode in aqueous solution. These observations demonstrated that ORR cannot
be longer described as a simple competition between two reaction pathways: 2-electron from O>
to H>O, and 4-electron, from O, to H2O. These studies show that ORR at Pt surface leads to
another, 3-electron pathway, from O to *OH radical, besides the formation of water. *OH radical
can be produced in two ways: by 3-electron reduction reaction of molecular oxygen (equation
2.8)

0, + 2H* + 3e™ » HO* + OH~ (Eq. 2.8)
or by 1-electron reduction of H202 (equation 2.9):

H,0, + e~ — HO* + OH"™ (Eq. 2.9)

2.3. Platinum and non-platinum ORR catalysts.

The weakening of the binding energy of the intermediates in ORR (*OH, *O, and *OOH) can
move Pt(111) catalyst closer to the top of the thermodynamic volcano. The major difficulty in
this area of research is that the newly designed catalysts have to fulfill the Sabatier principle.
Various investigations are focused on changing the structure of Pt, e.g. alloying it with another
metals, or on replacing it with non-platinum group metal (non-PGM) materials with similar
catalytic activity.!®* Within platinum-based materials the highest catalytic activity can be
obtained by using nanoscale Pt catalysts with high surface-to-volume ratio, with controlled size,
morphology, composition and architecture, or by alloying Pt with other metals. The origin of
catalytic activity toward ORR of non-PGM catalysts is still not well understood, however, non-
PGM catalysts based on carbon (graphene, carbon nanotubes (CNTSs)), and metal organic
frameworks (MOFs), are widely studied because of their promising properties.®® In bi- or

multimetallic platinum alloys with transition metals, the interactions between two metals change
16



the electronic properties of the material, results in higher catalytic activity. Furthermore, alloying

of Pt with other metals reduces the quantity of this expensive material.343°

Pt,Co

Pt poly

Specific activity: i, at 0.9 V (mAcm2,)
w

T I T | T | T I T | T

Activity enhancement (versus Pt poly)

-3.4 -3.0 -2.6
d-band centre (eV)

Fig. 2.4. Relationships between experimentally measured specific activity for the ORR on PtsM surfaces in
0.1 M HCIO, at 333 K vs. the d-band center position.®

In 1995 Mukerjee et al. observed®’ the relationship between electronic (d-band vacancies
per atom) and geometric (Pt—Pt bond distances) factors in Pt alloys and their effect on the
chemisorption of OH species from the electrolyte, that enhance the catalytic activity of these
catalysts. Figure 2.4 shows a series of different Pt alloys and a volcano-type correlation between
their specific activity towards ORR and the d-band center position vs. metallic Fermi level . The
adsorption energies of the intermediates, the surface coverage by other oxygenated species and
the specifically adsorbed anions on the surface of the catalyst should stay in balance to achieve
the maximum catalytic activity toward ORR. It is clearly visible that the best catalyst should bind
oxygen weaker than Ptpoy and stronger than Pt3V and PtsTi. In the case of Ptpoly, the activity of
ORR s restricted by the rate of removing surface oxides and anions from the surface. On the
PtsV and PtsTi catalysts, the oxygen binds too weakly, thus the activity is slowed down by the
rate of transferring electron and proton to adsorbed O». Clearly, alloying Pt with Ni, Co, and Fe
is the most effective. Furthermore, alloying Pt in the form of nanoparticles (NPs) with these three

3d transition metals improved ORR activity even more than any other approaches.®*

Platinum can be also alloyed with other noble metals, as they are known to be resistant to
oxidation and robust in acidic environments. They also improve stability of Pt in PEMFC because
they prevent the Ostwald ripening of platinum.3® A number of researches show the enhancement
of activity of Pt-noble metal alloys in comparison to pure Pt catalyst, e.g. Pt/Au nanodendrites,*
Pt/Au nanoparticles,*° IrRe nanoparticles covered by Pt monolayer,*! or IrNi alloy core coated at

first by a monolayer of iridium and then by a monolayer of platinum.%42

Apart from lowering platinum loading in PEMFC, researchers are also focused on the
substitution of Pt with other metal catalysts;-Palladium,*® iridium,* ruthenium,* silver,*® and
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copper*’ based ORR catalysts have been widely investigated, however, the mechanism of ORR
at these materials is not precisely established. Theoretical calculations and experimental results
have shown that Pd exhibits relatively high ORR activity in comparison to other catalysts,
stability and availability, with a low cost of the material.3**® It was demonstrated*® that Pd
nanoparticles exhibit lover catalytic activity toward ORR as compared to Pt. Modification of the
atomic structure of Pd-based catalysts, e.g. by addition of foreign metals, improves its
efficiency.*®>° A very promising results show studies of catalysts based on Fe and Co, however,
their exact nature and their actual active structure remains unknown.*>? Cu-based catalysts were
studied in acidic and alkaline media.?4"% Pyrolyzed MOFs materials can also act as efficient
catalysts for ORR, because of the large number of their active centers. It was reported that the
Co/Zn Methyl-Imidazolate Frameworks exhibit better catalytic activity in O saturated
0.1 M HCIO4 solution, at 25°C, than a commercially available Pt/C catalyst.>

There is also a wide range of metal-free catalysts for ORR, mainly dominated by carbon-
based materials. Vertically aligned nitrogen-containing carbon nanotubes (VA-NCNTS) can act
as an example of an efficient, metal-free catalyst that is free from CO poisoning.>® Doping
graphene with nitrogen also results in enhanced catalytic properties toward ORR for large
overpotentials (Figure 2.5). It was reported that at 0.6 V vs. RHE, in air saturated 0.1 M KOH,
N-doped-graphene shows improved electrocatalytic activity versus commercial catalyst —
Pt/C.1%% Higher activity of nitrogen-doped carbon nanotubes (NCNTS), with inner diameters of
20-50 nm and outer diameters of 70-200 nm, heated at 800°C, in O saturated 1 M NaOH in

comparison to commercially available Pt/C catalysts was also reported.®’
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Fig. 2.5. a) Low-magnification TEM image showing a few layers of the CVD-grown N-graphene film on a grid.®

b) Linear sweep voltammogram comparing Pt/C and N-Graphene.®

18



2.4 Summary

Finding an inexpensive and active catalyst for ORR is still challenging. Researchers need to find
a balance between the amount of platinum loading and activity: catalysts containing Pt are the
most active but also the most expensive, whereas Pt-free catalyst are much cheaper, however they
show lower activity. There are four main research paths that should be developed by ORR
catalysts researchers. The first one involves studies about activity optimization of pure Pt
catalysts, second focuses on alloying Pt with other metals to increase the catalytic activity with
decreased Pt content. Third one involves research on nonprecious metallic catalysts and fourth is
development of metal-free catalysts. A numerous theoretical studies have to be done to suggest
an efficient, low-cost ORR catalyst. Researchers have to consider the thermodynamic description
of ORR, investigate the mechanism on Pt-based and Pt-free catalysts in alkaline and acidic media

and focus on discovering new materials via computational strategies.'%!
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3. Carbon dioxide reduction reaction

3.1. Introduction

There are two main sources of carbon dioxide (CO2) in the atmosphere: natural and
anthropogenic. The majority of CO: is released into the atmosphere by its natural sources: oceans,
animals and plants respiration, decomposition of organic matter, forest fires, emissions from
volcanic eruptions and naturally occurring CO- deposits found in rock layers in the Earth’s crust.
To anthropogenic CO2 sources (Figure 3.1) one can count transportation, industry, chemical and
petroleum production and agricultural practices. Many of these source types burn fossil fuels

(coal, oil and natural gas) which are the leading cause of CO, emissions.*®
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Fig. 3.1. CO; stationary source emissions by category.>®

During the last 400 000 years, the level of the concentration of CO> in the atmosphere

correlates with glacial/interglacial cycles (Figure 3.2).
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Fig. 3.2. CO; concentrations over the last 400,000 years.>°

Since the Industrial Revolution in 1900 the amount of CO> in the atmosphere increased

from approximately 250 ppm to almost 400 ppm (Figure 3.2).%° This rise of atmospheric CO2
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concentration (approximately 2.1 ppm per year) over the past decade is caused by anthropogenic
emissions arising from fossil fuel burning, deforestation and cement production.®°-52 Fossil fuels
are still a major power sources in European Union (Figure 3.3). However, they are gradually
replaced by renewable power sources such as solar and wind. Between 2000 and 2018 the amount
of electricity generated by coal dropped in all member states except the Netherlands, and

renewable energy sources increased their share everywhere except in Latvia.

Reaching a carbon balance in the environment is currently one of the extensively
investigated topics. A lot of research is focused on the production of synthetic fuels and on the
generation of renewable carbon feed stock to temporary storage of electricity produced by
renewable energy sources. The electrochemical carbon dioxide reduction reaction (CO2RR) to

hydrocarbons has become a crucial method in utilizing CO..

2000 2018

100% - ‘—f“
|

Poland

B coal W other fossil fuels nuclear

B renewables

Fig. 3.3. Power generation by source (2000-2018).

3.2. CO2RR mechanism

The main difficulties with CO2RR process are high overpotential, poor product selectivity
and poor Faradaic efficiency. The first two phenomena occur because of an inappropriate
adsorption energies of a key reaction intermediates. Low Faradaic efficiency is the result of a
competitive hydrogen evolution reaction (HER) which occurs in the same range of potentials as
CO:- reduction. Because of these impacts a selective, cheap and stable catalyst is essential to

reduce CO; at low overpotential and with improved efficiency.>6:6364

The electrochemical CO2RR is a multiple proton—electron transfer reaction

(Equation 3.1), which leads to a wide variety of other products. Because of the different numbers
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of electrons transferred during the process, one can obtain products ranging from CO and
HCOOH (2e transferred) to CH3sCH.CH,OH (18 e transferred). The most typical products in
aqueous media, the stochiometric coefficients k, n, and m and the equilibrium potentials are

shown in Table 3.1.5%
kCO, + n(H* + e™) 2 products + m H,0 (Eq. 3.1)

Table 3.1. Main Products of the Electrochemical Reduction of CO; in aqueous media.?

Product name and formula k n m E° (V versus RHE)
carbon monoxide, CO 1 2 1 -0.10
-0.20 (for pH <4);
formic acid, HCOOH 1 2 0
-0.20 + 0.059[pH-4] (for pH >4)

formaldehyde, HCHO 1 4 1 -0.07
methanol, CHsOH 1 6 1 0.02
methane, CHa 1 8 2 0.17
ethanol, CH3CH.OH 2 12 3 0.09
ethylene, CoHs 2 12 4 0.08

Suggesting an exact mechanism for the CO2RR is challenging. The empirical Butler—
Volmer theory and the molecular—level Marcus theory are focused on the role of the electrode
potential and the solvent during electrochemical reaction, not on the role of the metal catalyst.
Understanding the interaction between catalyst and reaction intermediates is crucial for finding
the mechanisms of the CO,RR. The Sabatier principle® says that the best catalyst binds the key
reaction intermediates in an optimal fashion — neither too weakly nor too strongly. When the
binding of the intermediate is too strong, the catalyst will become poisoned. In an opposite case,
when the bond is too weak, the catalyst is unable to activate the reactant and the commencement
of the reaction is prohibited.>®’

According to the thermodynamic theory of multiple proton—electron transfer, when only
two electrons (n = 2 in equation 3.1) are transferred during reaction, the catalysis is called
“reversible” because the catalyst accelerate the corresponding reactions in both directions
(reduction and oxidation), with negligible overpotentials. In agreement with the Marcus theory

simultaneous transfer of two electrons requires an activation energy which is four times larger
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than that of a single electron-transfer. Thus, energetically more favorable is to store charge in
intermediate species. For such reactions usually only a single intermediate occurs, so the
detection and identification of it is simpler and the mechanism of the reaction is easier to discover.
When more than two electrons and protons are involved in the redox reactions, more than one

catalytic intermediate exists, what causes the irreversibility.>%®

3.3. The role of the catalysts

The electrochemical conversion of CO> into useful products is one of the most sustainable ways
of utilizing COx. It occurs under ambient conditions, neutral pH and is catalyzed by non-noble

metals, e.g. by copper.

Figure 3.4-a shows volcano-shaped activity trend for CO2RR vs. CO binding strength, in
the case of methane and methanol production. It indicates, that Au has the highest current density
for CO2RR thus represents the peak of the plot with activity decreasing for metals on either side.
DFT suggests that metals such as Ag and Zn exhibit lower CO binding energy and lower activity
because of the slower activation of CO2, which is the first step in the CO2RR sequence. Contrary,
metals such as Cu, Ni, Pt, and Fe bind CO more tightly and activation of CO: is limited by the
slow CO desorption or further reaction of CO to other products, because of the strong surface—CO
bond. Thus, Au has a CO binding energy closer to the ideal value than any of the other
investigated metals. However, the major product of CO2RR on Au is CO. Figure 3.4-b shows that
Cu, which is located on the strong-binding side of Au, exhibits greater selectivity toward
methane/methanol — more reduced products. It means that to obtain products with greater than

two electrons transferred, the surface of the catalyst have to bind CO stronger than Au.%°
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Fig. 3.4. a) Volcano plot of current density for CO.RR at —0.8 V vs. CO binding strength. b) Three distinct onset
potentials plotted vs. CO binding energy: the overall CO2RR, and methane or methanol. Dashed lines are to guide
the eye. A vertical line labeled CO*|CO(g) is included to indicate the thermodynamics of chemical CO
adsorption/desorption. Metal surfaces that favor CO in an adsorbed state, CO*, are located to the left of the line

while those that favor CO desorption, CO(g), are located to the right.®®
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Figure 3.5-a shows DFT calculated volcano-shaped activity trend for CO2RR vs. *COOH
binding energy, in the case of CO production. Figure 3.5-b shows DFT calculated volcano-shaped
activity trend for CO2RR vs. *OCHO binding energy, in the case of HCOO™ production.
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Fig. 3.5. a) Volcano plot using *COOH binding energy as a descriptor for CO partial current density at —0.9 V
vs. RHE. b) Volcano plot using *OCHO binding energy as a descriptor for HCOO™ partial current density at —0.9 V
vs. RHE.™

Volcano plot in figure 3.5-a suggests that Au has a near-optimal binding energy of the
key intermediate *COOH to produce CO. Sn and Ag appear on the weak-binding leg of the
volcano due to its weak interaction with *COOH. Pt, Zn, and Cu are placed on the strong-binding
side what means that *COOH binds too strongly to their surface. Figure 3.5-b shows that Sn is
near the top of this volcano and has a near-optimal binding energy of the key intermediate
*OCHO to produce HCOO™. Au, Ag, Pt, and Cu are on the weak-binding side of the volcano, so
*OCHO may not interact strongly enough with their surface. Ni and Zn are on the strong-binding
leg of the volcano indicating that *OCHO binds too strongly to the surface for further reduction
to formate. For the metals with activity far from maximum the peaks in figures 3.4 and 3.5
(e.g. Pt, Ni) the major product obtained at —0.9 V vs. RHE is H,. Both Pt and Ni have a very
strong binding behavior for *COOH and *CO what means that CO may poison the metal surface
and limits the amount of CO produced on these electrodes. For Au and Ag (metals that are not
near the peak of the *OCHO volcano but near the peak of the *COOH, Figure 3.5) the major
product obtained at —0.9 V vs. RHE is CO, with only a small amount of HCOO™ detected. This
suggests that, although the *COOH binding energies for most of the metals in this study are
weaker in comparison to *OCHO, kinetic limitations that are not captured in the electronic energy

calculations might play a nontrivial role in determining selectivity for these metals.”

In 1985 Hori et al. demonstrated that copper has the unique ability to electrochemically

reduce CO, with good Faradaic efficiencies in comparison to other metals.”* Nowadays copper
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is well known catalyst®’>"* for selective production of formate, CO, and hydrocarbons at
relatively low overpotentials and with improved efficiencies.” Unfortunately, an unambiguous
mechanism and all factors that influence the catalytic activity and selectivity of Cu electrodes for
CO2RR are not fully understood.’”® Recently Garza et al. verified a hypothesis of crucial role of
subsurface oxygen for adsorption and electrochemical reduction of CO2 on copper. Using DFT,
they found that surface oxygen is unnecessary for CO2 adsorption on Cu.”” As it is shown in
figure 3.6, proposing a mechanism for the CO2RR on copper is challenging because of variety of
major, intermediate, and minor products that are formed. Not only methane and ethylene are
obtained but also a broad mixture of aldehydes, ketones, carboxylic acids, and alcohols. The

origin of these products stays largely unclear, however, they occur in traces detectable with NMR

5,78
spectroscopy.”
sod N v i v i Major Products 10 ] Intermediate 08 Minor Products
Products . 1
z —s— Hydrogen z s ]l < —¢— Methanol
5 %1 —— Methane 5 —-Bd = —e— Glycolaidehyde
2 e Formate g & J e nPopana £ 04 -
‘ﬁ © omal ‘8 ‘E —e— Acetaldehyde
;UE;' ——CO ;u'=:| . 1= Aliyl alcohal ;ui=:| —— Acetate
[=4 [= [= 4
£ ) —+— Ethylene £, 2 02 —e—Ethyiene glyool
o © o —a— Propionaldehyde
04 03— T T y T T 0o T T T T T T 4 —v—Acetone
12 44 -0 09 -08 07 -06 12 11 10 09 08 07 06 A2 41 10 09 08 07 06__
: X X . ) 1 Hycdroxyacetone
Vvs. RHE Vvs. RHE Vvs. RHE

Fig. 3.6. Current efficiencies of the products of CO, reduction on Cu electrodes in 0.1 M KHCO; (pH = 6.8)

as a function of potential for: a)major, b) intermediate, ¢) minor products.™

Figure 3.7 shows possible pathways for the electrochemical production of methane from
CO2 on Cu electrodes based on a thermodynamic analysis (Figure 3.7-a) and combined
thermodynamic and kinetic analysis (Figure 3.7-b). After the initial formation of *CO there is
subsequent hydrogenation to *HCO, *H,CO, and *HsCO (methoxy), and this methoxy
intermediate is reduced to CH4 and *O, which is finally reduced to H>O. These two mechanisms
are identical up to the second proton—electron transfer, that is, until *CO is formed, after which

they form *CHO (Figure 3.7-a) or *COH (Figure 3.7-b).°
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Fig. 3.7. Pathways for the electrochemical production of methane from CO; on Cu electrodes from

a) a thermodynamic analysis and b) a combined thermodynamic and kinetic analysis °
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On transition metals not only carbon monoxide is produced but also formate, methane,
and methanol, however in small amounts.®®’® Proposed reaction pathways for CO2RR on

transition metals and molecular catalysts are shown in figure 3.8.°
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Fig. 3.8. Possible reaction pathways for the electrocatalytic reduction of CO; to products on transition metals and
molecular catalysts: (a) pathways from CO; to CO, CH4, CH30H, and HCOO™; (b) pathways from CO, to ethylene
and ethanol); (c) pathway of CO; insertion into a metal—H bond yielding formate. Potentials are reported versus
RHE, while RDS indicates rate-determining steps and (H* + e7) indicates steps in which either concerted or

separated proton—electron transfer takes place.’

CO2RR also occurs on p-block metals like Sn, In, and Pb. The main products are formic
acid and formate.”®8° They are obtained with high selectivity because these metals acts as a poor

catalysts for the competing HER.®
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Not only bulk metals can act as catalysts for CO2RR but also other structures are obtained
and studied, e.g. nanoparticulate copper electrodes,®! copper mesocrystals covered electrodes,®?
Ag nanoparticles supported on carbon,® and carbon-supported Pd nanoparticles.* For such
electrodes the onset potential of formic acid and CO evolution is reduced and the selectivity
toward hydrocarbons is increased. The catalytic activity and the selectivity are also determined
by the size, geometry and morphology of the metal structure.® It is important to find an optimal
size of the catalyst because Cu nanoparticles of 2 nm and smaller exhibit enhanced catalytic
selectivity towards Hz and CO formation, while the evolution of hydrocarbons is lower than for

polycrystalline Cu catalyst (Figure 3.9).>7
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Fig. 3.9. Particle size dependence of a) the composition of gaseous reaction products (balance is CO) during
catalytic CO; electroreduction over Cu NPs, b) the faradic selectivities of reaction products during the CO;
electroreduction on Cu NPs. Lines are guides to the eye. Conditions: 0.1 M KHCOs, E = —1.1 V/RHE, 25°C. For
a), volume concentrations were normalized using the Cu surface areas. Values for Hz, CH4, and C;H, are scaled by
factors of 0.33, 3, and 5, respectively.”™

There is also a wide range of bimetallic catalysts for the reduction of CO.. Alloying can
be beneficial because some products can only be obtained using alloyed metals as a catalyst.® In
the early works the effect of alloying of Cu with Ni, Sn, Pb, Zn, Cd, and Ag was studied.®® It was
shown that the selectivity towards CO can be changed by the underpotential deposition of adatom
on the electrode surface.®® Nowadays, researchers are still developing new, efficient and stable
alloyed catalysts for CO2RR. They alloyed copper with gold,®” indium,® tin,% and palladium®
to enhance CO production.®® Improved selectivity towards production of formate was achieved
with Sn-Pb,%? Sn-Ag,*® Pd-Pt,°* and Au-Pd® alloys. Catalytic activity and selectivity depends on
the composition of the catalyst, therefore the number of Cu layers that covered Au core in
bimetallic core-shell cubic nanoparticles determined reaction products. 7 — 8 layers of Cu favor
hydrogen and ethylene and formic acid production, while more than 14 atomic Cu layers —

hydrogen and methane.”® Figure 3.10 illustrates examples of monometallic and bimetallic
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catalysts divided into four groups on the basis of which products are favored during CO2RR,
respectively: CO, HCOOH, hydrocarbons and H2.%*
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Fig. 3.10. General relationship between the primary product formed and AHco for metal (black) and mixed-metal
(orange) CO; electrocatalyst films. (4Hco for In, Sn, Ph, Hg are assumed to fall between 0 — 7 kcal mol 1) The
metal catalysts for CO; reduction can be divided into four groups according to their binding energy with CO. Group
I metals are characterized by a weak CO binding energy and favor the production of CO. Group Il metals do not
form M-C bonding, and HCOOH is the main product. The binding energy of group 111 metals is most optimized for
CO; reduction to hydrocarbons. Group IV metals have a strong CO binding energy, that poison the catalyst and
favors hydrogen evolution.®*

Molecular complexes with metal centers were also used as catalysts of electrochemical
CO2RR. In the first studies, nickel and cobalt phthalocyanines deposited on a graphite electrode
were used.®® Later different kinds of metal complexes were employed, such as metal porphyrins,®’
cyclams® and phthalocyanines anchored on carbon nanotubes.®® These complexes catalyze
mainly two electron transfer CO2RR leading to CO and HCOOH.®

Finding efficient, cheap and stable electrocatalyst is still challenging, therefore scientists
are also investigating metal-free materials that reduce CO- to appropriate products. For example,
one of the new approaches was to employ organic catalysts - conductive polymer - polydopamine

on sponge-type carbon felt, that produces Ci species: CO and formate.53

3.4. Influence of the electrolyte

CO2RR mechanism is strongly dependent on the nature of the electrolyte which plays an
important role during the catalysis. The solvent, pH and the presence of some cations and anions
influence the range of products of the reaction by changing its pathway. The afore-mentioned
factors affect the concentration of the reactants (CO. and H"), stabilize reaction intermediates or
inhibit their formation. Therefore not only suitable catalyst but also an appropriate electrolyte,

importantly with optimized pH value, is significant in CO;RR.®
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Fig. 3.11. Reaction scheme showing influence of pH on CO,RR mechanism from ref ® with corrections.

CO:2RR is usually carried out at the pH close to neutral (slightly acidic solution). CO;
forms bicarbonate and carbonate when it is purged through alkaline solutions.® During reaction,
because of the proton consumption, the pH near the electrode surface is expected to be higher
than in the bulk electrolyte.”?> Mathematical calculations show that local pH (at the electrode
surface) during CO2RR can be up to 6 units higher than in the bulk of non-buffered solution. This
parameter is determined by the thickness of the diffusion layer, the current density and the
electrolyte buffer capacity.®’ Thus the mechanism of CO2RR can be influenced by both bulk pH
and buffer concentration. Figure 3.11 shows pH dependent and pH independent reaction
pathways of CO2RR.% In the electrolytes with low buffer capacity (e.g. KCIO4) high pH occurs
locally near the electrode which enhance the selectivity of C, products (ethylene). In buffered
solutions (bicarbonate or phosphate buffer), with local pH close to neutral, formation of CH4 and

CO is favored >"2
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Electrochemical CO2RR is mainly studied in aqueous electrolytes. CO; dissolves poorly
in water (34 mM under 1 bar, at 25°C) what leads to low concentrations of the substrate. However,
one can change the solubility of CO2 by changing composition of the solution. In salted water the
solubility of CO, decreases.'®* In alkaline media more CO; can be dissolved. CO> dissolves in

water forming carbonic acid (H2COs). This reaction is reversible and rapid:

CO2() 2 CO2(aq) (Eq. 3.2)
H20() + CO2(aq) < H2CO3(ag) (Eg. 3.3)
K = [ H20()] Keg = [H2CO03(aq)] / [CO2(aq)] (Eq. 3.4)
K=170x103 (Eq. 3.5)

H2>CO3 reacts with bases present in the solution and is converted to bicarbonate (HCO3) and
carbonate (CO3?) what pulls the equilibrium of equation 3.3 to the right and allows more CO; to

be dissolved.

Besides CO2RR, HER occurs at the same potential range and contributes to the Faradaic
efficiency. These difficulties can be overcome by using solvents with increased CO> solubility
and lower proton concentration. Organic solvents provide wider potential window in comparison
to aqueous solutions, allowing application of higher cathodic overpotentials. CO2 can be then
reduced more selectively because of the suppression or even elimination of HER. By using a
specific electrode materials the potential window of aqueous electrolytes can be increased up to
around 2 V. However, it is still not enough to eliminate the contribution of HER.1%? It results from
the difficulty of breaking of the C-H bonds comparing to O-H bonds between water

molecules.>1%3

The mechanism of CO2RR in nonaqueous solvents has been described in the literature
since the early 1980s.1* The actual path that the reaction follows depends on the material of the
working electrode: Sn, Pb, In, and Hg lead to the formation of oxalate, whereas Pt, Pd, Au, and
Cu to carbon monoxide.’® A broader spectrum of products can be obtained using mixture of
water and nonaqueous solvents. Using water/acetonitrile mixtures one can control proton
availability by adjusting the amount of water. For example, product selectivity for CO:
electroreduction on the Pt catalyst is dependent on the amount of water in the electrolyte. In the
absence of water oxalic acid is formed. Small amounts of water lead to the formation of formic

acid and high content of water favors HER.>1%
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Because of the high CO> solubility, good ionic conductivity and wide potential window,
room temperature ionic liquids (RTILS) have recently gained attention as electrolytes for CO2RR.
The effects of electrode material and type of RTIL on the mechanism of CO.RR were studied by
Compton group. They investigated CO2RR on Au, Ag, Pt and GC microelectrodes in 1-butyl-3-
methylimidazolium bis (trifluoromethylsulfonyl) imide ([Bmim][NTfz]), using cyclic
voltammetry (Chapter 7.1). They observed a diffusion-limited reductive peak current on Ag
electrodes. For Au the peak current density was 6 times smaller, while for Pt and GC electrodes
no appreciable reduction was observed. Moreover, the overpotential required for reduction was
reduced on Ag by ca. 1.5 V as compared with Au. There was a shift in the potential of the
reductive wave upon changing the cation, with the reduction occurring at the most positive
potential in [Bmim][NTf.]. This work has thus demonstrated that there is an inner-sphere, silver-
specific mechanism of CO2RR involving desorption of the cation prior to electron transfer:
CO,+e > CO, 108

Anions and cations present in the electrolyte (traditional or RTIL) have big impact on the
CO2RR. Cations may specifically adsorb on the surface of cathodically polarized electrode,
influencing the potential at the outer Helmholtz plane. They can also deliver water molecules
from their solvation shells to the electrode influencing competitive CO2RR and HER. Moreover,
electrolyte cations may interact with negatively charged reaction intermediates. For example, on
Cu electrode, the correlation between the Stokes radii of the hydrated cations and the production

of ethylene over methane has been found.®

3.5. Summary

The mechanism of the electrochemical CO2RR is very complicated and still not well understood.
There are several theoretical reaction pathways proposed by the researchers. The mechanism of
CO2RR is influenced by a variety of parameters such as catalyst material, electrolyte composition,
applied overpotential and pH value. Various products of CO2RR as formate, acetate, aldehydes,
alcohols, hydrocarbons and CO can be obtained. Due to their high energy density most favorable
as combustible fuels are hydrocarbons. Formic acid and CO can be generated at low cathodic
overpotentials and are easily electrooxidized at mild conditions. This makes formate and CO

valuable for electrochemical energy storage devices.

To reduce CO: to desirable products researchers should focus on two strategies: adjusting
the material of the catalyst or changing the composition of the electrolyte. Manipulating the pH
and other components of the electrolyte, e.g. by using nonaqueous electrolytes, influences the

product selectivity. Alloying different metals, changing metal morphology, and using new
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materials, e.g. conductive polymers, can optimize the binding energies of the reaction
intermediates and leads to development of new, stable, selective, efficient, and cheap catalyst for
CO2RR.®
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4. Electrodeposition of metallic nanostructures

4.1. Introduction

In 1772 Giovanni Battista Beccaria performed the first electroplating experiment. He successfully
deposited metal by discharging a Leyden jar and using the spark to decompose metal salts.!%” The
development of galvanic cell by Volta (ca. 1800) led to use electrodeposition technique as a cost-

effective process to produce coatings.%®

Among the diverse deposition processes, e.g. Physical Vapor Deposition (PVD),%®
Molecular Beam Epitaxy (MBE),'® Chemical Vapor Deposition (CVD),!*! and hydrothermal
techniques,'*? electrodeposition has certain advantages. It is a simple, fast and inexpensive
technique to produce a wide range of various nanostructures (NS) directly on a conductive

substrate.

The electrodeposition technique setup (Figure 4.1) uses a galvanostat that applies
controlled current through the cell. Potentiostatic polarization can be also applied. The cell consist
of cathode as a support for electrodeposited material, an anode and electrolyte containing deposit
precursor. The electrodeposited NS are formed at the cathode substrate that can be made of either

metallic or nonmetallic material 113

Anode Cathode

E
.

cations {ions +)
—

anions {ions -}
g —

(HA Controlled current
generator
-

Fig. 4.1. General scheme of electrodeposition process.*?
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During the process metal from the anode is oxidized what means that is losing electrons.
Obtained cations, or their complexes, are transported to the cathode where they are reduced to

metal by gaining electrons (Equation 4.1):
M(L),™ + ne” — M° + pL (Eq. 4.1)

and form a deposit which morphology depends on various parameters.'* The crystal structure of
the substrate, lattice orientation of the electrode surface, type of the substrate (e.g. amorphous
cathodes made of glassy carbon; GC), specific surface energy, adhesion energy and
crystallographic lattice mismatch at the nucleus-substrate interface determines the parameters of
the nucleation at the electrode. The final size distribution of the electrodeposited structures
strongly depends on the kinetics of the nucleation and growth. Concerning the type of nucleation
during electrodeposition one can distinguish progressive and instantaneous nucleation. In the case
of progressive nucleation the number of nuclei that is formed, is a function of the time of
electrolysis. Progressive nucleation produces zones of reduced nucleation rate around the
growing nuclei because of depletion of substrate concentration around the growing nuclei. During
instantaneous nucleation, all the nuclei are formed instantaneously on the cathode substrate and
subsequently grow with time of electrodeposition.!'® This type of mechanism can be achieved by

application of appropriate voltage or current pulse program.

The process of electrodeposition can be performed with direct current (DCE) and pulse
current (PCE) modes, (Figure 4.2).1%

a) b)
Direct Pulse Rectangular Pulses
i i A
- - ton toff—l l
0 Time 0 Time
+ +
c) d)
Periodic-Reverse Pulses Symmetric Sinusoidal Pulses
i i
e am—
A || JAYAYAY
i 0 Time
i) ] Time .

Fig. 4.2 a) Current program in DCE; b — d )Waveforms used in PCE: ton, the on period of a pulse; to, the off period;

/, the cycle time; tc, the cathodic pulse period; t,, the anodic pulse period.*®
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The oldest and most conventional method is DCE, where current is continuously applied
to the system (Figure 4.2-a). It is a simple process with the sufficient technological knowledge.%®
In PCE a serious modification of the diffusion layer occurs. The Nernst diffusion layer is split
into two: pulsating and stationary (Figure 4.3). The pulsating diffusion layer occurs in the closest
region of the cathode and the metal ion concentration pulsates with the frequency of the pulsating

current in this region.*>118

Ci.x=€]

Ci(x=0p) Ci bulk

- X

Fig. 4.3. Schematic concentration profile at the cathode for pulse plating conditions: dy, pulsating diffusion layer
thickness; ds, stationary diffusion layer thickness; Jn, Nernst diffusion layer thickness; x, distance from electrode;
Ci, concentration of the reactant.!*®

The waveform in the rectangular-PCE technique consists of pulses of a rectangular shaped
current and the intervals of zero current. (Figure 4.2-b). In the waveform of periodic reverse
deposition the applied current is periodically switched from cathodic to anodic polarization
(Figure 4.2-c). A symmetric sinusoidal deposition waveform is presented in (Figure 4.2-d). It is
a sum of the sinusoidal alternating (AC) and direct cathodic current (DC). The waveform consists
of both cathodic and anodic portion, when the amplitude of the sine wave is greater than the DC
offset. 11

The process of electrodeposition can be controlled by changing the electroplating bath
parameters, e.g. temperature, convection, composition and pH value, as well as the parameters of

pulses: peak current density, potential, pulse on-time and off-time.1%®

There are several advantages of PCE in comparison to DCE. Pulse deposition techniques
are used to improve the distribution of the deposit (current distribution), the leveling, and the
brightness of the deposit in case of electroplating. The microstructure, chemical composition and
properties of coatings can be managed by changing the pulse parameters that controls adsorption

and desorption of various species in the electrolyte, e.g. peak current, and frequency. 108115117118
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The examples of electrodeposited nanomaterials and their applications are shown in the
table 4.1.113

Table 4.1. Examples of electrodeposited nanomaterials and their applications.?

Materials Application

Hydrogen storage and purification,

Pd, Ni-Pd electrodes for hydrogen evolution and fuel
cells
Ni-Al203, Ni-SiC Corrosion protection, wear resistance
Co, Co-W, Co-P Hard coatings, magnetic materials

o ) _ ) ) Corrosion protection, stress corrosion,
Ni, Ni-P, Ni-Mo, Ni-Zn, Ni—-Fe, Ni—Fe-Cr ] ]
cracking resistance, soft magnets, catalysts

Electrodeposition can be used to prepare thin film NS (nanofilms), nanoparticles,
nanowires, nanotubes, core-shell and porous NS. Having a mixture of salts in the electrolyte one
can also easily obtain nanostructured alloys. Electrodeposition can be performed from a wide
range of electrolytes: aqueous, organic, ionic liquids or their mixtures. Some materials obtained
by electrodeposition have enhanced solderability, tribology, electrical conductance, corrosion
resistance, wear and thermal resistance. The main advantage of nanomaterials obtained by
electrodeposition is that the nanoparticles and NS are attached directly to the surface of the
substrate and their size, morphology, crystallographic orientation, mass, thickness and

composition can be controlled by adjusting the operating conditions and bath composition.
108,113,119-121

4.2. Copper nanostructures

Copper nanostructures (CuNS) are very promising catalysts for the electrochemical applications,
e.g. conversion of CO,°*1?%123 In comparison to noble metals such as Au, Pt, and Pd, copper

5,124-126

yields valuable, high energy density products as hydrocarbons, alcohols,>'?*1?7 formic

acid, and other carbonyls (Chapter 3).%124127:128 Cy can also acts as a catalyst for ORR.!?* 13! It
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exhibits photocatalytic, antibacterial,'*? superhydrophobic, and self-cleaning properties.'*> CuNS

134

due to their low cost, high stability and good electrical conductivity ** can also find promising

35 36

applications e.g. in heat transfer systems,'*> sensors,!*® and surface enhanced Raman

scattering.!21%7

The most useful materials for electrocatalysis are deposited on the conductive surfaces

without any assistance of surfactants in the solution. CuNS can be obtained on that kind of

5

substrates by laser ablation of copper,'*® plasma etching,'*® dealloying,'?® electrochemical

1 121,142—

polishing,'*’ thermal annealing,'*' and electrodeposition. 45 In some cases appropriate
surface ligands promote catalytic properties of metallic nanoparticles by steric interaction and
electronic modifications.'*®!47 However, their presence may decrease the catalytic activity of the
NS because the access of reactants to the metal surface is hindered.'*® There is a plenty of

Surfactant_ﬁ.eel}Z,l33,137,138,142,149,150

methods to obtain CuNS such as precipitation of Cu(Il)
complex nanocrystals and their further calcination,'** microwave assisted synthesis,'*’ simple
redox replacement by immersing of iron plate in Cu(II) salt solution,'*® and thermal annealing of

Cu20-dopped glasses in hydrogen atmosphere.'*’

Fig. 4.4. SEM images of ITO/CuNS at different deposition potential of a) +0.10 V, b) 0 V, ¢) -0.10 V, d) -0.20 V,
e) -0.30 Vv, f) -0.40 V, g) -0.50 V and h) -0.60 V at 400 s using CuSQ4.*%

Copper is a popular metal processed by electrodeposition (Figure 4.4). It is relatively inert
in most plating solutions of other common metals. Its high plating efficiency and high
conductivity results in a good coverage of difficult to plating parts, coating for printed wiring

boards and coating on steel wires are used to conduct electricity.!!?
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Fig. 4.5. a) Schematic representation of the experimental setup employed for deposition of 3D high aspect ratio Cu
features on a gold electrode surface. b) SEM images of complex 3D features fabricated with a dual-channel
nanopipette. Fabricated I'-like feature (image taken at a 45° angle). The top bar of the I' was deposited by translating
the nanopipette probe laterally at 40 nm s without SICM positional feedback. The substrate was held at a potential
Eop = -0.75 V throughout. SICM barrels in both deposition experiments were biased at 0.2 V vs. quasi-reference
counter electrode (QRCE) in the solution bulk.'>!

There is a wide range of CuNS electrodeposition methods based on scanning probe
techniques (Chapter 6). One of them is based on scanning ion conductance microscopy
(SICM).!>"153° A micropipette with Cu salt solution and Cu anode inside serves as a source of
copper. Two-dimensional Cu microcircuits were fabricated by lateral scanning over cathodically
polarized support electrode in a Cu-free electrolyte.'’>!>* To obtain a 3D Cu nanocolumns a
modification of the SICM method was used. In a dual-barrel nanopipettes one channel served as
a metal precursor delivery and second for maintaining the constant distance between the
nanopipette and electrodeposited metal (Figure 4.5).'>! Another method, similar to SICM, which
has been used to local electrodeposition of Cu is scanning electrochemical cell microscopy
(SECCM). The pipette filled with Cu salt solution and equipped with counter and reference
electrode is moved close to the substrate working electrode to provide contact between electrode

and the electrolyte inside the pipette.'>*
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threshold, it activates the stepper motor controller and withdraws the tip. This produces highly localized growth and
deposits a column of approximately the diameter of the wire used in the tip. b) SEM image of copper column
deposited on a copper substrate. Experimental parameters: E = 3.8 V (tip negatively biased), tip electrode 25 um
diam Pt, deposition solution 1.0 M CuSO4.'>

SECM is also a powerful method for localized electrodeposition of microarrays of
metallic NS and their catalytic electroanalysis. Using direct mode of SECM localized
electrodeposition of 3D Cu microstructures can be performed. Pt microelectrode which served as
a SECM tip was also used as a positionable counter electrode. Cu?" ions were present in the
electrolyte. Retracting of the microelectrode with a feedback loop maintaining constant current
of electrolysis resulted in a formation of micrometer-sized Cu columns (Figure 4.6).!>> SECM
chemical lens concept was used to deposit microstructures of copper from a solution of its stable
complexes. Electroless or galvanic deposition of Cu was caused by the local acidification of
electrolyte beneath the SECM tip by electrogeneration of protons, which caused the local
decomposition of complexes.'*® A micropatterns made of CuNS can also be obtained by localized
electrorefining of polycrystalline Cu wire from a microelectrode which serves as a sacrificial

SECM tip, under various conditions influencing catalytic properties of obtained nanomaterials.
4.3. Summary

The surface structure influences mechanical, thermal, chemical and electrochemical properties of
materials, that can serve e.g. as catalysts. Besides obtaining homogenous surfaces with low
number of defects, electrodeposition is one of the most common and efficient methods of
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preparation of nanomaterials with controlled properties, e.g. dispersion, morphology and
structure. It can be used to synthesize thin film NS (nanofilms), nanoparticles, nanowires,

nanotubes, core-shell, and porous NS that can be further applied e.g. as catalysts in energy storage

devices. '8
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5. pH sensing

5.1. Introduction

According to the International Union of Pure and Applied Chemistry (IUPAC) definition: “the
quantity pH is defined in terms of the activity of H* ions in solution.”*®” In aqueous media, the

free acid cation is mostly present as the hydrated proton (HzO)* thus pH is also defined as:

pH = — log(aH30+) (Eq. 5.1)

Water molecules are able to take or donate protons and the phenomenon called water self-

ionization (autodissociation) occurs:
2H,0 2 H;0" + OH~ (Eq. 5.2)
K'" and K% are a stoichiometric and thermodynamic equilibrium constants and are equal:

[H;0%][OH"]
[H,0]?

_ aH3o+'aOH_

K,W = KWa,

(Eq. 5.3a,b)

aﬁzo
[H,0] and ay, o are constant and equal: [H,0] = %20 = 55,5mol/L and ay,o = 1. Thus one

can obtain equations for stoichiometric and thermodynamic dissociation constants, known also
as the ionic product of water (stoichiometric and thermodynamic) which are constant at a given

temperature:

K'w[H;0]* = Ky = [H30*][OH7]  K{af o = Kiy = ay,o+ * Qou- (Eq. 5.4a,b)
Because of the high dilution of ions in the solution they are assumed to be equal, so in 22°C:
Ky =K% =1-10"1* (Eq. 5.5)
Equation 5.4 a can be presented in logarithmic form:

log Ky, = log[H;07%] + log[OH ] (Eg. 5.6)

Defining —log[OH~] = pOH, —log[H;0*] = pH, and —log[K,,] = pKy,, equation 5.6, can be

rewritten:
pKw = pH + pOH and pKyj, = p(ay,o+) + p(agy-) (Eq. 5.7a,b)

In the pure water and in the 22°C:
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[H;0%] = [OH7] = ay,o+ = aou- ~ Ky = 1077 (Eg. 5.8)
pH = pOH = p(ay,o+) + p(aoy-) = 7 (Eg. 5.9)

it is usually assumed that the pH scale can take values from 0 to 14.1581%9

A pH scale
I T T T T T T T T 1
o1 2 2 4 5 8 7T & 0 10 11 12 13 14
{: ] [ :):»
increasing acidity increasing basicity
B pH scale
Bl T T T T T T T T T T L
-1 0 1 2 3 4 5 @& T & @ 10 11 12 13 14 15
<: ] [ :‘;»
increasing acidity increasing basicity

Fig. 5.1. Two pH scales: a) a typical textbook diagram; b) arrows on the axis show that pH is measured on an

open-ended scale. 6

However, commercially available concentrated HCI solution (37% by mass) has pH = -1.1, and
saturated NaOH solution has pH =~ 15.0. Thus negative and higher than 14 pH values are possible
and easy to calculate but are difficult to measure experimentally (Figure 5.1). The actual

thermodynamic value of p(ay,,+) differs from the stoichiometric one because under these

conditions (highly concentrated acids and bases) the activity coefficient (fH30+) is significantly

different from unity.6*

pH is one of the most important parameters of chemical and biochemical reactions that
has to be carefully controlled and monitored. It influences a number of processes that occur in
aqueous solutions or at their interfaces. Even a small fluctuations of pH can influence kinetics,
mechanisms and thermodynamics of the processes where protons and hydroxyl ions are the
reactants. Even if they are not involved in the reaction mechanism they may affect the properties

of (bio)catalysts or reacting substances and reaction intermediates (Chapter 3.4).2

There is a wide range of pH sensors that can be potentiometric,'2-164 voltammetric'®>-169

and spectrometrict’®172 in their nature. Some of them will be further described.

5.2. Potentiometric sensors

Potentiometric glass electrode is the most common approach for pH detection due to its high

sensitivity, selectivity, durability and commercial availability.®
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Fig. 5.2. A typical glass electrode.'™

Figure 5.2 shows the construction of a typical glass electrode. Inside a bulb or membrane
made of a thin glass containing metal salts, a silver wire covered with AgCl and a reference
solution (0.1 M HCI) is fixed. During measurements, the glass electrode is fully immersed in the
tested solution and its potential is registered with record to a reference electrode, e.g. saturated

calomel electrode (SCE). A notation of the structure of the overall electrochemical cell can be

written as:1"®

Hg/Hg,Cl,/KCl(sat.)// tested solution/glass membrane / HCI(0.1 M) /AgCl/Ag

\ J
|

Glass electrode’s internal reference

\ ]
‘ v : Y

SCE Glass electrode

The major part of its voltage comes from a tested solution and its effects on the glass electrode.
The potential difference between the SCE and tested solution also influences the overall cell
voltage, however it is negligible. So the overall cell voltage alterations caused by changing
composition of the tested solution are only attributed to the junction between the glass electrode
and tested solution.}” During pH measurement a potential difference is created at the interface
between the glass membrane and the solution containing H* ions. The hydrogen ions from the
tested solution replace the metal ions inside the outer surface of the glass electrode. The
equilibrium between the hydrogen ions in the glass network and the hydrogen ions in the solution
affects the potential of the glass electrode (half-cell), and thus the voltage of the cell, which is
converted to pH value on the calibrated pH-meter device.!5!
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Fig. 5.3. a) Instrument schematic for pH detection with SICM. b) Upper image: SICM topography image of two

-

pores in a polyimide membrane. Middle image: AEMF image obtained reports local pH differences induced by the
pH gradient of 0.1 M KCI, pH = 11.7 (top chamber) / 2.6 (bottom chamber). Bottom image: No significant EMF
difference is observed without pH gradient (0.1 M KCI, pH = 2.6 in both chambers). Scale bars equal 2 um.*™

Potentiometric pH sensors can suffer from alkali errors, instability, potential drift and has
to be frequently calibrated before use. Their response time is long, because of the long time for
the open circuit potential (OCP) equilibration. They are also fragile and difficult in
miniaturization, thus are not suitable to perform pH measurements in the femtoliter volumes, or
to visualize local changes of the pH with nanometer resolution (e.g. in biological cells or close to
catalytic nanoparticles).®%41> There are some pH potentiometric sensors to working in
microscale, 13174176 however they are still not useful for nanoscale experiments. Figure 5.3 shows
an example of a potentiometric microsensor consisting of a thin gold layer deposited on the one
side of a nanopipette and covered by polyaniline (PANI) thin film. This microscale pH probe was
used to map porous polyimide membranes. Potential difference between the PANI modified
microsensor and reference electrode was measured when scanning the microsensor above the

membrane pores. 11 mV of the probe potential difference was registered for almost 9 pH units.}™

Some compounds that are present in tested solution may be electrochemically active and
can exhibit fast electron transfer kinetics. Moreover, they can adsorb on the sensor surface, so the
OCP in such cases is a mixed potential and the sensor is not selective.}’” Not only the electrolyte
composition makes potentiometric pH sensors useless in nanoscale measurements but also the
apparatus itself. The finite input impedance of voltage meters causes a potential drift, resulting
in nonzero leakage current. For example, for a 1 um diameter disk microsensor, 1 pA of leakage
current (1 TQ input resistance, 1 V) corresponds to a current density of ca. 130 pA cm™2 which

is incompatible with the measurement of an OCP.1"
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OPEN CIRCUIT POTENTIAL VERSUS SCE (V)
o

Fig. 5.4. Open-circuit potential of metal oxide electrodes in different pH buffers. Metal oxides of (1) Pt, (2) Ir, (3)
Ti, and (4) Zr. Solid lines have slope of -59 mV/pH."®

Figure 5.4 presents a plot of the pH dependence of OCP for the various oxide electrodes.
Except Zr oxide electrode at alkaline pH, they appear to show a Nernstian behavior with a slope
of -59 mV/pH. In the case of Pt and Ir oxides, which are good electronic conductors, OCP can be
used to monitor pH. OCP = C - 0.059 - pH, where C depends on the sensor type and reference

electrode. C value is usually found by calibration.'’

5.3. Voltammetric sensors

Voltammetric pH sensors are mainly based on carbon materials which are commercially
available, versatile, cheap and have relatively large potential window. Moreover, carbon surfaces
can possess large number of carbonyl and hydroxyl functional groups which redox reactions

involve protons. Therefore thermodynamics of these reactions are pH dependent.8917°

When the oxo-groups, that are involved in redox process, undergoes electrochemically

reversible reaction, the Nernst equation (Equation 5.10)® can be used to quantify this process:

2.3 RT
Ep = Efyrmal — ————PH (Eq. 5.10)

where m is the number of protons, and n represents the number of electrons. There is a direct

relationship between the peak potential (Ep) and pH (Figure 5.5-a).

In the literature there is a lot of examples of carbon-based voltammetric pH sensors,

mostly developed and studied by Compton’s group.8%1% They studied voltammetry of surface
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functional groups on graphitic carbon surfaces and various carbon-oxygen compounds, such as
9,10-diphenylanthracene (DPA), 9,10-phenanthraquinone (PAQ) (Figure 5.5).
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Fig. 5.5. a) Calibration plot of SWV peak potential against pH for a GC electrode in 0.01 M buffer solutions (with
0.1 M HCL/KCL and NaOH buffer solutions at pH = 1.09 and pH = 13.0, respectively), showing a linear response
with gradient of 61.0 mV per pH corresponding to a Nernstian behavior at T = 310 K. b) Cyclic voltammograms of
PAQ at each pH studied (pH = 1, 4.6, 6.8, 9.2 and 12). Step potential 2 mV, scan rate 100 mVs™. ¢) Base-line
corrected oxidative and reductive square wave voltammograms of DPA at each pH studied (pH = 1, pH = 4.6,
pH = 6.8, pH = 9.2 and pH = 12).16

Voltammetric pH sensors are suitable for the measurements in the micro- and nanoscale.
They are based on modified carbon microelectrodes.”%¢18 Contrary to optical methods they can
be used in opaqgue solutions and suspensions. They exhibit fast response time, limited by the time
required for recording a voltammogram (proportional to the potential range and inversely
proportional to the scan rate). The potential drift problem is eliminated by imposing a potential
by an external amplifier (voltage clamp, potentiostat). Figure 5.6 shows SECM pH map, obtained
with a 25 pm diameter carbon-based pH sensor above the 1 mm lactate-producing S. mutans
biofilm after addition of 30 mM sucrose in artificial saliva (pH = 6.0) at 37 °C. The pH above the
biofilm surface created a low pH zone and dropped from 6.0 to 5.4.18! Nanoscale voltammetric
pH sensing is described in ref.}’® and Chapter 12.
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Fig 5.6. a) Schematic of S. mutans bacteria gel biofilm substrate and pH microprobe used in SECM experiments.
b) 3D pH image recorded 60 um above the biofilm with pH microprobe (scan speed, 30 um/s) after addition of

30 mM sucrose in artificial saliva (pH = 6.0) at 37 °C.18

5.4. Summary

pH determination and control is indispensable in different fields, such as food, biopharmaceutical,
and medical industry, water treatment, and environment protection. pH is a fundamental
parameter in studies of chemical and biochemical reactions in the industry and in the
environment. It is a challenge to develop a fast, sensitive and reliable sensor to detect small pH
changes in fluids containing various organic compounds. Carbon-based voltammetric sensors
seem to be the best candidates for these applications, since they are biocompatible, conductive,
appropriate for surface modification and suitable for experiments in nanoscale. The future of
carbon based sensors lies not only in their use as a pH sensors but also in the possibility of

simultaneous measurements of other substances.”®
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6. Scanning electrochemical microscopy

6.1. Introduction

SECM is one of the scanning probe microscopies (SPM) among which the most popular are
atomic force microscopy (AFM, Chapter 7.4.), scanning electron microscopy (SEM,
Chapter 7.3.) and scanning tunneling microscopy (STM).182 In this technique the current, caused
by an electrochemical reaction, at the tip is usually measured as its position over the sample. First
SECM-like experiment results were published in 1986 by Engstrom, et al.'® and then, in 1989,

was developed by Bard group.®

In SECM experiment the probe (tip) and the sample (substrate) are immersed in a solution
containing supporting electrolyte and most often electroactive species.'® Using SECM technique
one is able to evaluate material flux from a surface with a high spatial and temporal resolution. 8
SECM has been also used to study ion transport in channels and cellular or enzyme activity in
biological systems (e.g. single cells*®”). One can also evaluate the (electro)catalytic activity of
varied materials towards useful reactions, such as ORR or CO2RR and hydrogen oxidation.
SECM is also a powerful electrochemical tool for studies of the local properties and reactivity of
a wide range of materials (metals, insulators, semiconductors). It can be also combined with other
non-electrochemical scanning probe techniques, e.g. AFM, to provide constant distance imaging
and independent information on the topography of studied sample.'® The variety of SECM

application areas has been shown in figure 6.1.
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Fig. 6.1. SECM applications.'8®
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6.2. Instrumentation

The setup of SECM (Figure 6.2) consist of a mono- or bipotentiostat that can apply a bias and
measure the currents at the probe (first working electrode, WE1) and the substrate (second
working electrode, WE?2) simultaneously. The potentials are always applied with respect to a
non-polarizable reference electrode (RE) or polarizable quasi-reference electrode and the
measured currents flow between individual working electrodes and common counter (auxiliary)

electrode (CE).173:189

6)

4)

Fig. 6.2. Components of SECM setup. 1) Disk-shaped amperometric ultramicroelectrode (called probe or tip), 2)
sample (substrate), 3) mono- or bipotentiostat, 4) reference and counter electrodes, 5) positioning system, 6) control
pC.18°

SECM employs microelectrodes as probes and typically large electrodes as substrates.
Microelectrode is mounted to the microscope high resolution three-dimensional (3D) positioning
system which allows to move it in three dimensions (X, Y, and Z) over the substrate electrode,
using stepper and/or piezoelectric motors. To synchronize and coordinate each SECM component
a control unit (PC) equipped with data acquisition system is required together with appropriate
SECM software.'® To get additional information on studied sample or to maintain constant
probe-to-sample distance one can add additional instruments to SECM setup like inverted optical

microscope, fluorescence detection systems or constant distance unit.

6.3. Micro- and nanoelectrodes

An important part of the SECM setup is the probe (micro- or nanoelectrode). In 1939 Laitinen

and Kolthoff used the term microelectrode to describe the role of the electrode under small
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A (electrode area) / V (solution volume) conditions. In this case A is small enough and V is large
enough to not alter the bulk concentrations of electroactive species by the passage of current, so
microelectrodes probe a system rather than effect compositional change.

There is no broadly accepted definition of ultramicroelectrode (UME). In the literature
microelectrodes with radius of a disk (or the width of a band) smaller than 25 um are very often
called UMEs. However, a definition specifying a certain geometric dimension is rather arbitrary.
Not only the electrode size and shape must be considered, but also a kinetic parameter of the
employed electroanalytical technique, that governs the thickness of the diffusion layer developed
(e.g. the potential scan rate for cyclic voltammetry). Relatively large electrodes may, under
certain conditions, respond like a microelectrodes. Microelectrode is any electrode whose
characteristic dimension is, under the given experimental conditions, comparable to or smaller
than the diffusion layer thickness. Under these conditions, a steady state or a pseudo steady state

(cylindrical electrodes) is attained.'*

The dimensions of the tip determine the spatial resolution of a SECM measurement.
Researches continuously develop smaller working electrodes of dimensions not only in the
micrometer but also in the nanometer range.!’”® The most popular cores for microelectrodes are
platinum, gold, other noble metals, and carbon.!8 To less-common cores one can count tungsten,
cobalt,*** aluminum,®2 gallium,**®* manganese.'®* There are many reviews concerning design,
fabrication and preparation of SECM probes.!®1% The procedures of preparation of
microelectrodes used in experiments described in this thesis are described in chapter 10.2. The
most popular geometries of commonly used microelectrodes are: disks, rings, ring-disks,
hemispherical, and conical.’®” The examples of SECM tips geometries are shown in figure 6.3.

Fig. 6.3. Examples of SECM tip geometries. (A) 25 um Pt disk microelectrode.*® (B)200 nm Pt disk
nanoelectrode.'®® (C) 25 um Hg hemispherical microelectrode.*®® (D) Au conical microelectrode.?® (E) 1.4 um Au

ring microelectrode.?! (F) AFM-SECM tip with 100 nm Au layer.?%
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From the operational point, there are two kinds of SECM tips: amperometric and
potentiometric. Majority of SECM measurements have been performed using amperometric
probes (>90%) because of their advantages, such as relative ease in preparation, positioning, high
robustness and fast response time. In amperometric probes the recorded signal is a current
correlated with a Faradaic reaction occurring at the SECM tip. However, they can suffer from
low selectivity — the measured signal can be a convolution of several different Faradaic

processes.1&

The most critical geometric parameter of SECM tip is the ratio between the radius of
conductive core, i, and the total tip radius (rp plus insulating sheath thickness), 7, defined as a

dimensionless parameter RG (Figure 6.4, equation 6.1).2%

RG= = (Eq. 6.1)

rT

Fig. 6.4. Dimensions of microelectrode.?%

Although the geometrical RG parameter is crucial for microdisk tips, other geometries
(beveled, conical, hemispherical) needs different parameters for their characterization, such as
recession/protrusion, aspect ratio, insulation angle, off-centered positioning of the metal wire,

uneven insulation, insulation gaps, and cracks.&

The microelectrode can be characterized by optical microscopy, cyclic voltammetry (CV)
(Chapter 7.1.), and by recording approach curves using positive or negative feedback mode of
SECM (Chapter 6.4.1, Figure 6.5).
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Fig. 6.5. a) Optical image of the Au microelectrode: r = 12.5 um and RG = 9.97, b) CV of the same microelectrode
resulted in a vy = 13.4 um according to equation 6.2 (redox probe: 0.1 mM [Fe(CN)g]* in 0.1 M phosphate buffer
pH =4.8,v=10mV s?), c) SECM approach curve to a glass surface using the same microelectrode. The theoretical

parameters fit with RG = 9.97 yields ry= 12.48 um.?%
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As it was mentioned earlier, in the literature, microelectrodes with radius smaller than
25 um are very often called “ultramicroelectrodes”.}’® The biggest advantage of the UME is rapid
formation of a hemispherical diffusion field (Figure 6.6-a). It allows more efficient mass transfer
(manifested by larger current density) than at macroscopic electrodes, where the planar diffusion
occurs. It also provides a number of advantages like fast steady-state response, low capacitance
and low “ohmic” (iR) drop. These special properties of diffusion leads to establishment of a

steady-state diffusion-limited current iy o,[A]:'%
iTo = gnFDC*ryp (Eq. 6.2)

where n is the number of electrons exchanged in the redox reaction, F is the Faraday constant
(96 485 [Asmol™1]), D is the diffusion coefficient of the redox mediator (probe) in
solution [cm? s~1], C* is the concentration of the redox mediator in solution [mol cm3], 7 is the
radius of the electroactive surface of the electrode [cm], and g is a dimensionless geometry-
dependent factor that assumes different values of RG (Table 6.1),186:205-206

Table 6.1. Selected values of the parameter g with respect to RG:2%

RG 0 10 2 1.2

g 4 4.07 4.44 4.95

6.4. Modes of operation

SECM measurements are performed using different operational modes. The most common are:
feedback, generation/collection, redox competition, direct, potentiometric (Figure 6.6), surface
interrogation (Figure 6.9), and ion transfer/electron transfer (also called micropipette
delivery/substrate  collection modes, Figure 6.11). Historically, feedback and

generation/collection modes were introduced as first. 184297
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Fig. 6.6. Schematic explanation of selected examples of SECM operational modes. (A) Steady-state behavior

(diffusion-limited) in bulk solution. (B) Feedback over an inert substrate (negative feedback). (C) Feedback over a
conducting substrate (positive feedback). (D) Substrate-Generation/Tip-Collection (SG/TC). (E) Tip-
Generation/Substrate-Collection (TG/SC). (F) Redox competition (RC) mode. (G) Direct mode, where “M™* " is a
metal precursor in solution with charge n (n = integer) and M is a solid metal. (H) Potentiometric mode with an ion-

selective electrode, where “X” is an ion with charge n (n = integer generated at the sample).1

To simplify approach curves analysis, the probe current and the tip-to-sample distance are
normalized versus infinite distance current it ., and tip radius rr, respectively. As it is shown in
figure 6.5, in SECM measurements lowercase i means raw current, uppercase | means normalized
current which is calculated by dividing the measured tip current it by the steady-state current
recorded at large distance ir. L is reported as normalized distance, where tip-to-substrate
distance (d) is normalized by the probe radius ;. All of these normalizations enable comparison
between measurements performed using different probe dimensions, mediator diffusion

coefficients and concentrations. 8¢

6.4.1. Feedback Mode

Feedback mode (FB) is the most versatile operational mode of SECM. In this mode, both the tip
and the substrate are immersed in a solution containing supporting electrolyte and redox
species.!® On an example of mediator reduction reaction at the sample, an anodically biased
probe is approached to a substrate of interest. Only the reduced form of mediator (R) is present

in the electrolyte bulk, which is oxidized at the probe, according to the following tip reaction:
R—ne -0 (Eq. 6.3)

When the tip is far away from the substrate, in a bulk solution (at a distance greater than

10 times the radius of the electroactive probe core; d > 10 ry) the UME current is in accordance
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with the mass-transfer limited steady-state current it o, (Figure 6.6-a, Equation 6.2). If the sample
is an insulating (inert) surface where no reaction occurs, the absolute tip current decreases upon
approaching (it < i) to shorter distances, as a result of hindered diffusion of the mediator
(Figure 6.6-b). This is called SECM negative feedback. If the substrate electrode is able to

regenerate the redox mediator (Figure 6.6-c) according to the following substrate reaction:
O+ne” -»R (Eq. 6.4)

an increased current at shorter tip-to-sample distances is recorded, because of an increase of the
local flux of R beneath the probe (it > ito). This behavior is called SECM positive

feedback 186,188,189,208

The pure positive and pure negative feedback (Figure 6.7) currents are limited by
diffusion. For finite Kinetics of regeneration of mediator at the sample an approach curve falls

between pure positive and pure negative feedback behaviors.8
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Fig. 6.7. Normalized SECM approach curves to (a) an insulating substrate and (b) a conductive substrate.

I (normalized tip current) = iz /ir ; L (normalized distance) = d/ry; RG =10.%%°

6.4.2. Generation/Collection Modes

There are two kinds of generation/collection modes: substrate generation/tip collection mode
(SG/TC) and tip generation/substrate collection mode (TG/SC). The main difference between
them is the locus of the redox reaction, where the form of electroactive species which is initially

absent in electrolyte is generated. This process occurs either at the substrate or at the tip.?%

In SG/TC mode electroactive species are generated at the substrate (e.g. at the substrate
electrode) and collected at the biased tip electrode (Figure 6.6-d).*®® The following reactions

occur at the substrate:

S-0 (Eq. 6.5)
and at the tip:
O+ne -P (EQ. 6.6)
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In SG/TC mode the electrolyte above the sample surface is probed by the microelectrode
during generating a redox-active species. The product of the reaction at the sample electrode (O)
is electrolyzed at the tip and, as a result, a non-electroactive product P is generated. When the
UME is placed close to the active sample region (where the redox-active species are generated),
the i depends on the local concentration of these species.'®® The reaction at the tip can be the
same as in the FB mode (equation 6.4). To avoid feedback one must establish the distance
between electrodes to L > 10. Usually the relation between the linear size of the substrate ag and
the size of the tip r¢ is ag/rr > 1, so the diffusion layer of the substrate is much larger than that
of the tip. Using this mode one can perform measurements of chemical flux from the sample, or
the concentration profiles of sample products!® also in corrosion or in heterogeneous enzymatic
processes. This method offers much better sensitivity than FB mode but, unfortunately, SG/TC

suffers from some disadvantages:

- lack of steady-state concentration profile at the large substrate electrode,

- interference between substrate and tip reactions (to minimalize the feedback effect one
must use microelectrode with smaller rr and RG),

- microelectrode movement can disturb the diffusion layer of the sample electrode through
convection,

- the hindered diffusion of reagents to the sample region can occur.'®

In TG/SC mode electroactive species are generated at the tip and collected by the biased

substrate electrode (Figure 6.6-€). The following reactions occur at the tip:

R—ne -0 (Eg. 6.7)
and at the substrate:

O+ne”—>P (Eq. 6.8)

When the electrode is close to the substrate (which has a larger area) and when O is stable,
almost all reactive species are collected (e.g. reduced) by the substrate. Under these conditions
the steady-state cathodic substrate current, is, is equal to the tip current, it. It means that the
collection efficiency [it/is| is close to unity. If O reacts before it diffuses across the tip/substrate
gap, the collection efficiency will be smaller than 1 and, for a very rapid decomposition, can
approach zero. To study the kinetics of decomposition of O one can determine |it/is| as a function
of d and concentration of R. Using this mode one can perform Kinetic studies of electrode

reactions that are inaccessible to the feedback mode.1"321
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6.4.3. Redox Competition Mode

The use of redox competition mode (RC) was introduced by Eckhard et al.?!2 In this mode the
SECM tip competes with the sample for the same redox species (Figure 6.6-f). For instance the
sample is biased at a reductive potential, whereas the tip is pulsed anodically to generate the
substrate species (e.g. Oz) for the sample reaction (e.g. ORR). Next, a reductive potential pulse

is applied to the tip for consuming previously generated species (Figure 6.8).2%
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Fig. 6.8. General principle of the RC mode: pulse program at the UME from ref 2% with corrections.

When the tip electrode is scanning over a flat inactive region of the substrate, the tip
current recorded upon its cathodic pulses remains constant. When an active region of the sample
is scanned (where the reduction process competing for the same substrate occurs), the reducible
species are consumed by both the SECM tip and the substrate at the same time. It leads to decrease
in measured current at the SECM tip. Decreased cathodic tip current regions in SECM plot
indicate increased substrate activity.'® Using this mode one can map local catalytic activity of
samples.

6.4.4. Direct Mode

In the direct SECM mode the configuration of electrochemical cell is different. The
microelectrode tip serves as a counter electrode and the substrate as a working electrode
(Figure 6.6-g). An amplified electric field is localized between the tip and the substrate, when the
current flow between WE and CE is enforced by voltage polarization. The current flow is partly
limited to the gap between the microelectrode and the sample. One can achieve a high patterning
resolution with small tip-to-substrate distance.*®® The direct SECM mode is used for surface

modification, semiconductor etching, enzyme deposition, and micropatterning.?*3?4 Current
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flow through the sample is mainly restricted to the region underneath the microelectrode,

especially when low conductivity electrolyte is applied.

6.4.5. Potentiometric Mode

In the potentiometric SECM mode potential is usually measured at an ion selective
microelectrode (ISME) versus a reference electrode positioned in the SECM cell. Typical ISME
for SECM measurements is composed of an internal reference electrode inserted into a glass
capillary, filled with a defined activity solution containing the ion of interest and an ion-selective
membrane at the tip. The sample solution can contain the ions of interests, so when the ISME is
immersed into a sample solution the chemical recognition of the analyte at the ion-selective
membrane causes the formation of a junction potential (Figure 6.6-h). A junction potential is
created because of the difference in chemical activities of ions in the internal and external
solutions, and it can be measured due to stable internal and external reference electrodes. This

potential depends on the activity of the ion of interest.

The use of potentiometric mode of SECM provides several advantages including
determination of nonelectroactive and electroactive ions with standard redox potentials outside

the solvent window.

Because no Faradaic reaction is required to perform potentiometric experiments, the
concentration and oxidation state of the analyte is not affected by the ISME. One can also use
different probes than ISME membranes, but still, they require the presence of a component which
is capable of differentiating species.?'® Potentiometric probes have many advantages, however
they can suffer from relatively slow response times (~milliseconds to seconds), short lifetimes

and difficult probe positioning.!8®
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6.4.6. Surface Interrogation Mode
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Fig. 6.9. SI-SECM of an adsorbed species. a) A reactive species (A) is chemically or electrochemically adsorbed at
the substrate during a potential scan or step while the tip is at open circuit (OC). b) The substrate is switched to OC,
and the tip generates the titrant (R), which reacts at the surface of the substrate to support positive feedback at the

same tip. (C) After the adsorbate (A) is consumed at the substrate, the tip experiences negative feedback.?%®

Surface-interrogation mode of SECM (SI-SECM) was developed by Rodriguez-
Lopez et al. to study adsorbed surface species on an electrode. This new approach to SECM
methodology is developing rapidly.?®-2!° In this mode two microelectrodes (sample and tip) are
immersed in a solution which contains only one form of mediator e.g. its oxidized state (O). This
mediator must be stable under these conditions and does not participate in any reaction. At the
beginning of the experiment a reactive species A are formed at the substrate microelectrode by
pulse or by scan to a potential where oxidation occurs, and are adsorbed at a substrate electrode.
During this time the tip is kept at OC or polarized at potential stabilizing oxidized form of
mediator (Figure 6.9-a). Then the substrate electrode is switched to OC and the tip is scanned or
pulsed to generate titrant R (produced by reduction of O). The titrant R diffuses to the substrate
electrode, reaches the adsorbed reducible species A and reacts with it to re-generate O and to
produce positive feedback. (Figure 6.9-b) Species A are consumed during this reaction
exhaustively (transformed to a final product P) so the regeneration of redox mediator is
terminated and negative feedback is detected (Figure 6.9-c). In the final stage system shows
negative feedback and only O reacts at the tip electrode at the rate governed by the hindered
diffusion into the tip—substrate gap. Figure 6.10 shows the expected voltammetric response for
the SI-SECM system,186:220
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Fig. 6.10. Expected current response at the tip following the events depicted in figure 6.9 for SI-SECM mode at an

arbitrary electrode setup.??*

The SI-SECM mode relies on a specific application of the transient feedback mode which
allows the quantification of reacting species adsorbed on a surface of a substrate electrode. The
tip must be placed parallel to the substrate and approach to L < 0.3. The tip and the substrate
should be small enough for easiest approaching and to prevent OC feedback.86:209.220

6.4.7. lon Transfer/Electron Transfer Mode
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Fig. 6.11. Schematic representation of ET/IT mode with positive a) and negative b) IT feedback.???

substrate

lon transfer/electron transfer mode of SECM (IT/ET) was introduced by Mirkin and co-

workers.22

It enables topography-independent reaction rate imaging in the nanoscale. In this
mode a nanometer sized pipette probe served as a tip and is filled with a liquid phase (e.g. 1,2-
dichloroethane; DCE), immiscible with external solution (e.g. aqueous). Inside the pipette
solution a neutral redox species (e.g. ferrocendimethanol; FDM) is initially presented. During the
experiment these redox species can partition from organic to the aqueous phase. They diffuse to
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the active substrate surface and can be oxidized at a significant fraction at the sample
(Figure 6.11-a). The recorded substrate (oxidation) current represents the local ET rate at the

microscopic portion of the substrate surface facing the tip.

The ionic product of the substrate reaction (FDM™) can be transferred to the organic
solution inside the nanopipette by applying suitable voltage (negative) between the reference
electrode inside the pipette and the external reference. An IT tip current is then detected
(Figure 6.11-a). Similarly to the conventional SECM feedback mode (Chapter 6.4.1) this current
increases with the decreasing tip-substrate separation distance — positive IT feedback occurs. The
FDM™ localized within the tip-substrate gap does not need to diffuse from a bulk solution, which

provides a high spatial resolution of this method.

The negative IT feedback (Figure 6.11-b) occurs when the RE inside the pipette is biased
to a positive potential versus external RE. It prevents the transfer of FDM™ ions to the organic
solution inside the nanopipette. Instead, the transfer of anions from the external solution to DCE
occurs (e.g. PFg, Cl0; or any other hydrophobic ions present in aqueous solution). This process
results in negative feedback —the IT current decreases with the decreasing tip-substrate separation
distance. One can use the negative IT feedback of ET/IT SECM mode for positioning of the

nanopipette and for the distance controlling, because it is independent of the surface reactivity.??>
224

The fundamental limitations of the SECM feedback and substrate generation/tip
collection modes (Chapters: 6.4.1 and 6.4.2) are difficulties in probing low signal sources in the
nanoscale. When the positive feedback, produced by low signal sources, is much lower that the
magnitude of the tip current in the bulk solution (it .,) the sample activity will not be probed.
Bard and co-workers shown??® that in the feedback mode of the SECM an active spot feature on
the insulating planar substrate can be detected only if its radius is > 0.1 . Also, when the kinetics
of the regeneration of a mediator is slow, the substrate electrode may not produce measurable
feedback current. For measuring slow Kkinetics and imaging a small surface features, alternative
to feedback is the substrate generation/tip collection mode. Much higher sensitivity of this
method results from the fact that reactant is generated at the substrate and collected at the tip,
therefore low it o, flows. However there is limitation caused by significant diffusion broadening
effect (the apparent size of an object in the SECM image is larger than its actual dimensions) and
elevated background signal.??6??" The ET/IT mode of the SECM operation combines the
advantages of conventional feedback and generation/collection experiments without being
plagued by their shortcomings. One can probe electrochemical activity under the conditions
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which involves very high fluxes by the reactant delivery directly to the electrode surface from a
pipette positioned in close proximity to the sample. This mode also allows to mimic the conditions
attained in industrial electrolyzers while avoiding problems caused by high concentrations. The
ET/IT experiments are performed under steady state conditions, that is why this method can be
viewed as an alternative to ultrafast cyclic voltammetry and high-speed flow in nanofluidic

channels because it eliminates sophisticated electronics or high pressures.??2224

A wide range of experiments employs SECM with a nano- or micropipette tip filled with

organic phase and immersed in aqueous solution including catalysis studies,?® imaging surface

229 231 232

topography??® and ion transport,2® local electrodeposition,?®! surface patterning®*? and studies of
biomembranes.?*®* ET/IT mode of SECM has recently been used for detection and identifying

superoxide intermediate released from the Pt catalyst surface during ORR.%*

6.5. Combined electrochemical — topographical imaging

The applications of SECM expanded since its introduction. During the last years SECM has been
strengthened by the introduction of new probes (nanometer-sized tips),?*® commercially available
instrumentation, and new practical applications at a variety of fields:212216236 piglogy, enzymes,
living cell studies,?®* corrosion, energy, surface modification and kinetics.'® The development
of numerous hybrid techniques has greatly enhanced SECM application. The common aspect for
SECM and its combined techniques is the development and fabrication of miniaturized
electrodes. The main limitation of nanoelectrodes application in SECM results from the fact that
the smaller the imaging electrode is, the closer it has to be positioned to and scanned at the sample

surface.?®

The use of positional feedback during electrochemical imaging provides access to an
additional information — surface topography. Therefore one can acquire topographical and
electrochemical images simultaneously to understand structure — activity relationships.
Moreover, maintenance of constant tip-sample distance eliminates common convolution of the
sample topography and its activity in constant height SECM imaging. A wide range of positional
feedback methods have been proposed but the most popular are combined SECM-AFM and
combined SECM-SICM techniques.?®’

6.5.1. SECM-AFM

AFM (Chapter 7.4) is one of the most popular among the SPMs. To probe the surface, a nm-sharp
tip is attached to a flexible cantilever and is controlled by monitoring the deflection or oscillation

amplitude of the cantilever using an optical feedback mechanism (Figure 6.12-a). Using AFM
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one can obtain a high resolution topographical images of conducting and non-conducting samples
in different environments - air, liquids or vacuum. AFM measurements also provides unique

information about electrical, chemical and mechanical properties of the surface.?’

Combining AFM with SECM provides not only a direct information on the topography
of examined sample but also about its surface reactivity. The first SECM-AFM experiment with
contact-mode imaging (Figure 6.12-b) was reported by MacPherson and co-workers in 2000?38
and using lift mode (Figure 6.12-c) in 2001.2%° Since that time a wide range of probe geometries
have been implemented such as: nanowires, needles,?*° conical,?*! and recessed.?*? One can also
integrate SECM with AFM using nanoelectrodes as AFM probes. The following fabrication
methods of SECM-AFM tips have been recently reported:?*®

- nanoprobes with electrodes located directly at the apex of the AFM tip;243244

- microfabricated probes with the conductive electrode also constituting the AFM tip;

- insulated carbon nanotubes at the end of the AFM tip with an exposed electroactive area;
- microfabricated bifunctional nanoprobes which consist a sharp non-conductive AFM

probe and an nanoelectrode that is located at a certain distance above the top of the tip.?*
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Fig. 6.12. a) Schematic depiction of dual SECM-AFM operation, b) contact mode imaging, c) lift mode imaging.?%

Performing SECM-AFM experiment one can use other modes of the SECM. For example
in SG/TC mode, during a brief time of electrolysis, an electroactive species are present in its
relevant oxidation state not in a bulk solution but at the interface, so the probe essentially maps
the diffusion profile of these species. In SECM-AFM feedback mode the electrochemical
response is very sensitive to tip geometry and to the durability and quality of the insulation of the
probe. Because of their geometries, conical and spherical tips have low SECM feedback

responses making them less suitable for feedback mode experiments.20237
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On figure 6.13 a topography and electrochemistry images were recorded simultaneously
using noncontact mode of AFM and feedback mode of SECM, using a 50 nm-diameter probe tip

and a tip potential at which ferrocenemethanol oxidation occurred at a diffusion-controlled rate.?*
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Fig. 6.13. a) SEM image of calibration standard (Pt on SiO,) for lateral resolution determination; b) Topography

and c) electrochemistry AFM-SECM images recorded with a Pt probe (electrode size, 50 nm diameter; tip length,
3 mm; scan speed, 0.3 line s%). Solution conditions, 1 mmol L~* FcMeOH; tip potential = 0.4 V vs. Ag/AgCl.2%

SECM-AFM technique is a powerful tool to obtain a high resolution combined
topographical-electrochemical imaging rapidly. Its main advantage is a good topographic
resolution and quality of obtained images. It is also suitable for fundamental studies in
bioelectrochemistry, biocorrosion, fuel cell research, electrochemical nanotechnology, sensor
technology, and materials science.?®® The major weakness of combined SECM-AFM is the cost

of the probes which also suffer from reliability and durability.?%’

6.5.2. SECM-SICM

SICM is one of a non-contact SPMs, introduced in 1989 by Hansma et al.?*¢ In comparison with
SECM, SICM uses a much simpler tip and employs distance control to position the probe. SICM
is used for probing samples which are immersed in an electrochemical cell filled with ionically
conducting solution. In a typical set-up a single-channel nanopipette is filled with an electrolyte
and detects the ionic current between a quasi-reference counter electrode (QRCE) inserted inside
the pipette and a second QRCE located in a bulk solution. Due to the voltage applied between
electrodes the ionic current flows through the edge of the nanopipette. The distance between the
pipette and the sample is regulated by maintaining the ionic current used as feedback signal.
When the SICM probe approaches the sample surface due to hindered migration of ions the

resistance between two QRCES increases, thus the ionic current decreases (Figure 6.14).208247
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Fig.6.14. Diagram of sensing mechanism of the SICM. a) The micropipette tip/surface interaction. b) Comparison
of expected and actual values of tip current (I) as a function of the sample/tip separation (d). The vertical arrow

indicates the value of current (control point) used for the scanning protocol in the feedback control circuit.?#®

SICM was combined with SECM to obtain the relationship between the localized
topography/electrochemical properties without physical contact. Two types of SECM-SICM
probes have been described: dual-barrel theta pipette where one barrel serves as the SICM
channel and the other is a solid SECM electrode (Figure 6.15-a,b)?4%-%>2 and ring, where metal
and insulator are deposited on the walls of the SICM channel, and subsequently exposed by gentle

polishing or focused ion beam milling (Figure 6.15-c,d).?532%
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Fig.6.15. a) Schematic illustration and b) SEM image of SECM-SICM dual-barrel nanoprobe.?* c) Schematic
illustration and d) SEM image of the SECM/SICM ring probe.?%®

In 2011 Takahashi et al.?*® developed bifunctional nanoelectrodes. A quartz dual-barrel
(theta-shaped cross-section) capillary was pulled by a laser puller. Next, one barrel was blocked
inside and the back side of the obtained nanopipette was connected to a petroleum gas fed which
was pyrolyzed by gas torch flame. The open capillary served for SICM distance control while the

carbon-filled electrode was used for local electrochemical measurements. This new, cheap and
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quick method of fabrication of dual-barrel nanoprobes makes a huge progress in electrochemical
imaging. Results of combined electrochemical and topographical imaging with high spatial
resolution are demonstrated in figure 6.16.%’
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Fig.6.16. Simultaneous topographical (left) and electrochemical (right) images a) Pt interdigitated array in 1.0 mm
FcCH,0H + PBS. b) Living sensory neurons in 0.5 mm FcCH,OH + HBSS.?*°

6.5.3. AC-SECM

In alternating current SECM (AC-SECM)?260 the tip-to-sample distance is maintained
independently of the redox current. In 1993 Horrocks et al.?! applied alternating potential to an
SECM tip for the first time. Authors presented the H20O> diffusion profile over gold and carbon
electrodes during ORR. Experiment was carried out in a two-electrode arrangement. The solution
resistance between the tip and the reference-counter electrode was detected in a conductometric
measurement and increased as the tip approached an insulator, because the ionic pathway was
hindered by the surface. Similar phenomenon occurs in SICM (Chapter 6.5.2). AC-SECM setup
contains a function generator or the internal oscillator of a lock-in amplifier (LIA). It sends a
sinusoidal wave of low amplitude superimposed on DC offset to the potential input of the
potentiostat. AC component of the resulting current (alternating at the same frequency) is
detected and the current output of the potentiostat is fed into the signal input of the LIA. Because
of the frequency-selective amplification of the lock-in technique, the AC detection schemes
decreases noise level. The LIA output signal represents the alternating current signal. Consists of
one value for the alternating current amplitude |I| and one value for the phase angle & by which
the sinusoidal current wave is shifted with respect to the perturbation voltage. Thus, the current
can be considered as a vector in the complex plane with real /° and imaginary part /. AC current
is directly proportional to the conductance Y and inversely proportional to the impedance Z. DC
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component of the resulting current at the potentiostat output is extracted by a low-pass filter. It

corresponds to the rate of Faradaic processes at the tip.

In the AC-SECM technique obtained AC-signal at the UME depends on tip-to-sample
distance, thus this method can be used in positioning or topographic imaging with sensor tips
exhibiting a distance-independent DC signal (e.g. in SG/TC mode). It can be also utilized to
adjust the tip distance to insulating surfaces. AC-SECM also delivers information of differences
in the local electrochemical surface properties. Thus, obtained signal simultaneously carries
information not only about the topography but also of the local electrochemical activity of the
sample.?®® The main disadvantage of AC-SECM is perturbation of AC component of the tip
current by electrolyte alterations (ionic conductivity) and variations in redox activity and
conductivity of the sample, e.g. the AC response is not sensitive exclusively to the distance. This
imposes difficulties in maintaining constant distance upon scanning over samples with

inhomogeneous activity.
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Fig. 6.17. Left side) Schematic illustration of the instrumentation used for constant-distance mode AC-SECM. Right
side) topography (a) and AC current (b) line scans acquired during scanning the tip of a sub-um Pt electrode (350
nm radius) in constant distance across three Pt-micro bands of a microfabricated band electrode array. (c) shows

an AFM image of one band of the microelectrode array for comparison.?%?

The first combined electrochemical — topographical imaging using AC-SECM was
performed by Etienne et al. in 2004 (Figure 6.17). The measurements were performed in
1 mM NaCl by applying an alternating potential of 100 mV at a frequency of 1 kHz between the
SECM tip (350 nm radius PtUME) and the counter electrode.?6?
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6.5.4. SF-SECM

Another technique providing simultaneously topographic and electrochemical information is
shearforce SECM (SF-SECM). SF response is sensitive to the tip-to-substrate distance and probe
geometry.?®® In 1995 Ludwig et al. introduced SF control for SECM using a laser detection of
the shearforce-induced tip vibration dampening.?®* Later, the modification of SF-SECM were
developed by using non-optical shearforce control by tuning fork?® or piezoelectric plates?®® and
is still in the interest of researchers. Figure 6.18 presents a typical SECM setup with shearforce
detector.?” Several types of SF methodologies have been reported in the literature, 26825 however
the typical SF-SECM setup involves a UME fastened to two piezoelectric plates: dither and
receiver. To maintain a constant probe-to-substrate distance, SF-SECM employs a feedback
signal based on changes of SF tip-to-substrate interactions attributed to hydrodynamic forces,
Van der Waals interactions, direct mechanical contact or capillary forces. A sinusoidal lateral
mechanical oscillation of the UME is induced by the dither piezoelectric plate and is detected by
the receiver plate. The lateral oscillation of the UME is damped when it is close to the surface,
because of the SF interactions between the tip and the sample. The Z position of the UME can be
adjusted by maintaining a constant SF amplitude and the constant tip-to-substrate separation can
be achieved. From the Z motion of the probe the height profile or the topographic variation of the

surface can be constructed.?®?
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Fig.6.18. Scheme of the SECM setup equipped with an electrode holder allowing shearforce detection. 26

SF-SECM is used to study the topography and activity of a variety of surfaces including
live cells,?%2"* Jarge and complex metal samples?’? or to monitor local activities of ions in

proximity of a solid/liquid interface.?”3

6.6. Nanoscale electrochemical imaging

It is well known that adjusting the NPs shape, size and structure has a significant influence at

their overall electrocatalytic activity.?’* Unfortunately, the characterization of electrocatalytic
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reactions at individual nanoparticles is still challenging because the macroscopic, “bulk”
voltammetric techniques are not suitable to analyze the non-uniform fluxes at complex
electrochemical interfaces. Using a highly sensitive methods with good spatial resolution like
SPMs and electrochemical scanning probe microscopies (EC-SPMs) resolve this problem. To
EC-SPMs one can count for instance electrochemical scanning tunneling microscopy (EC-STM),
electrochemical atomic force microscopy (EC-AFM), scanning electrochemical potential
microscopy (SECPM), and SECM. They are able to perform measurements in the nanoscale

between the structure of catalytic systems under reaction conditions.?”>2'’

The biggest disadvantage in the commonly used constant high SECM mode is the fact
that the response of the tip is influenced not only by the activity of the sample but also by its
topography. That is why the positioning and scanning in the nanometer region above the surface,
without positional feedback, limits the types of studied substrates. One can overcome this
problem using dual redox mediators,*®” by changing the scanning probe to pipette (SICM,?"®
SECM-SICM,?”® SECCM?™®) or by the integration of SECM with other scanning probe
techniques (SECM-AFM). %7276

Figure 6.19 shows an example of simultaneously activity and topography SICM mapping
at individual nanoparticles using a single channel probe. In this experiment the electrocatalytic
oxidation of borohydride was studied at AuNPs on a carbon fiber support, in alkaline media.
Occurring reaction caused the depletion of hydroxide ions and release of water, what causes the
change in the ionic composition around NPs. Thus, the ion conductance inside nanopipette probe
was also changed when it approached active sites of the sample (NPs) where the composition of
the electrolyte was different than in the bulk solution.?”
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Fig. 6.19. a) SICM topography maps and b) simultaneously recorded activity images of AuNPs on a 7 um diameter
CF UME, obtained in a solution containing 3 mM NaBH, and 30 mM NaOH, at V = 0.75 V.?"®

Besides the surface structure imaging, EC-STM allows mapping of relative local activity.
EC-STM is a combination of traditional STM and a classical electrochemical setup where the
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sample acts as main working electrode. The side-insulated tip is connected as the second working
electrode to allow application of a bias voltage between the tip and the sample. Figure 6.20-a
presents the EC-STM setup. It contains a bipotentiostat that controls the potentials of the sample

and the STM tip independently, reference and counter electrodes.?”
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Fig. 6.20. a) Schematic diagram of the EC-STM setup (RE: reference electrode; CE: counter electrode) and the

Pt(111)terrace

working principle.?”” b)EC-STM line scans (constant-current mode) obtained over a Pt(111) surface in 0.1 M HCIOy4,
when the potential of the sample is either sufficiently negative or too positive to initiate the HER (‘ON’ or ‘OFF’).?%

Figure 6.20-b shows EC-STM line scans obtained for a platinum(111) electrode with flat
terraces and step-like surface defects in an aqueous 0.1 M HCIOg electrolyte. It reveals that over
different surface sites (terraces and steps) that are active for the HER, different ‘noise levels’
occurs. Terraces and steps exhibit different catalytic activities, thus are expected to contribute
differently to the temporal changes in the tunneling barriers. If the electrode potential is negative
enough to initiate the HER (but not sufficient to produce gas bubbles) then the STM signal reveals
noticeable differences: under reaction conditions the detected noise level is systematically higher

at step-like defects than at terraces.?®

6.7. Summary

SECM is one of the most important scientific tools. Its application continuously expands to many
domains, e.g. charge transfer reactions at the solid/liquid and liquid/liquid interface,
electrocatalysis, local properties (e.g. local activity, pH) and reactivity of all kinds of materials:
insulators, metals, semiconductors, and to biological cells and enzymes. It was also applied in the
studies of photovoltaic conversion, solar cells, and bioanalysis. Because of the progress of
technology and equipment, nowadays SECM has improved sensitivity, high spatial resolution,
and the position of the probe is more precisely controlled. It can be combined with other
techniques, such as SICM, AFM, electrochemiluminescence (ECL), surface plasmon resonance
(SPR). Using nano-sized SECM tips, local detection in nanoscale is possible allowing new
discoveries and deeper insight into various phenomena and their better understanding.??*
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Experimental

7. Methods

7.1 Cyclic voltammetry

Cyclic voltammetry (CV) is one of the most widely used electroanalytical techniques. It provides
significant information about the thermodynamics of redox processes, the Kinetics of
heterogeneous electron transfer reactions, kinetics of preceding and following homogeneous
reactions and on chemical adsorption and physisorption processes.?®! A basic experimental setup
for the CV technique is composed of a potentiostat or patch-clamp amplifier, function generator
and an electrochemical, three- or two-electrode cell (Figure 7.1). Potentiostat controls the voltage
between the working electrode (WE) and the counter (auxiliary) electrode (CE), to maintain the
potential difference between the WE and non-polarizable reference electrode (RE) in accordance

with the program generated by a function generator (Figure 7.2-a).*"
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Fig.7.1. An experimental setup for controlled-potential experiments.'”®

Most electrochemical experiments are carried out in electrolytes containing analyte in
millimolar concentration and supporting electrolyte in a concentration at least one order of
magnitude higher. It provides sufficient electrolyte conductivity and minimizes the migration of
charged analyte molecules. By using supporting electrolyte one can restrict mass transfer of an
electroactive species near the electrode to the diffusive mode.'”

During a CV experiment the linear potential sweep is applied to the WE using a triangular
potential waveform (Figure 7.2-a). The potentiostat measures the currents resulting from the
applied potentials. When the vertex potential (E,) is reached, the sweep is reversed. The obtained
current—potential plot is named cyclic voltammogram. An example of a single potential cycle is

shown in the Figure 7.2-b. Here, only oxidizable species (R) are present in electrolyte and the
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redox couple undergo reversible electrochemical process. The size of the electrode used in this
example is larger than the diffusion layer of the analyte. Therefore peak-shape CV is obtained.
When the electrode size is comparable or smaller than the diffusion layer the steady-state is seen
(Chapter 6.3).
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Fig.7.2.a) Potential-time program in a cyclic voltammetry experiment. b)Typical cyclic voltammogram for
a reversible redox process. From ref. 282 modified to be in accordance with [IUPAC recommendations.

The shape of obtained cyclic voltammogram depends on chemical reversibility,
adsorption, kinetics, coupled homogeneous reactions and diffusion coefficients of reactants. For
fast reactions (when standard heterogeneous rate constant k° > 10~1[cm -s~1]) the peaks
separation is close to 57/n mV at 25 °C where n is a number of electrons involved in an electrode

reaction. For slower reactions peak separation is larger.*”

An important parameter of CV is the scan rate (v):

dE
v=="2 (Eq. 7.1)

The scan rate controls the time scale of the experiment and capacitive current. According to the
Randles-Sevcik equation (Equation 7.2), when a substrate is diffusing from the bulk of the

electrolyte the peak current ip [A] is proportional to the square root of scan rate:
i, = (2.69-10%) - n3/2-A-Dy/* - Cp - v1/? (Eq. 7.2)

where A is the surface area [cm?], D is the diffusion coefficient [cm? s™], C” is the concentration
[mol cm?®], v is a scan rate [V s!]. In the case of restricted diffusion length or when the substrate

is adsorbed on the electrode, i, is proportional to v.281173
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7.2 Chronoamperometry

Chronoamperometry (CA) is an example of a potential-step technique. The potential step is
applied to the working electrode (WE) and current is recorded as a function of time. The potential
is applied from a value Ej, at which no Faradaic reaction occurs, to the potential E», high enough
to cause the diffusion-controlled, e.g. oxidation of R species presented in the electrolyte. The
resulting current-time dependence reflects the change in the concentration gradient close to the
surface of the electrode.
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Fig. 7.3. Chronoamperometric experiment: (a) potential-time program; (b) change in concentration profiles as time

progresses; (c) the resulting current—time response.?8

During CA experiment the reactant is eliminated from electrolyte at the electrode surface,
thus the slope of the concentration profile during the time of the experiment is decreased
(Figure 7.3-b). Consequently the Faradaic current drops with time (Figure 7.3-c) and it is given
by the Cottrell equation:

nF-A-Dy/*-Cy

CA is usually used for measuring the diffusion coefficients of electroactive species or the surface

area of the working electrode. 173

7.3 Scanning Electron Microscopy

Scanning electron microscopy (SEM) allows to characterize solid sample surfaces. The electron
beam does not produce an image directly but serves to excite the sample. An electron gun
(cathode) emits electrons beam with an energy of 0.2-40 keV. In the vacuum column of the
microscope electrons are accelerated in the direction of the anode and focused by a set of
magnetic lenses so that the final beam diameter reaches a few nm. Focused electron beam hits
the selected area of the sample and scans its surface line by line. Obtained signal is collected by
the dedicated detector (Figure 7.4).
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Fig.7.4. Scheme of the Scanning Electron Microscope.??

When the energy of electrons emitted from the sample is almost equal to the energy of the beam
electrons the emission is called backscattered electrons emission. When lower energy electrons
are emitted from the sample surface the emission is called secondary electrons emission. The
interaction between electron beam and the sample surface results also in the emission of
characteristic X-ray radiation. The use of the energy dispersive X-ray spectroscopy (EDX)
provides valuable information about the qualitative and quantitative composition of the

sample.283:284

7.3.1. Energy Dispersive X - Ray Spectroscopy

SEM equipped with an energy dispersive X-ray spectroscopy (EDX) detector allows the
characterization of solid sample surfaces. It provides simultaneously examination of the
morphology and the elemental composition of studied object. EDX can be used for qualitative
analysis as reveals information about type of elements, as well as for quantitative analysis —

provides information about the percentage of the concentration of each element of the sample.

X-rays in SEM measurement are generated by the electron gun — the electron beam hits
the sample and transfers part of its energy to sample atoms. It causes the transition of the
electrons, as they can be moved to a higher energy shells or they can be knocked out from the
atom, what results in a formation of positively charged holes. The electron from higher energy
shell can fill the positively charged hole and the difference of the energy, which corresponds to
this transition, can be released in the form of an X-ray. Its energy is unique to every element
because it depends on its atomic number. X-rays are electromagnetic radiation and consist of

photons. To detect them, the energy dispersive X-ray spectroscopy detector is placed under an
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angle, very close to the sample. It has an ability to measure the energy of the incoming photons.
The higher the solid angle between the detector and the sample is, the higher is the X-rays’
detection probability. The data generated by EDX analysis consists of spectra with peaks
corresponding to different elements presented in the sample. Every element has its characteristic
peaks of unique energy. EDX analysis enables also the creation of elemental maps that illustrate

the distribution of elements over the sample area.?®

7.4 Atomic Force Microscopy

Atomic Force Microscopy (AFM) is one of the scanning probe techniques which allows to obtain
atomic resolution topography images of conductive and insulating sample surfaces. The
advantage of this method is that the sample can be measured in air or in liquid, what is especially

important in the case of biological samples.

In the AFM technique, usually the force between the probe and the sample is measured.
The probe consists of a sharp tip attached to a flexible cantilever. Using piezoelectric scanner,
the tip scans across the analyzed sample surface. The cantilever deflects in response to the force,
e.g. of van der Waals interactions between the tip and the substrate. This deflection is monitored
by a signal from a photodetector illuminated by laser beam reflected from the backside of the
cantilever (Figure 7.5). The photodetector’s output is an input signal to the feedback-loop

maintaining this value constant by changing vertical position of the cantilever holder.

The most common AFM operating modes, which depends on the type of the contact
between the probe and the scanned surface, are: contact (Figure 7.5-a) and tapping mode
(Figure 7.5-b).

a) laser
split photodetector

Xyz positioning high frequency ac voltage

probe tip @ system -
piezo to excite
FVN\\: cantilever oscillation
-
&7 )
sample sample '

Fig. 7.5. A schematic diagram of a) contact mode and b) tapping mode of the AFM setup.?3®

In the contact mode, a constant cantilever deflection is kept to maintain a constant force
exerted on the sample surface. Using this mode, one can obtain a high resolution images but
unfortunately there is a possibility of damaging the sample surface or the probe tip. This mode is
commonly used for hard surfaces. To study soft surfaces without their damage one can use the
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tapping mode. In this mode, an additional piezoelectric element is connected to the cantilever and
oscillates in the vertical direction. When the tip approaches the surface the amplitude of the
oscillation decreases when the tip taps the surface.?8:?8 This amplitude is used as an input signal
to the feedback loop maintaining its constant value during scanning by changing the vertical

position of the cantilever holder.
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8. Chemicals and materials

Material Source
4-Hydroxy-3,5-dimethoxybenzaldehyde azine, syringaldazine  Sigma-Aldrich
50 nm grade alumina lapping tape Buehler
Ag|AgCI|3M NaCl ALS

Argon N 5.0 Multax

Au wire, 25 and 100 um diameter Mint of Poland
Cu wire, 100 pm diameter Alfa Aesar
Ethanol POCh
FcMeOH Sigma

GC plate Alfa Aesar
H2SO04 Chempur

HCI Chempur
HCOOH Sigma-Aldrich
ITO coated glass (sheet resistance 8-12 Q sq.™?) Delta Technologies
KCI Sigma-Aldrich
NaHPO4 POCh
NaH2PO4 Sigma

NaNOs Chempur
NaOH Fluka

PBS Sigma-Aldrich

P2000 grit silicon carbide sand paper
petroleum gas (ca. 60 vol % butane, ca. 40 vol % propane)
Pt wire, 25 pm diameter Mint of Poland

quartz capillary (o0.d. 1.0 mm, i.d. 0.7 mm) Sutter Instruments

All water solution were prepared with deionized water purified by Elix system (Millipore).
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9. Instrumentation

Laser puller

P-2000, Sutter Instruments.

Micropipette puller

PC-10 micropipette puller, Narishige.

Potentiostat

Axon Multiclamp 700B patch-clamp amplifier with the automatic cell capacitance compensation
controlled by the DigiData 1440 acquisition system, (Molecular Devices).

Scanning electrochemical microscopes

e CHI900B, (CH Instruments).

e Home built:
o VA-10X patch-clamp amplifier, npi (Electronic Instruments),
o CHI900B positioning system, (CH Instruments).

In this setup PCI — DAS1602/16 analog-digital (AD) and digital-analog (DA) and PCI-DDA04
DA cards (Measurement Computing) were used.

e Home built:
o lvium CompactStat potentiostat (Ivium Technologies),
o mechOnics XYZ positioning system (mechOnics AG).

Motors positioning and data acquisition in all home-built SECMs were controlled by the SECMXx
software.?®® Data analysis was performed with the in house developed package MIRA.%

Optical microscopes
e Specwell 10 x 30,
e Inverted optical microscope, MA200, (Nikon),
e Nikon Eclipse LV150.

Scanning electron microscope

FEI Nova NanoSEM 450 equipped with an EDAX energy dispersive X-ray spectroscopy (EDX)
detector and GENESIS software.
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Atomic force microscope

MultiMode AFM instrument using a Nanoscope V controller (Bruker).

pH-meter

Glass-electrode pH meter, CG 837, (Schott).

Other

e Mass flow controller (SmartTrak 2, Sierra Instruments).
e Micromanipulator (PT3/M, Thorlabs).
e Butane-air gas torch (Miniset 1450°C, Rothenberger Industrial).

e All electrochemical experiments were perform in a home-built Faraday cages.
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10. Local deposition of nanostructures by electrorefining of

polycrystalline metals

10.1. Introduction

In this chapter the process of controlled and local electrodeposition will be described.
Micropatterns of bare (ligand-free), metallic nanostructures (NS) were obtained by localized
electrorefining of polycrystalline metal wires from the microelectrodes, in a controlled manner,

using scanning electrochemical microscopy (SECM).

Copper and gold nanostructures (CuNS and AuNS) were selected as a model materials to
study their electrocatalytic properties. Because of the limited availability of noble metal catalysts,
such as platinum and palladium, substitution with abundant non-platinum metals, e.g. gold and
copper is highly desirable. Controlled and reproducible synthesis of stable non-platinum metallic
NS with accessible active sites is considerably challenging. In described method the precursor is

just a raw, polycrystalline metal, which is the most economically viable source.

10.2 Preparation of metallic microelectrodes

Microelectrodes were fabricated using PC-10 micropipette puller (Narishige). A 100 um diameter
wires of Au or Cu were inserted into the borosilicate glass capillary (0.d. 2.1 mm, i.d. 0.43 mm)
and then mounted into the micropipette puller. Capillary was pre-pulled for 1 mm length in its
middle to facilitate melting and to obtain a smaller RG parameter. Then the heat from the coil
melted the glass, thus the wire was sealed tightly inside the capillary. This process requires
vacuum conditions to avoid gas bubbles created in the melted glass. After melting, capillary was
broken in the necking, so the glass surrounding the conductive disk was beveled, results in small
RG value. The end of the microelectrode was then polished with silicon carbide sand paper to
obtain a flat surface without any scratches or additional glass sticking out from the surface
(Figure 10.1). This makes the tip easier to place so that it can be moved close to the sample

(substrate) without the insulator touching the sample surface.*”

79



1cm

Fig.10.1. Micrographs of the Au microelectrode. Left image shows front view, right image — side view.

10.3 Cell assembly

All electrochemical experiments were performed using homemade scanning electrochemical
microscope controlled and operated under SECMx software. SECM setup consisted of Ivium
CompactStat bipotentiostat and mechOnics XYZ positioning system. Ag|AgCl|3M NaCl and a Pt
wire served respectively as a reference and counter electrodes. If not otherwise stated, all
potentials in this chapter are provided versus this type of reference electrode. Microelectrode of
appropriate metal was used as a first working electrode (tip) and indium tin oxide coated glass
(ITO) or glassy carbon (GC) plate was applied as a second working electrode (substrate). The
ITO can be polarized only to ca. -0.75V.?*® That is why also a GC, which can be polarized to

more negative potentials, was used as the substrate electrode.

RE: Ag|AgCl WEZ1: Microelectrode

CE: Pt wire ]
Sample connection

{, i s J Teflon dish
WE2: ITO or GC

Optical

microscope

Fig. 10.2. Scheme of the electrochemical cell (not to scale).

The electrochemical cell (Figure 10.2) was filled with an electrolyte which enables the
electrodissolution of the microelectrode’s wire. When the transparent ITO was used as the sample
the electrochemical cell was mounted on an inverted optical microscope (Nikon MA200) to see

the progress of electrodeposition and to estimate the distance between two working electrodes.?*
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In the case of nontransparent GC, the distance between the electrodes was estimated using

approaching with ORR driven at the tip.

10.4 Electrorefining of Cu

Electrodissolution of Cu microelectrode (CUUME) was carried out in three different aqueous
solutions: 0.5 M H2SQOg4, 0.5 M H2SO4 + 0.1 M KCI, and 1 M KCI + 10 mM HCI. In 0.5 M H2SO4
the dissolution of Cu wire was driven at 0.15 V. In the electrolytes containing chlorides at
-0.06 V.

A 100 um diameter CuUME was positioned 30 pum above the ITO or GC support. Before
the electrorefining, the negative potential equal -0.4 V was applied to CUUME to prevent the
spontaneous dissolution of Cu in acidic electrolyte. Cathodically polarized ITO (or GC) substrate
(~3.14 cm?) exhibits residual background current of few tens of pA (depending on applied
potential) due to sluggish reduction of oxygen. Since there is no redox mediator in the electrolyte,
the amount of deposited metal can be determined from the measured Faradaic charge, because
it’s not affected by the cycling between the microelectrode and the substrate during deposition.
The Faradaic current recorded at the CuUME upon its anodic polarization corresponds to
electrodissolution of Cu (Figure 10.3). Once electrodissolution of CUUME starts, cathodic current
at ITO support starts to grow accordingly yielding, under the quiescent condition (without Cu-tip

movement), nearly 100 % of coulombic collection efficiency.
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Fig. 10.3. a) General scheme of localized electrorefining of Cu with SECM (not to scale). b) Cyclic voltammogram
of a 100 um diameter CuUME (tip, black line) positioned 30 um above the ITO electrode (substrate) polarized at
-0.5 V. The blue line is the substrate current vs. tip potential. Electrolyte: 1 M KCI + 10 mM HCI; scan rate:
50mvV s
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Figure 10.4 shows processed data from figure 10.3. Substrate current (cathodic) modulus is

corrected by subtraction of constant background to get zero values for potential range, where no

electrodissolution of copper occurs.
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Fig.10.4. a) Cyclic voltammogram of a 100 um diameter CuUME (tip, red line) positioned 30 um above the ITO
electrode (substrate) polarized at -0.5 V. The blue line is the substrate current corrected by subtraction of constant
background. Electrolyte: 1 M KCI + 10 mM HCI; scan rate: 50 mV s™%. b) Cyclic voltammograms from the

a) integrated over time to get charge-potential plots.

The moduli of charges are very similar for tip and for the substrate, although the tip current

reaches slightly higher values at -0.06 V. This is caused by the diffusion time of generated copper
ions from the CUUME to the ITO (or GC). Slightly higher cathodic charge recorded at the sample

is most probably caused by electroreduction of oxygen on freshly prepared CuNS.

a)

b)

Fig. 10.5. a) Optical micrograph presenting local electrodeposition of CUNS on ITO. b) Optical microscope image

presenting micropatterns of CuNS on GC.

It is also possible to “print” micropatterns or continuous layers composed of metallic NS

using SECM. The source microelectrode can be mounted into the three dimensional positioning



system that allows to move it X, Y and Z directions. The potential of the UME can be switched
during the movement to the value that electrodissolution of the wire occurs and then switched
back to the values when no electrodissolution occurs (Figure 10.5).

For the SECM analysis the electrolyte in the electrochemical cell was exchanged
gradually under continuous cathodic polarization of the sample. Special attention was kept to
prevent the electrodes (sample, reference and counter) from losing their contact with the
electrolyte. For SEM and AFM analysis, before the removal of CuNS samples from the cell, an
acidic electrolyte was exchanged gradually to 0.1 M phosphate buffer (pH = 7.2) under
continuous cathodic polarization. The samples were rinsed with deionized water and dried with
argon.

As a result of the process of local electrodeposition, micrometer wide stripes composed
of CuNS were obtained (Figure 10.6).

-05V -0.4V -0.3V -0.2V -0.1V

Fig. 10.6. Optical micrograph presenting electrodeposited stripes of CuNS, obtained under the following conditions;
substrate electrode: ITO; electrolyte: 0.5 M H2SO4; CUUME translation rate: 50 um s 2, substrate potentials marked
on the picture.

The surface morphology and chemical composition of deposited CuNS were
observed/examined with the use of a SEM equipped with an EDAX energy dispersive X-ray
spectroscopy (EDX) detector and GENESIS software. EDX analysis was performed at a primary
beam energy of 20 kV (Figure 10.7).
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Fig. 10.7. EDX spectrum of CuNS deposited on the ITO support obtained under the following conditions; Electrolyte:
1 M KCI + 10 mM HCI; Electrodeposition potential: -0.5 V; CuUME translation rate: 100 um s™*. The inset provides
the SEM image with marked point of EDX analysis, scale bar: 4 um.

Optical micrograph presented in Figure 10.6 shows that there is a difference in the
reflected light between each microstrip of CuNS obtained on the ITO from 0.5 M H2SO4. SEM
micrographs show that CuNS electrodeposited in these conditions are always rounded, without
distinct edges or sharp corners, regardless of potential value applied to the substrate. However,
the potential applied to the substrate electrode during the process of electrodeposition influences
the size of CuNS: the lower the potential is applied, the smaller CuNS are obtained (Figure 10.8)

what influences the changes in reflected light.

a) b)

T

Fig. 10.8. CuNS obtained under the following conditions; substrate electrode: ITO; electrolyte: 0.5 M H3SOu4;

CuUME translation rate: 50 um s*, substrate potentials: a) -0.3 V, b) -0.5 V.
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The size of obtained CuNS depends also on the translation rate of electrodissolving
CuUME. Faster translation rate results in smaller NS (Figure 10.9), because the time of exposure
of certain area of ITO support to Cu?* flux is shorter.

a)

Fig. 10.9. CuNS obtained under the following conditions; substrate electrode: 1TO; electrolyte: 0.5 M H3SOu4;
substrate potential: -0.2 V; CUUME translation rates: a) 50 um s'%, b) 100 um s°%, ¢) 200 um s 1.

Figure 10.10 shows that the mechanism of electrodeposition of CuNS is significantly
affected by hydrodynamic conditions caused by electrode motion. The morphology of CuNS
obtained under quiescent conditions (without translating of CUUME) differs from that obtained

with translating microelectrode.

Fig. 10.10. CuNS obtained under the following conditions; substrate electrode: ITO; electrolyte: 1 M KCI +
10 mM HCI; substrate potential: -0.4 V. Upper images show CuNS electrodeposited under dynamic conditions,

CuUME translation rate: 50 um s™*; lower images - under stationary conditions.

Another factor that influences the morphology of CuNS is the composition of the
electrolyte. Addition of KCI to H2SOs solution, as well as complete substitution of H.SO4 by
solution containing only CI" anions (1 M KCI acidified with 10 mM HCI) prevents hydrolysis of
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Cu?*, facilitates electrodissolution of Cu and alters the shape of the CuNS substantially
(Figure 10.11).

Fig. 10.11. CuNS obtained under the following conditions; substrate electrode: 1TO; substrate potential: -0.6 V;
microelectrode translation rate: 50 um s°!; electrolytes: a) 0.5 M H,SO4, b) 0.5 M HySOs + 0.1 M KClI,
¢) 1 M KCI + 10 mM HCI.

Cl- at 1 M concentration causes formation of stable CuCl* and CuCl, complexes.?%22%
Moreover, Cu(l) complexes (CuCls?, CuCly) are also stable under these experimental conditions,
thus electrorefining of Cu can occur with one electron per Cu atom stoichiometry. CuNS obtained
with acidified KCI electrolyte are larger and exhibit number of sharp edges and corners
(Figure 10.11). This is caused by slower kinetics of nucleation and growth of Cu deposits from
chloride-complexed copper ions. Negatively charged complexes are repelled from the electrical
double layer at the ITO upon its cathodic polarization. Inhibited nucleation on the substrate
surface causes larger separation of formed nuclei. Further growth of NS causes depletion of
copper ions around them preventing nucleation around. Kinetics of outer sphere electroreduction
of stable complexes depends on the type of crystallographic facet, therefore electrodeposition on
certain surface facets occurs faster than on others. This causes symmetry breaking and growth of
prickly shape CuNS. Preferential adsorption of CI™ on certain crystallographic facets can also play

a role in formation of peaky NS.

The type of the substrate electrode also influences the morphology of CuNS.
Electrodeposition of Cu on GC support from solution containing copper-chloride complexes
forms CuNS with plenty of edges and corners (Figure 10.12-a), however when more negative
potential is applied to GC during the process, smaller CuNS starts to aggregate. Although similar
amount of Cu is deposited, its larger surface is exposed with possibly large number of low

coordination Cu atoms at edges, corners and defects (Figure 10.12-b,c).
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10 mM HCI; CuUME translation rate: 50 um s™*; substrate potentials: a) -0.3V, b) -0.5 V, ¢) -0.9V.

Amount of deposited copper estimated by analysis of SEM images is in good accordance
with Faradaic charge passed for 2 electron reaction in H2SO4 solution and 1 electron process in
the presence of chlorides. Application of chloride electrolyte decreases electricity consumption
required for electrorefining of Cu. This is especially important for large scale industrial processes.

0.5 M H,SO0,

| 25.8 pglem’

0
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Particle diameter / nm

| 0.5MH,SO,
L +0.1 MKCI

20

| 40.7 pg/em’
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Fig. 10.13. Nanostructure size estimation by microscopic analysis. Raw SEM images (left column) calibrated to real
distance was converted to particles mask (center column). CuNS size distribution histograms (right column)
estimated as hypothetical spheres with the same projected area. CuNS were obtained by electrorefining of a 100 um
diameter CuUME translating horizontally 30 um above the ITO electrode polarized at -0.4 V. Microelectrode
translation rate: 50 um s*. Electrolytes: 0.5 M H,SO4 (upper row), 0.5 M H;SO4+ 0.1 M KCI (bottom row).

To estimate size distribution of electrodeposited CuNS selected gray-scale SEM images
were converted to 1-bit monochrome ones with a threshold adjusted to get black projections of
CuNS on a white background. Some particles were connected together into bigger aggregates. In
order to minimize the particles size estimation errors, their projected areas were separated by

intuitive manual cutting in the graphics software. The separated and manually-separated NS were
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counted and the projected area of each spot was calculated by pixel area integration
(Figure 10.13). The projected areas of each particle were evaluated using the ImageJ free
software. The ‘diameters’ (d = (4A/m)*?) and volumes (Equation 10.1) of CuNS were estimated
under the assumption of spherical shape:

4A3/2
T 3x1/2

(Eq. 10.1)

where A is the projected area of the nanostructure.

Surface concentration of electrodeposited metal is calculated as a sum of volumes of all the
particles visible in the SEM image divided by the image area (5.56 um?) and multiplied by the
volumetric mass density of Cu (8.95 g/cm?®). This method of volume estimation is accurate

exclusively for ideal spheres.

Figure 10.14 presents a SEM side view image of CuNS obtained in 1 M KCI +
10 mM HCl on the ITO support. It reveals that they are grown perpendicularly to the ITO surface,

because of precursor concentration gradient normal to the substrate surface upon electrorefining.

Fig. 10.14. SEM micrograph of CuNS obtained by localized electrorefining under the following conditions;
Supporting material: 1TO; Electrolyte: 1 M KCI + 10 mM HCI; Electrodeposition potential: -0.5 V; Cu source:
100 um diameter Cu disk microelectrode; Source translation velocity: 50 um s. The sample was broken manually
to allow side view SEM imaging.

Figure 10.15 shows an AFM image (after tip deconvolution) of CuNS obtained in 0.5 M H>SO4

on the ITO support.
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Fig. 10.15. a) AFM image and b) its 3D projection of CuNS obtained by localized electrorefining under the following
conditions; Supporting material: ITO; Electrolyte: 0.5 M H,SO4; Electrodeposition potential: -0.5 V; Cu source:
100 um diameter CUUME; Source translation rate: 50 um s

Figure 10.16 reveals that CuNS obtained in these conditions are c.a. 130 nm high.
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Fig. 10.16. AFM profile picture of CuNS obtained in the same conditions as in figure 10.15. Inset shows which
particles were taken into account.

Application of Equation 10.1 to assess the volume of CuNS on the basis of their projected
area should therefore result in values close to actual volumes. The theoretical surface
concentration of metal in deposited Cu microstripes (assuming that the majority of Cu is
deposited beneath the CUUME), can be calculated using the Faraday laws of electrolysis and
simple geometry (Equation 10.2):

I = ir6 (Eq 102)

zFpTv

where I is the surface concentration (mol cm), it is the tip current (A), 0 is the collection
efficiency (Figure 10.4-a, |gs/qr| = 0.8 for v = 50 um s%), z is the number of electrons transferred
per atom (or ion), F is the Faraday constant (96485 C mol™), &t is the tip diameter (cm), and v is

the tip translation velocity (cm s™).
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Table 10.1 summarizes the parameters of deposited CuNS. The surface concentration of Cu
obtained with electrolyte without chloride anions, estimated by analysis of SEM images (25.8 pg
cm) is in good accordance with the value calculated using Equation 10.2 and two-electron
stoichiometry (24 pg cm™). Analysis of SEM image of CuNS deposited with electrolyte
containing 0.1 M KClI results in the amount of Cu (40.7 ng cm™), which is closer to the theoretic
value calculated for one-electron stoichiometry (47.8 pg cm™). This shows that addition of
chloride ions at concentration as low as 0.1 M stabilizes Cu(l) complexes (CuCls? and CuCly)

facilitating 1-electron electrorefining.

Table 10.1. Geometric parameters of CuNS obtained by analysis of SEM images and Faradaic charge.

Electrolyte Particle diameter  I'sem it Z [Faradaic
(nm) (ngem?) (pA)  (pgem?)
0.5 M H2SO4 115 £26 25.8 455 2 24
0.5 M H2S04+ 0.1 M KCI 148 +42 40.7 454 1 4738

10.5 Electrorefining of Au

Electrodissolution of 100 um diameter Au microelectrode (AuUME) was carried out in a similar
manner as electrodissolution of Cu. In this case, the electrolyte was 3 M KCI and the potential
applied to AuUME: +0.95 V. AuUME was positioned 30 um above the substrate electrode. The
distance was estimated using the same methods as in the case of electrodeposition of CuNS.

At moderate potentials, when no other processes (e.g. ORR or chlorine evolution) occur,
the Faradaic currents recorded at the source and the support are related to gold electrodissolution

rate,

AUC + 4CI - 3e> AuCI* (Eqg. 10.3)
and electrodeposition,

AuCI* + 3e> AW’ + 4CI (Eq. 10.4)
respectively (Figure 10.17-a).

During the electrodeposition of the micrometer sized stripes of AuNS the electrode was

moving parallel to the substrate surface and the observed current was also stable
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(Figure 10.17-b). The sample treatment after the deposition was carried out in the same manner
as it was in the case of Cu electrodeposition.
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Fig. 10.17. a) Cyclic voltammogram of a 100 um diameter AuUME (tip, red line) positioned 20 um above the ITO
electrode (substrate) polarized at +0.5 V. The blue line is the substrate current vs. tip potential. Electrolyte: 3 M
KCI; scan rate: 10 mV s™*. The inset in a) is a scheme of occurring processes (not to scale) b) Tip current (anodic,
red line) and inverse of the substrate current (cathodic, blue line) recorded during the lateral tip movement 20 um

above the ITO substrate. Translation speed: 100 um s%; tip potential: +0.95 V; substrate potential: —0.3 V.

Electrodissolution of the AUUME (as well as CUUME) causes progressive recession of
the metal surface. However, the flux of AuCls™ ions remains unchanged (Figure 10.18).

a) b)

Fig. 10.18. SEM images of Au microelectrode before a) and after b) electrochemical etching at 0.95 V for 5 min.
Electrolyte: 3 M KCI. Samples are tilted by 45°.

During 20 minutes of the experiment that produces recessed microelectrode the tip current
didn’t change. This is probably caused by self-compensation of two effects. The first one is
diffusion length extension for electrogenerated AuCls™ ions between recessing metallic surface
and the negatively polarized ITO substrate, where these ions are consumed by electrodeposition
at diffusion limiting rate (surface concentration is zero). The second effect is increasing surface
concentration of AuCls close to source electrode. This helps keeping its concentration gradient
unchanged despite growing diffusion length. Due to kinetic limitation of Au electrodissolution
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(Figure 10.17-a), increasing surface concentration of the dissolution product results in decreasing
current density when the electrode is polarized at constant potential. A constant current can be
maintained by growing surface area of dissolving electrode. In fact, we observed faster
dissolution of Au near the circumference of the disk microelectrode resulting in formation of a
gap between the metal and the glass sheath (Figure 10.18-b).2%

As a result of electrodeposition micro-bands of AUNS were obtained, using a 100 pm
diameter AuUME moving 20 um above the support. They are about the same width as the source
diameter. Their edges are slightly blurred due to diffusion of the precursor ions generated at the
microelectrode (Figure 10.19). This effect is more visible for longer tip-to-sample distances.

However, morphologies of the deposited AuNS within the centers of stripes are uniform.

a) b)
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Fig. 10.19. a) SEM image of a micro-band of AUNS obtained by localized electrorefining using a 100 um diameter
AuUME moving 20 um above the ITO support. Translation rate: 50 um s, Substrate potential:
-0.6 V. b) The chart represents averaged signal intensity of vertical lines of SEM image.

The majority of the metal is deposited just beneath the source when the tip-to-sample
distance is much shorter than the tip diameter. Assuming that the metal is deposited mainly
beneath the tip source, one can calculate the surface concentration of metal in deposited micro-
bands using Equation 10.2.

Collection efficiencies and surface concentrations of gold in electrorefined microbands
are listed in Table 10.2.
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Table 10.2. Collection efficiencies and surface concentrations of Au in microbands obtained by localized
electrorefining from a 100 um diameter AuUME translated 20 um above the cathodically polarized ITO substrate.
Tip potential: +0.95 V (corresponding current: 5.5 uA). Electrolyte: 3 M NaCl.

Vv o I'nu I'nu
(um s? nmol cm?)  (ug em™
n ng

50  0.799 (£0.076) 304 (29) 59.8 (+5.7)
100 0.712(£0.037)  135(£7)  26.6 (£1.4)

200  0.688 (£0.068) 65 (£6.5) 12.9 (1.3)

SEM micrographs show that also in the case of AuNS, the potential applied to the
substrate electrode influences the size and shape of obtained structures. AUNS obtained at the
ITO substrate from 3 M KCI solution at moderately cathodic potentials are more separated than

these obtained when more negative potential was applied (Figure 10.20).

o . P 55 > = £ z 2 T e e =

Fig. 10.20. AuNS obtained under the following conditions: electrolyte: 3 M KCI; substrate electrode: ITO; AuUME

translation rate: 50 um s*; ITO potentials: a) -0.3 V, b)-0.8 V.

AUNS obtained at moderate overpotentials are larger and possess number of sharp edges and
corners. The same effect is visible when the substrate electrode is changed to GC (Figure 10.21).
However the shape of obtained structures is different. Polarization of the substrate at higher

potentials leads to lower number of nucleation sites, thus lower number of bigger particles.
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Fig. 10.21. AuNS obtained under the following conditions: electrolyte: 3 M KCI; substrate electrode: GC; AuUME
translation rate: 50 um s; GC potentials: a) -0.3 V, b)-0.8 V.

10.6 Electrorefining of bi-metallic Cu and AuNS

It is also possible to obtain bimetallic NS by electrorefining of polycrystalline metals. First, the
electrodeposition of AUNS was performed in a manner described in the chapter 10.5. Then, the
electrolyte and the source microelectrode were exchanged to CUUME and the process of CUNS
deposition was performed (Chapter 10.4). As a result, a pattern with crossed Au-Cu microstripes
was obtained (Figure 10.22).

Fig. 10.22. Optical micrograph presenting local electrodeposition of CuNS on predeposited AuNS on the ITO

substrate.

Figure 10.23-a shows SEM images of AuNS obtained on the ITO support in 3 M KCI. As
it was described in section 10.5 these parameters of electrodeposition lead to separated deposits
with lower number of bigger particles. Figure 10.23-b shows CuNS obtained on the ITO support,
in 0.5 M H2SO4, which are rounded and deposited densely on the substrate electrode.
Figure 10.23-c shows SEM image at the intersection of Cu stripe deposited on predeposited Au
stripe. Stripes were deposited with the same parameters as it was described in figure 10.23-a
and -b.
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Fig. 10.23. SEM micrographs presenting a) AuNS, b) CuNS obtained under the following conditions: substrate
electrode: ITO; tip translation rate: 50 um s; electrolytes: a) 3 M KCI; b) 0.5M H,SOq; ITO potentials: a) -0.2 V,
b) -0.5 V; c) CuNS electrodeposited on predeposited AuNS.

One can clearly see that CuNS were deposited in the free spaces at the ITO electrode,
between AuNS. However, the close up SEM pictures (Figure 10.24) reveal, that the structure of

AUNS was also changed - before CuNS deposition AuNS were sharper.

a)

Fig. 10.24. SEM micrographs presenting a) AuNS, b) CuNS obtained under the following conditions: substrate
electrode: ITO; tip translation rate: 50 um s; electrolytes: a) 3 M KCI; b) 0.5M H,SOq; ITO potentials: a) -0.3 V,
b)-0.4 V; c) CuNS electrodeposited on predeposited AuNS.

The surface morphology and chemical composition of obtained intersections of Cu- and AuNS
stripes were characterized under the SEM equipped with an EDX detector and GENESIS
software. It reveals that at the intersections bimetallic NS are obtained. Figure 10.25 and 10.26
show EDX spectra of CuNS deposited on predeposited AuNS and AuUNS deposited on
predeposited CuNS on the GC substrate respectively.
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G K 23.89 65.83
0O K 4.80 992
CuK 34.73 18.09
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Fig. 10.25. EDX spectrum of CuNS deposited on predeposited AuNS on the GC support. Insets: table provides the

information about atomic and weight percentage of each element and optical micrograph of studied sample.

o Element Wt % At %
¢ C K 3653 87.76
0O K 0.84 1.52
CuK 5102 2.28
AuL 57.60 8.44
Total 100.00 100.00
Au Au Au
Cu Au
A _ cu 4/\\ y Au
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Fig. 10.26. EDX spectrum of AuNS deposited on predeposited CuNS on the GC support. Insets: table provides the

information about atomic and weight percentage of each element and optical micrograph of studied sample.

There are significant differences in the intensity of the peaks corresponding to Au and Cu,

depending on the order in which the NS were deposited. Insets in Figures 10.25 and 10.26 show

correlations in weight and atomic percentage between individual elements of the samples. When

CuNS were deposited on predeposited AuNS the weight percentage of Cu and Au were similar,

but atomic percentage of Cu was higher. The phenomenon of underpotential deposition (UPD)

of Cu at Au occurs,?*2% which means that the Au surface was covered with Cu. When AuNS

were deposited on predeposited CuNS, both the weight and atomic percentage of Au were greater

than Cu. Figure 10.27 presents SEM images and EDX maps of described samples.
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Fig. 10.27. 1 a) SEM image of CuNS deposited on predeposited AUNS on the GC support; b) EDX map of Au in the
sample presented in a); ¢) EDX map of Cu in the sample presented in a); d) EDX map of Au and Cu in the sample
presented in a) overlayed on SEM image. 1l a) SEM image of AuNS deposited on predeposited CuNS on the GC
support; b) EDX map of Au in the sample presented in a); ¢) EDX map of Cu in the sample presented in a); d) EDX

map of Au and Cu in the sample presented in a) overlayed on SEM image.

10.7 Summary and conclusions

This chapter described application of SECM to obtain micropatterns of ligand-free Au-, Cu-, and
bimetallic NS, by localized electrorefining of polycrystalline metal wires from the

microelectrodes, in a controlled manner.

Bare NS are desirable in catalysis as their activity is not affected by ligands. Their
presence may decrease catalytic activity and hinder access of the analyte to the metal surface.
Localized electrorefining allows quick fabrication of microscopic patterns where only a small
amount of raw metal is used. A number of various NS can be prepared on a single support and
studied instantaneously for their catalytic activity by SECM. An additional advantage of NS
preparation directly from a polycrystalline metallic source is the cost-efficiency of this approach.
This is because, e.g. metallic gold is much cheaper than gold in the chemical compounds used

for AuNS synthesis.

Presented researches have shown that by adjusting the electrorefining parameters one can
control the morphology of obtained NS. Changing the substrate electrode — using GC instead of
ITO —allows to apply more negative potentials of electrodeposition, what influences the size and

shape of obtained nanocomposites. Faster horizontal translation rate of the metal source during
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the process results in smaller NS. Electrodeposition performed in quiescent conditions (without
tip movement) also influences their morphology, as well as the composition of supporting
electrolyte.

98



11. Electrocatalysis on metallic nanostructures

11.1 Introduction

Catalytic properties of prepared bare metallic NS were examined using feedback mode of
SECM, by carrying out oxygen reduction reaction (ORR) in alkaline media and carbon dioxide
reduction reaction (CO2RR). These kinetically sluggish processes are important in the industry
and described in Chapters 2 and 3.

Au- and CuNS have gained recently high importance as catalysts. Their catalytic activity
depends on their morphology. Low coordinated surface atoms, such as those occupying edges

and corners of NS, are supposedly the sites of increased electrocatalytic activity.

11.2 Cell assembly

All electrochemical experiments were performed using homemade SECM controlled and
operated under SECMx software. SECM setup consisted of lvium CompactStat bipotentiostat
and mechOnics XYZ positioning system. Ag|AgCl|3M NaCl and a Pt wire served respectively as
a reference and counter electrodes. If not otherwise stated, all potentials in this chapter are
provided versus this type of reference electrode. 25 pm diameter AUUME was used as a first
working electrode (tip) during ORR studies and 25 um diameter platinum microelectrode
(PtUME) in the case of CO2RR. ITO coated glass or GC plate with deposited NS served as a
second working electrode (substrate).

A horizontal SECM line scans were used to examine activity of microstripes composed
of metallic NS towards CO2RR or ORR (Figure 11.1). In the case of ORR study, AUUME was
positioned ~30 um above the ITO surface and moved perpendicularly to the stripes, which were
obtained by localized electrorefining at various substrate potentials. Electrochemical cell was
filled with alkaline media: 0.1 M NaNOs + 0.01 M NaOH electrolyte. During the time of the
experiment +1.6 V was applied to the tip, to produce O> locally by electrooxidation of OH" at
diffusion controlled rate. The substrate electrode was polarized at moderately cathodic potential
to drive ORR on studied NS at kinetically limited rate. In the case of CO2RR study, PtUME was
used in the same way as in the case of ORR, however, the electrochemical cell was filled with
30 mM HCOOH + 0.1 M phosphate buffer (pH = 7), and +0.7 VV was applied to PtUME to
produce CO- by oxidation of HCOOH at the tip and to reduce it at the sample. In both cases tip

translation rate was 10 um s,
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WEL1: PtUME

WE2: GC
with deposited CuNS

Fig. 11.1. Scheme of the CuNS deposited on the GC substrate and examination of their activity toward CO2RR during

horizontal SECM line scan experiment (not to scale).

A SECM mapping experiment was used to study the catalytic properties towards CO.RR
and ORR of metallic NS which were obtained by localized electrorefining at various substrate
potentials under quiescent conditions (Figure 11.2) and mixed stripes of Au- and CuNS
(Figure 11.3).

WEL: Au UME

WE2: ITO
with deposited CUNS

Fig. 11.2. Scheme of the CuNS deposited under quiescent conditions on the ITO substrate and examination of their

activity toward ORR during SECM mapping experiment (not to scale).

Au or PtUME was mounted into a 3D positioning system and positioned ~30 pm above
the substrate electrode. For recording of activity maps the microelectrode was scanning in X and
Y directions whereas ORR or CO2RR were driven at the sample. The conditions of the reactions

were the same as it was described in the case of a horizontal line scan technique.
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WE1: PtUME

WE2: GC
with deposited Cu and AuNS

Fig. 11.3. Scheme of the mixed Cu- and AuNS deposited on the GC substrate and examination of their activity toward

CO:RR during SECM mapping experiment (not to scale).

11.3 Oxygen reduction reaction

ORR in alkaline media can be studied by SECM in feedback mode, as ORR is chemically
reversible. In this method O is generated at the SECM tip. To a 25 um diameter AUUME
potential of +1.6 V was applied to perform the oxidation of OH™ to O, (Figure 11.4-a). Generated
oxygen diffused to the sample electrode, polarized at -0.7 V, where it was reduced, generating
additional flux of hydroxide ions. Thus, the SECM feedback mode experiment was possible to

carry out (Figure 11.4-b).
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Fig. 11.4. a) Cyclic voltammogram recorded at the 25um AuUME in 0.1 M NaNO3z + 10 mM NaOH. Scan rate:
20 mV s™1. Oxidation of OH occurs at +1.6 V. b) A scheme of feedback mode SECM study of ORR in alkaline

solution (not to scale).
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11.3.1 ORR of CuNS deposited under dynamic conditions

First, the influence of the electrodeposition substrate potential on the catalytic activity of
the obtained CuNS was studied. AUUME was translated 30 um above the sample perpendicular
to micro bands of CuNS (Figure 11.1, Figure 11.5, inset) at 10 pm s *. When SECM tip was
crossing above the copper stripes, the corresponding anodic tip current was enhanced as a result
of more efficient regeneration of OH™ at a surface exhibiting higher catalytic activity towards
ORR. This feedback current at a constant tip-to-sample distance is proportional to the reaction

rate at the sample and provides direct information about the sample catalytic activity.

Figure 11.5 shows the response of a tip current versus its horizontal position, recorded
during scanning across a set of Cu stripes. CuNS were prepared by electrorefining at different
sample potentials, on GC and on ITO support, in 10 mM HCI + 1M KCI electrolyte. It reveals
that each stripe exhibits different activity towards ORR in applied alkaline medium, although
each sample contains the same amount of Cu per unit area of the support. The decrease of the
background current is due to probe deactivation caused by the formation of an oxide film on the
Au tip polarized at constant potential.?®! Feedback currents are at a similar level, however the
contrast is higher for the sample deposited on GC support. Lower current contrast for ITO

supported sample is due to higher residual activity of ITO towards ORR than residual activity of
GC.

250 F 065V -07V 075V
< 200
c
§ 150
5
o
o
i= 100

0.5 1.0 1.5 2.0 25 3.0
Horizontal tip position / mm

Fig. 11.5. Feedback mode SECM line scan analysis results of ORR occurring on the microstripes of CuNS obtained
by localized electrorefining at various substrate potentials and materials (marked in the figure). ITO and GC
potential: -0.7 V.
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The catalytic activity of obtained CuNS depends on the electrorefining potential. For
CuNS obtained on the ITO support, the activity reaches maximum for the stripe deposited at
—0.75 V (Figure 11.5, red line). The stripes obtained at less cathodic potentials exhibit lower
activity. This is in accordance with the morphology of the obtained structures (Figure 11.6). A
lower number of larger particles per unit area contain a lower number of exposed Cu atoms and
defects (see Chapter 10.4).

Fig. 11.6. CuNS obtained on the ITO electrode, in 10 mM HCI + 1M KClI electrolyte, potential of electrodeposition

marked in the micrographs.

For CuNS deposited on the GC electrode, the activity reaches maximum for the stripe
deposited at —0.7 V (Figure 11.5, black line). As in the case of ITO support, Cu stripes deposited
on GC at less cathodic potentials are also composed of a lower number of larger particles.
Interestingly, the stripe made of CuNS deposited at the most negative potential (—0.75 V) is less
active than that deposited at —0.7 V. CuNS deposited at —0.7 V are small and separated, whereas
these deposited at -0.75 V constitute aggregates (Figure 11.7).
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Fig. 11.7. CuNS obtained on the GC electrode, in 10 mM HCI + 1M KCl electrolyte, potentials of electrodeposition:
a)-0.4V, b)-0.7V, c) -0.75 V.
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11.3.2 ORR of CuNS deposited under quiescent conditions

Another parameter that can influence the catalytic properties of obtained NS is the composition
of the electrolyte that was used during the experiment. The sample for further activity studies was
obtained by localized electrorefining of CUUME under quiescent conditions, without translation
of the tip. It was performed in three different electrolytes: 0.5 M H2SO4, 0.5 M H2SO4 +
0.1 M KCI, and 1 M KCI + 10 mM HCI, at three different potentials applied to the ITO: -0.3 V,
-0.4V, and -0.5 V.

Figure 11.8 presents a SECM map of ORR (and its 3D representation) at the microspots
of CuNS carried out in 0.1 M NaNOs + 10 mM NaOH solution. The lowest catalytic activity was
obtained for the rounded nanoparticles, deposited from the 0.5 M H2SO4 electrolyte. As it was
described in the Chapter 10.4, these NS are circular, thus they contain smaller number of edges
and corners which are supposedly catalytic active sites. The highest enhancement of the current,
so the best catalytic activity toward ORR, was recorded for CUNS samples prepared using
1 M KCI + 10 mM HCI solution. Figure 11.9 shows the cross-section of the microspots of CUNS
exhibiting the best catalytic properties. SEM micrographs reveal, that also among these NS, the
highest catalytic activity presents CUNS with more developed structure.

-03v -04VvV -05V

. m
!21
20
e
. 200
_. ﬂ 0.5 M H2S04
o 0.1 M KCI
0 250

500 750 100
i/ nA x / pum

1 MKCI
10 mM HCI

i/ nA

y / pm

800
600
400

Fig. 11.8. Feedback mode SECM image of ORR (and its 3D representation) at microspots of CuNS deposited on

ITO support at various deposition potentials applied to the support and with use of various electrolytes (parameters

marked in the figure).
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Fig. 11.9. A cross-section of the microspots of CuNS with the highest catalytic activity toward ORR (from
figure 11.8.) and their SEM micrographs.

11.3.3 ORR of bimetallic Cu- and AuNS

SECM map of feedback mode ORR in 0.1 M NaNOz + 10 mM NaOH solution was also
performed over bimetallic Cu- and AUNS deposited on the ITO substrate electrode
(Figure 11.10). The results show the highest activity of the spot, where CuNS were obtained on
predeposited AuNS. This suggests synergistic catalytic effect in such bimetallic NS. Due to
known phenomenon of underpotential deposition of copper on gold,?* the surface concentration
of adjacent Au and Cu surface atoms is expected to be little, however such a loci can exist at
corners and vertexes of Cu@Au bimetallic NS. Possible locations of active sites towards ORR
can be Cu atoms deposited on Au facets of AuNS. The structure of such a surface differs
significantly from either bare Au or bare Cu facets.?® Morphology of such a surface can be
favorable for promoting ORR in alkaline media.
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Fig. 11.10. SECM map of feedback mode ORR in 0.1 M NaNOz + 10 mM NaOH solution over crossed copper and
gold nanoparticles on the ITO electrode and its 3D representation. Ejro = -0.75V.

11.4 Carbon dioxide reduction reaction

Catalytic properties of electrodeposited NS towards CO2RR were also studied using feedback
mode SECM. CO> was electrogenerated by oxidation of formic acid (HCOOH) on PtUME at the
potential +0.7 V. Then it diffused to the sample and was reduced (Figure 11.11). At the neutral
pH (pH = 7) it is reduced mainly to HCOOH,?®" generating additional flux of tip reaction
substrate. In neutral buffered solution hydrolyzed CO, (pKai(H2COz) = 6.35) and HCOOH
(pKa =3.75) occurs as bicarbonate (HCOgz) and formate (HCOO), respectively. The
electrodeposition of CuNS, and their further studies, were performed only on GC support, as the

ITO is instable under strong cathodic polarization required to drive CO2RR.
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Fig. 11.11. a) A scheme of feedback mode SECM study of CO2RR in 30 mM HCOOH + 0.1 M phosphate buffer

(pH = 7) solution. b) A cyclic voltammogram recorded at the 25 um diameter PtUME in the same electrolyte. Scan

rate: 20 mV s~t. Oxidation of HCOOH occurs at +0.7 V.
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11.4.1 CO2RR of CuNS deposited under dynamic conditions

First, the study of the influence of the electrodeposition potential on the catalytic
properties of obtained stripes of CuNS was carried out. As it was in the case of ORR study,
parallel microstripes of CUNS were deposited at various potentials applied to the GC substrate.
The sample was analyzed with a 25 um PtUME, in buffered solution of HCOOH, by performing
a horizontal line scan perpendicular to the axes of CuNS microstripes, 30 um above the sample.
Figure 11.12 shows the tip current vs. its horizontal position. It reveals that there is a strong
influence of electrodeposition potential on electrocatalytic activity of CuNS. At the
electrodeposition potentials less than -0.2 V, CuNS growth rate is limited by diffusion. That is
why all stripes of CuNS contains approximately the same amount of Cu per unit area of the
support, because, at constant parameters such as electrodissolution current, tip translation rate,
tip-to-sample distance, the same amount of Cu ions is delivered per unit area of the substrate. For
CO:2RR carried out at moderate potentials, down to -1.1 V, the optimal value of electrodeposition
potential is c.a. -0.7 V. When CO2RR is driven at more extreme cathodic polarizations, CUNS

obtained at -0.4 V acquire maximum activity, instead.
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Fig. 11.12. Feedback mode SECM line scan analysis result of CO2RR driven on the microstripes of CuUNS obtained
by localized electrorefining at various substrate potentials on GC electrode.

At potentials below -1.1 V applied to the CuNS sample, hydrogen evolution reaction
(HER, by electroreduction of water) may occur simultaneously with CO2RR and contribute to
the SECM feedback current. This result shows that HER occurs faster at other types of active
sites at CuNS than CO2RR. Because CuNS deposited at more negative potentials possess more
developed surface and less exposed flat crystallographic facets (see Chapter 10.4), one could
conclude that chemically reversible CO2RR, contrary to HER, occurs preferentially at low

coordination sites (edges and corners) rather than at crystallographic facets of CuNS.
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11.4.2 CO2RR on CuNS deposited under quiescent conditions

To analyze the influence of the electrolyte composition on the catalytic properties of
obtained CuNS, a SECM mapping of CuNS prepared at the GC electrode with three different
solution compositions was performed. Feedback mode SECM image of CO2RR on CuNS
deposits was obtained using 25 um PtUME polarized to +0.7 V. Sample potential during imaging
was -0.9 V (Figure 11.13).

Figure 11.13 shows that CuNS obtained in the absence of SO% ions exhibit the highest
catalytic activity towards CO2RR. CuNS obtained with 0.5 M H>SO4 and HSO4 with an addition
of 0.1 M KCI exhibit similar activities substantially lower than these obtained with acidified

electrolyte containing only chloride anions.

When stable, negatively charged complexes of Cu and Cl are formed, which require
higher cathodic polarization for nucleation and growth of CuNS, then CuNS with exposed
crystallographic facets are deposited. Such structures are preferred as catalysts for CO2RR at high
overpotentials, when HER is also possible. In order to prevent hydrolysis of Cu*/Cu?* ions and
precipitation of Cu(OH)2 pH has to be kept around 2 (10 mM HCI). Further pH decrease shifts

hydrogen evolution potential to higher values affecting electrodeposition of CuNS.
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Fig. 11.13. Feedback mode SECM image of CO2RR at microspots of CuNS deposited on GC support at various
deposition potentials applied to the support and with use of various compositions of electrorefining electrolyte
(parameters marked in the figure). Sample potential during imaging: -0.9 V.

Figure 11.14 shows the cross-section of the SECM map of microspots of CuNS deposited
in 1 M KCI + 10 mM HCI solution, exhibiting the best catalytic properties toward CO2RR.
Among these NS the largest feedback current, thus the highest catalytic activity, exhibit the
smallest CuNS, with well-developed structure, deposited at -0.5 V. Their exposed surface area is
the largest per amount of Cu deposited. Contrary to the spherical CuNS obtained without chloride

ions in electrolyte, crystallographic planes are visible at their surfaces. This result confirms that
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CO2RR with generation of electrooxidizable compounds and possible contribution of HER under

strong cathodic polarization besides spots with low coordination surface atoms, occurs also at flat

crystallographic planes.
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Fig. 11.14. A cross-section of the microspots of CuNS with the highest catalytic activity toward CO2RR (from
Fig. 11.13.) and their SEM micrographs.

11.4.3 CO2RR of mixed Cu and AuNS

SECM map of feedback mode CO2RR in 30 mM HCOOH + 0.1 M phosphate buffer
(pH = 7) solution was also performed over crossed Cu- and AuNS microstripes deposited on a
GC electrode. Both structures were deposited at -0.4 V with 50 pm s translation rates

(Figure 11.16).
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Fig. 11.16. SECM map of feedback mode CO2RR in 30 mM HCOOH + 0.1 M phosphate buffer (pH = 7) solution

over crossed Cu- and AuNS on the GC electrode. Sample potential during imaging: -0.9 V.
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Obtained results reveal the synergetic activity of bimetallic NS toward CO:RR.
Figure 11.17 shows that in the intersection of a stripe with CuNS deposited on predeposited
AUNS, the enhancement of the current was higher than when AuNS were deposited on CuNS
(Figure 11.17-b,c). In the intersection of two CuNS stripes the current was enhanced because of

the highest amount of deposited material (Figure 11.17-a).

a)
1 L 1 1 1
35 -
301 CuNS -
on CuNS

T 25+ L

B
20+ -
154 -

T T T T T T T
o 100 200 300 400 500 800 700
x / pm
a5 1 1 L 1 1 1 1
40 =
CuNS
*7 on AuNS

T 104

o
25+
20
154 o

T T T T T T T
o 100 200 300 400 500 600 700
x / pm
1 1 1 1 1 1
40 -
] AUNS i
50+ on CuNS L

]

254 L
204 -
15 -

T T T T T T
[a} 100 200 300 400 500 BOOD
x / pm

Fig. 11.17. Current enhancements above a) CuNS deposited on CuNS, b) CuNS deposited on AuNS, c) AuNS
deposited on CuNS, extracted from the intersection of crossed stripes from figure 11.16.
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11.6 Summary and conclusions

The studies of the catalytic activity toward CO2RR and ORR in alkaline media of electrodeposited
Cu- and bimetallic NS were performed using SECM feedback mode. Horizontal SECM line scans
experiments and SECM maps reveal that each stripe (or spot) of metallic NS exhibits different
catalytic activity toward CO2RR and ORR. The activity depends on the electrorefining
parameters: potential applied during deposition, substrate electrode, source translation rate, and

the composition of the electrolyte, thus the shape and structure of obtained NS.

Presented results show that programmable fabrication of NS microarrays followed by
SECM analysis allows the quick optimization and characterization for newly designed catalysts
for CO2RR and ORR in alkaline media.
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12. Voltammetric pH nanosensing

12.1 Introduction

In this chapter the preparation, calibration and use of 50 nm diameter voltammetric pH
nanosensor will be described. The sensor consists of a carbon nanoelectrode (CNE) with
preadsorbed 4-hydroxy-3,5-dimethoxybenzaldehyde azine (syringaldazine, Syr). Its midpeak
potential (Emp) is linearly dependent on the pH because of the protons that are involved in its
electrode reaction. Obtained nanosensor was used to acquire pH map over a PtUME, generating
hydroxide ions (OH") by the ORR at a diffusion-controlled rate in aerated phosphate buffered
saline (PBS).

12.2 Nanosensor preparation and calibration

Preparation of pyrolytic CNEs was performed by the chemical vapor deposition (CVD) in a
similar manner as it is described in the literature.?52%.2% A quartz capillary (0.d. 1.0 mm, i.d.
0.7 mm) was mounted into a laser puller and pulled using dedicated program (Figure 12.1-a,
upper image): line 1: HEAT =700, FIL = 4, VEL =55, DEL = 130, PUL = 55; line 2: HEAT =
700, FIL = 4, VEL =45, DEL =132, PUL = 150, where: HEAT parameter specifies the output
power of the laser, and consequently the amount of energy supplied to the glass; FIL (filament)
indicates the scanning pattern of the laser beam that is used to supply heat to the glass; VEL
(velocity) specifies the velocity at which the puller bar must be moving before the hard pull is
executed; DEL (delay) controls the timing of the start of the hard pull relative to the deactivation

of the laser; and PUL (pull) parameter controls the force of the hard pull.

The back side of the obtained nanopipette was connected via silicone tube to the cylinder
with petroleum gas (ca. 60 vol % butane, ca. 40 vol % propane), under the pressure reduced to
1.5 bar. Then it was inserted into a bigger quartz tube (0.d. 3.0 mm, i.d. 2.0 mm), in which the
opposite side was fed with a 15 mL min argon stream maintained using a gas flow controller.
The petroleum gas inside the argon-shielded nanopipette was pyrolyzed three times by direct
butane-air gas torch flame at the nanopipette tip for ca. 5 s (Figure 12.1-a, middle image,
Figure 12.1-b). To remove gaseous products of the pyrolysis and to deliver fresh propane-butane
reactant gas, the silicone tube with petroleum gas was disconnected and connected to the pipette
several times, between the pyrolysis steps. To provide an electrical connection, a 0.5 mm diameter

copper wire was inserted into the pipette with a carbonized interior.
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Fig. 12.1. a) Probe fabrication.3® b) An image presenting CVD of carbon.

Such prepared nanoelectrodes (Figure 12.1-a, lower image) were examined by CV in an
aqueous 1 mM ferrocenemethanol (FcMeOH) and 0.1 M KCI. A 0.5 mm diameter silver wire
served as a quasi-reference and counter electrode. Its potential was assumed to be stable during
the experiment when sub-nanoampere currents were recorded. Two types of CNEs were obtained:
completely filled with carbon and recessed (Figure 12.2-a and 12.2-b, insets). The type of
obtained CNE influences the shape of corresponded CVs. A peak-shaped voltammogram
observed in the presence of the used redox mediator indicates a recessed electrode
(Figure 12.2-b). Wave-shaped (sigmoidal) CV (Figure 12.2-a), even at scan rates as high as
10 Vst (Figure 12.3) proves that the nanopipette is filled completely with carbon and the
aqueous electrolyte does not penetrate into its interior.2%
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Fig. 12.2. Cyclic voltammograms of a) fully-filled and b) recessed CNEs recorded in 1 mM ferrocenemethanol

in 0.1 M KCl at a scan rate: 0.1 V s™2. Inset: SEM micrographs of the analyzed electrodes.
At the disk UME, diffusion limiting current at is given by the equation 6.2:2%
ir = 4nFDrrc*pB (Eq. 6.2)

where: n = 1 is the number of electrons exchanged with FcMeOH, F is the faraday constant, D

(7.6 x 107® cm? s71)%1 js the diffusion coefficient of FcMeOH, 77 is the radius of active UME
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area, ¢" is the bulk concentration of mediator, and £ is a parameter dependent on the radius of the
glass sheath of the UME.
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Fig. 12.3. Cyclic voltammograms of CNE recorded in 1 mM ferrocenemethanol in 0.1 M KCI at various scan rates:

0.1V s (black) and 10 V s7* (red). Inset: SEM micrograph of the analyzed electrode.

The measured diffusion-limited current (Figure 12.3), which corresponds to the oxidation
of 1 mM FcMeOH, is in accordance with the calculated one. For a 50 nm diameter UME
(Figure 12.3, inset), with a glass sheath thickness of 25 nm, the calculated steady-state current is
ca. 8 pA. It is a prove that no electrically connected carbon layer is deposited on the exterior of
the pipette. In such a case, the measured current would exceed the calculated value for the UME

geometry derived from SEM micrographs.

CNEs were modified with syringaldazine (4-Hydroxy-3,5-dimethoxybenzaldehyde azine,
Syr) by immersion in its 0.5 mg mL™* solution in ethanol for 20 s, and dried under ambient
conditions. Syr is a water-insoluble compound and undergoes 2-proton, 2-electron reaction which
makes it sensitive to the pH changes (Figure 12.4).302
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Fig. 12.4. a) Mechanism of the electrode reaction of syringaldazine. b) A scheme of modification of CNE with
syringaldazine.

CVs were recorded in a two-electrode configuration system, with reference and counter
electrode immersed into 0.1 M phosphate buffer solutions of various pH. Figure 12.5 shows that
Syr-modified CNEs exhibit stable, quasi-reversible cyclic voltammograms, with peaks
characteristic of exhaustive electrolysis of the adsorbate. A linear relation between peak current

and scan rate also confirms the adsorption of Syr (Figure 12.5, inset).
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Fig. 12.5. Cyclic voltammograms of CNE with preadsorbed syringaldazine recorded in 0.1 M phosphate buffer,
pH = 7.05, at various scan rates: 10, 40, 60, 80, and 100 mV s™*. Inset: plot of cathodic peak current vs. scan rate.

The amount of adsorbed syringaldazine was estimated on the basis of the Faradaic charge for its
electrooxidation. This charge was calculated by integration of positive-going sweeps of CVs
presented in figure 12.5.
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Fig. 12.6. Linear sweep voltammogram corrected by constant capacitive current baseline subtraction (black) of CNE
with preadsorbed syringaldazine recorded in 0.1 M phosphate buffer pH = 7.05 and its integration result (red).

Figure 12.6 shows a linear sweep voltammogram corrected by constant capacitive current
baseline subtraction of Syr-modified CNE and its integration result. Using Faraday laws of
electrolysis for a two electrons process, one can calculate the molar amount of adsorbed Syr:

1011
n = 2 =
ZF  2'96485

~ 5.18 - 10" mol (Eg. 12.1)
q

Multiplying this value by the Avogadro constant one obtains ca. 3x10” molecules, e.g. around
15,000 molecules per square nanometer of geometric area of 50 nm diameter disc electrode. Such
a high adsorbate loading is probably caused by the microporosity of pyrolytic carbon®*® and
possible multilayer adsorption. Moreover, after removing CNEs from the adsorption solution,
some excess of Syr could precipitate upon evaporation of ethanol, and undergo complete
electrooxidation/electroreduction as previously found for bulk electrolysis of solid-state Syr
microcrystals.3 Depletion of redox-active adsorbate, e.g. partial dissolution of previously
deposited Syr, has been observed after further immersion of Syr-modified CNE in ethanolic Syr

solution.

The calibration curve of the voltammetric pH nanosensor was constructed by plotting the
mid peak potential of CVs of the Syr-CNEs recorded in a series of buffered solutions versus pH
of these buffers. pH values of the tested solutions were determined by a glass-electrode pH meter,
calibrated using standard buffer solutions. In order to evaluate midpeak potential accurately from
noisy CVs, they were smoothed using the Savitzky-Golay algorithm implemented in OriginPro8
software. Mid-peak potential evaluation from CVs with noise would contain significant error

when performed by a simple computerized search for the maximum and minimum current values.
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Figure 12.7 represents an example of the smoothing result. Importantly the mid-peak potential of

original and smoothed curves are identical.
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Fig. 12.7. A noisy CV (black) of CNE with preadsorbed syringaldazine recorded in 0.1 M phosphate buffer,
pH = 4.45 at a scan rate of 0.5 V s and the same measurement after smoothing (red).

As it was mentioned before, the electrode reaction of Syr is a two electron/two proton
process, therefore its formal potential (E°') is proportional to pH with a theoretical slope of
-59 mV pH1.3%2 The midpeak potential (Emp) is linearly dependent on the pH. This is in
agreement with the found dependence of the Emp on pH dependency (Figure 12.8-a). There is a
slight difference between the theoretical and experimental slope value (—59 mV pH! vs.
—54 mV pH™) which can be caused by hindered access of protons to redox-active Syr molecules
adsorbed inside the micropores of carbon or inside precipitated nanocrystal. A least-squares fit
of a linear calibration function yields:

pH = — —2L 4 1127 (Eq. 12.2)

with a Pearson correlation coefficient R?> = 0.99 (Figure 12.8-b). The voltammetric response
signal can be distorted by the filtering of the current signal, because the cut off frequency of the
analog low-pass filter is set to a value below the data acquisition rate. It is visible as an
enlargement of the peak-to-peak separation. However, the accurate evaluation of the Emp is

unaffected by such “overfiltering”, providing a convenient way for its accurate evaluation.
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Fig. 12.8. a) Selected CVs of CNEs with preadsorbed syringaldazine recorded at various pH values (labeled) of
0.1 M phosphate buffers. Current is normalized versus anodic peak current. b) Plot of midpeak potential of CVs at

various pH values.

Described nanosensor requires careful handling. The most important is to eliminate the
electromagnetic noise. When the nanoelectrode is in contact with the electrolyte, including the
moments of its immersion and removal, the Faraday cage has to be closed all the time. Otherwise,
the external alternating electromagnetic field induces parasitic currents, which shifts the

nanoelectrode potential to extreme values and may damage them irreversibly.

12.3 Cell assembly and nanosensor positioning

The pH mapping experiment was performed in a four-electrode system (Figure 12.9). Syr-
modified CNE was employed as a first working electrode (tip probe). Second working electrode
— PtUME — was used as a model substrate. It was prepared by sealing a 10 um diameter Pt wire
into a borosilicate glass capillary and polished finally with 50 nm grade alumina lapping tape.
The electrochemical cell was filled with the examined solution of known pH. All electrodes were
connected to the SECM setup.
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RE: Ag|AgCl
WEL1: Syr-modified
carbon nanoelectrode

CE: Pt wire
-
WE?2: 10 um PtUME

0.1 M phosphate buffer saline

I— Sample connection

Fig. 12.9. A scheme of the SECM electrochemical cell with two working electrodes (not to scale).

A Syr-modified CNE was mounted into a piezo positioning system that allows to move it in a
three dimensions X,Y, and Z. It was positioned ca. 10 um above the Pt substrate, using an optical
microscope, in air. After retracting the probe by 1 cm (further above the electrolyte level), the
electrolyte was gently poured into the cell and the Faraday cage was closed. By using SECM
motors, the probe returned to the position optimized in air. Then it was polarized at a potential of
—0.7 V, to reduce oxygen at a quasi-steady-state rate, however the slow rise of the cathodic
current with time was observed. This could be caused by a slow increase of the electrode area
affected by electrodeposition of metallic clusters by reduction of metal ion traces present in the
electrolyte. With larger microelectrodes this effect is not observed, because the deposited NS do
not increase their size significantly. Moreover, in case of kinetically sluggish process, such as
ORR, deposited metallic NS can possess catalytic properties, causing an additional acceleration

of the studied process.

12.4 pH mapping

Figure 12.10 shows the approach curve of a pH-probe to the polished insulating glass sheath of
the PtUME (sample), with 9.77 nm steps. The movement was interrupted automatically when an
ORR current decreased by 20% of its initial value. What is important, the polarization of Syr-
modified CNE to the potential where ORR occurs allows its controlled approach to the sample

surface without losing its pH-sensing function.
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Fig. 12.10. Approach curve of CNE with preadsorbed syringaldazine to polished glass surface. Probe potential:

-0.7 V, electrolyte: aerated PBS. Inset: CV of the nanoelectrode under the same conditions.

Approach curve allowed the positioning of the pH probe ca. 2.5 um from the sample surface.
After that, PtUME was polarized at —0.8 V to reduce the oxygen (Figure 12.11). Then the pH
mapping was performed, at constant height, with a 0.66 V s™* scan rate of a single CV recorded
in every grid point of the scanning raster. From the obtained CVs, the map of midpeak potentials

was extracted and rearranged to a map of local pH using MIRA software.
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Fig. 12.11. Cyclic voltammogram of on 10 um diameter PtUME in aerated 0.1M KCI. Inset: the mechanism of the

4-electron ORR reaction in neutral electrolyte, Chapter 2.2

The first pH mapping attempt over an oxygen reducing PtUME was performed with non-buffered

0.1 M KCI solution, using recessed carbon nanosensor. Each point in the obtained pH map,

presented in Figure 12.12, was calculated from the Emp of CV. Detected pH values above the Pt

substrate electrode were higher than in the bulk solution, due to the local alkalization of the

electrolyte, caused by hydroxide anions generation at the sample (Figure 12.11, inset), however,

no sharp peak appeared in a pH map of 75x 75 um? scanning area that would reveal the dimension
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of the active sample (Figure 12.12-a). The second mapping was performed using fully filled Syr-
modified CNE, also in non-buffered 0.1 M KCI solution, what results in better resolution image,
but still not good enough to reveal the sample dimension (Figure 12.12-b).
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Fig. 12.12. pH maps recorded above a 10um diameter PtUME polarized at -0.8 V to reduce oxygen in non-buffered
0.1M KCl using a) recessed, b) fully filled CNEs.

In nonbuffered solution, such as used 0.1 M KCI, OH™ ions generated by the ORR at the
diffusion-limited rate of the sample, diffuse toward the bulk electrolyte. In the hemispherical
diffusion regime, the product concentration is close to its bulk concentration already at a distance
of ca. 10 times the microelectrode radius.1’® Here, the bulk pH is found at a distance of ca. 50 um.
Mapping of a whole diffusion profile would require a large scanning area and corresponding long
imaging times. Moreover in this experiment, the type of used Syr-modified CNE was crucial.
Recessed electrodes that can be penetrated with the electrolyte should be excluded, because the
diffusion of solution components in and out of the pipette cavity through its tiny orifice prolongs
its response time and causes image blurring,3% which is more important than the potential
advantage from larger amount of redox-active adsorbate in the sensor, and which results in a

blurred image (Figure 12.12-3).

To obtain a higher resolution image of low local pH changes, the electrolyte was changed
to a buffered solution — PBS (pH = 7.4). It is commonly applied in the biological studies and its
considerable, but finite, buffer capacity causes depression of pH changes around the OH™ source.
Each point in the obtained pH map, presented in Figure 12.13, was calculated from the Emp of
CV, recorded with a 2 mV potential step, at a scan rate of 0.66 V s™*, within the potential range
of 0 to 0.32 V. The time required for an individual CV was 0.97 s. Recording of all CVs of the
image took 20 min. Another 20 min was spent on probe translation. The time of the experiment

depends on the scan rate and potential range of the single CV experiment, probe translation rate,
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and the total number of image points. The scan rate of recorded CVs was restricted by
specification of the digital-analog and analog-digital converters, that were used in the experiment.
The scan rate could be increased with an increased potential step at the expense of lower precision
of midpeak potential and pH evaluation. An increase of scan rate requires higher acquisition rates
of the current signal, which usually causes noise enhancement. Because Faradaic currents
corresponding to adsorbed Syr oxidation/reduction are proportional to scan rate (Figure 12.5),
current noise would not be a problem. This enables further improvement of the presented

technique by faster CV acquisition.

Obtained results show that pH reaches ca. 8 over the center of UME, which means that

even in buffered solution the pH close to ORR catalyst can be significantly shifted locally.
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Fig. 12.13. a) pH map recorded ca. 2.5 um above a 10um diameter PtUME polarized at -0.8 V to reduce oxygen in
aerated PBS (pH = 7.4). b) CVs recorded at the marked points within the pH map at a scan rate 0.66 V s,

12.5 Summary and conclusions

A nanoprobe for pH imaging with fast response and high spatial resolution was obtained using
Syr-modified CNEs. It was based on the determination of the Emiq of a cyclic voltammogram of
an adsorbed redox-active organic compound (Syr) with pH dependent electrode potential. A CNE
with preadsorbed water-insoluble syringaldazine exhibits a stable quasi-reversible voltammetric
response within the pH range of 2 — 12. It was successfully applied to map of local alkalization
of PBS above a model sample — 10 um PtUME during ORR.

The ability to monitor changes in the acidity or alkalinity of solutions at the nanoscale is
an important step towards a better understanding of many chemical processes, e.g. in corrosion
studies, that begins within very small surface fragments. Another important advantage of the Syr-
modified CNE nanosensors, even for imaging of larger sample features, is the avoidance of

hindered diffusion of reactants to the sample in the sample-generation/tip-collection mode.3%
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Obtained results show that the larger amount of redox-active adsorbate in the sensor made
of recessed CNE is not desired as it prolongs its response time and causes image blurring. They
also indicate that even in buffered solution and using CNEs filled fully with carbon, the pH at an
ORR catalyst can be significantly shifted locally, what may affect the mechanisms of the

reactions.
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13. Summary, conclusions and outlook

Local deposition and electrocatalysis of metallic nanostructures (NS):

e Ligand-free Au-, Cu-, and bimetallic NS were obtained by localized electrorefining of
polycrystalline metal wires from the microelectrodes, using scanning electrochemical
microscopy (SECM).

e Localized electrorefining allows quick micro-sample fabrication, directly from a
polycrystalline metallic source, with only a small amount of raw metal used. The proposed
procedures could be scaled up to obtain larger amounts of NS and make the process more
cost-efficient as metallic wires are much cheaper than the chemical compounds used for
NS synthesis.

e Presented researches have shown that one can control the morphology of obtained NS by
adjusting the electrorefining parameters:

o changing the substrate electrode (using glassy carbon instead of indium tin oxide)
allows to apply more negative potentials of electrodeposition what influences their
size and shape;

o faster horizontal translation rate of the metal source results in smaller NS;

o hydrodynamic conditions of electrodeposition influences NS morphology what
may be the subject of further researches;

o composition of supporting electrolyte influences their size and shape — addition of
complexing ions (CI) into the electrolyte breaks the symmetry of the obtained NS
which has a positive effect on their catalytic properties.

e Amount of deposited copper estimated by the analysis of SEM images is in good
accordance with Faradaic charge passed for 2 electron reaction in H2SO4 solution and
1 electron process in the presence of chlorides. Application of chloride electrolyte
decreases electricity consumption required for electrorefining of Cu.

e Programmable fabrication of NS microarrays prepared on a single support followed by
immediate SECM analysis allows quick optimization and characterization for newly
designed catalysts for carbon dioxide reduction reaction (CO2RR) and oxygen reduction
reaction (ORR) in alkaline media.

e NS activity depends on their morphology. Obtained results indicate that ORR in alkaline
media and CO2RR are catalyzed more efficiently in those places of NS where low

coordination number atoms are present, however hydrogen evolution reaction can occur
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effectively on undefined crystallographic planes. In future studies it would appear
interesting to elucidate these phenomena using nanoscale activity mapping.

One can apply the proposed method to obtain NS of other metals. The choice of electrolyte
must allow the electrodissolution of metal (by applying appropriate potential) and
eliminate its passivation or other Faradaic reactions leading to the evolution of gaseous

products.

Voltammetric pH nanosensing:

A method of obtaining nanoprobe for pH imaging with fast response and high spatial
resolution was developed by using syringaldazine-modified carbon nanoelectrode (Syr-
modified CNE). Voltammetric pH nanosensor exhibits a stable response within the pH
range 2 — 12.

Obtained results show that the larger amount of redox-active adsorbate in the sensor made
of recessed CNEs is not desired as it prolongs its response time and causes image blurring.
Even in buffered solutions, the pH at an ORR catalyst can be significantly shifted locally
what can affect the mechanisms of the catalytic reactions.

Outlook:

In the future studies it would appear interesting to develop methods of preparation of other
ligand-free monometallic NS and multimetallic NS by localized electrorefining of pure
metals and alloys.

More advanced research focused on verification of the hypothesis of possible
electrocatalytic synergy of bimetallic Cu- and AuNS can be performed.

There is still a room for improvement in lateral resolution of developed voltammetric pH
nanosensor. One can obtain CNEs as small as 10 nm in diameter and modify them with
Syr. Such electrodes can be applied for localization of active sites on the surfaces of NS.
One can scan samples with nano-structured topographic features (e.g. obtained by
localized SECM electrorefining) during reactions involving H™ or OH" reactants using pH
nanosensor combined with a vertical position control based on a distance-dependent

signal.
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14. Published papers

The results presented in this thesis are partially published in following papers:

1.

“Tailored gold nanostructure arrays as catalysts for oxygen reduction in alkaline media
and a single molecule SERS platform”,

Nogala, W., Kannan, P., Gawinkowski, S., Jonsson-Niedziolka, M., Kominiak, M.,
Waluk, J., Opallo, M.,

Nanoscale, (2015, 7, 10767-10774).

“Voltammetric pH Nanosensor”,

Michalak, M., Kurel, M., Jedraszko, J., Toczydlowska, D., Wittstock, G., Opallo, M.,
Nogala, W.,

Analytical Chemistry, (2015, 87, 11641-11645)

“Patterning Cu nanostructures tailored for CO> reduction to electrooxidizable fuels and
oxygen reduction in alkaline media.”

Michalak, M., Roguska, A., Nogala, W., Opallo, M.
Nanoscale Advances, (2019,1, 2645-2653)

Others papers with my co-authorship:

1.

“Carbon Nanoparticulate Film Electrode Prepared by Electrophoretic Deposition.
Electrochemical oxidation of Thiocholine and Topography Imaging with SECM
Equipment in Dry Conditions”,

Celebanska, A., Lesniewski, A., Niedziolka-Jonsson, J., Kominiak, M., Nogala, W.,
Wittstock, G., Opallo, M.,

Electrochimica Acta, (2014, 144, 136-140).

“The role of butylbenzene carbenium ions in the acid catalyzed cracking of polystyrene.
Transformation of n-butylbenzene, sec-butylbenzene, iso-butylbenzene, tert-
butylbenzene, 4-phenyl-1-butene, n-propylbenzene and n-hexylbenzene over
silicaalumina and alumina acid catalysts”

Marczewski, M., Kominiak, M., Dul, M., Marczewska, H.
Reaction Kinetics, Mechanisms and Catalysis, (2016, 119, 107-120)

“Hopping mode SECM imaging of redox activity in ionic liquid with glass-coated inlaid
platinum nanoelectrodes prepared using a heating coil puller”

Jedraszko, J., Michalak, M., Jonsson-Niedziolka, M., Nogala, W.
Journal of Electroanalytical Chemistry, (2018, 815, 231-237)
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