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Summary
Electrolyzers for CO2 reduction can be used to synthesize renewable fuels, as a route to replace fossil
fuels in our everyday economy with the purpose of minimizing the effects of climate change. For a
high-scale implementation of electrolyzers, high operation current densities and low overpotentials are
essential. Currently available options do not offer this and are limited by the low mass transfer of CO2 in
the system. We envision using catalyst-coated capacitive particles (slurry electrodes) to be a solution:
a system where the reaction site can be brought to the reagent, instead of the other way around.

This thesis is a first step in the direction of a slurry electrode flow cell and aims to produce silver
nanoparticles deposited on activated carbon particles to function as catalysts in such a system. The
goal of the synthesis procedures was to produce a capacitive powder (activated carbon) with efficient
deposition of silver nanoparticles (spheres) ranging 5-20 nm in diameter. Based on literature, the most
interesting methods for synthesis were selected to be: solution-based methods with only activated car-
bon, with added polyvinylpyrrolidone, with added sucrose, electrodeposition and impregnation. The
resulting powders were analyzed using ICP-OES and TEM, showing that only impregnation and elec-
trodeposition can yield the desired powders with a near-100% silver deposition efficiency and particles
< 20 nm in size.

Next, the impregnation and electrodepostion samples were prepared into a 15 wt% slurry, and a
third slurry was made with bare AC as a blank. The catalysis experiments were executed in a flow cell
(electrode area = 4 cm2), with currents ranging from -5 to -15 mA/cm2. Within this range of currents,
extreme potentials up to -10 V (measured over working electrode versus counter electrode) were mea-
sured. The potentials on the anode and cathode side of the cell were also measured individually using
reference electrodes, showing that the anodic side of the cell reached +5 V, whereas the cathodic side
of this cell reached only -1 V. Additionally, CV scans before and after the experiments confirm that the
cell’s conductivity decreased within an experiment, however, this degradation is reversed for a new
experiment. These observations combined lead us to believe that the cause of the cell problems is
located on the anodic side of the system, and is most likely resistance from oxygen bubbles, which
needs to be solved to allow cell operation at higher current densities.

Since the aim of the project was CO2 reduction on the slurry electrodes, the outgoing gases from
the cathode were measured in a GC. The blank was included to demonstrate the catalytic effect of the
silver nanoparticles, yet the highest CO flow (around 0.05 ml/min) was measured at the lowest current
density during this blank experiment. Calculating the Faradaic efficiency (FE) suggests that 33% of
the electrons in that experiment was used for this conversion. The other measurements, at higher
currents or with silver present, did not reach an FE of 10%. This combination leads to the conclusion
that the observed CO is most likely not produced by CO2 reduction. A hypothesis was made that this
CO was already present at the powder’s surface and released during the experiment, however XPS
data showed that there were no noticeable differences in the content of oxygen-bound carbon between
the coated samples and the bare sample. Thus, the source of the CO is at this stage unknown.

Future work towards proving CO2 taking place on the slurry electrode should first investigate the
source of the observed CO, which requires testing the influence of the different carbon sources present
in the system. Additionally, the blank experiment should be improved: using a bare carbon slurry that
underwent the same procedure as the coated slurry (without the precursor present) eliminates any
differences in the powder.
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1
Introduction

1.1. The global need for CO2 reduction
Climate change, one of the consequences of the increased concentration of greenhouse gases in the
atmosphere, has become a challenge of great importance in the 21st century. The effects of climate
change include rising global temperatures, rising sea levels and the melting of glaciers, permafrost
and polar ice caps. Scientific consensus has been reached that the cause of global warming is largely
anthropogenic, related to the increased emission of CO2 since the industrial revolution [1–6]. To illus-
trate this problem, Figure 1.1 shows the carbon cycle of the Earth, demonstrating fluxes and storage of
carbon. Most fluxes are balanced, e.g. the carbon uptake from forests is approximately equally large
as the carbon release out of forests (including soil). The main section where this balance is off, is the
carbon release from industry (the main anthropogenic source of emission).

Figure 1.1: Artists’ visualisation of the carbon cycle. Fluxes are shown in purple in Gt carbon/year, total amounts of stored
carbon are shown in black. Note the high amount of carbon that is currently stored in fossil fuels and the high rate at which that
is released into the atmosphere due to industrialisation. Source: NASA Earth Observatory [7]
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2 1. Introduction

To reduce the human impact on global warming, effort has been made to balance the human influ-
ence on the carbon cycle. A general consensus states that there are three main methods to accomplish
this [8–10]:

• Reducing the carbon output of human industry, either by lowering the energy consumption or by
use of more efficient technology.

• Utilizing the output of CO2 for production of so-called carbon neutral feedstock and fuels, Carbon
Capture and Utilisation (CCU) [11–13].

• Long-term storage of the CO2 output in a closed environment, to prevent release into the atmo-
sphere, so-called Carbon Capture and Storage (CCS) [14].

When combining CCU with the use of renewable energy, new possibilities emerge. If renewable
energy is used to convert CO2 to a feed stock or fuel, then a renewable fuel can be produced, thereby
replacing fossil fuels. Renewable energy production is intermittent, and does not match the typical
energy consumption pattern over a given short time period. Using excess renewable energy to produce
a fuel will help the transition towards a circular economy [15, 16].

Conversion of CO2 into fuels can be done by an electrolyzer, using renewable energy as the energy
source. Electrolyzers use electricity to drive a non-spontaneous electrochemical reaction, such as
conversion of CO2 into CO. The electrochemical reduction of CO2 takes place at the cathode, with the
following half reaction: 𝐶𝑂ኼ+2𝑒ዅ+2𝐻ዄ ⇌ 𝐶𝑂+𝐻ኼ𝑂, also called the CO2 Reduction Reaction (CO2RR).
On the other side of the cell, the anode, generally oxygen is produced: 2𝐻ኼ𝑂 ⇌ 𝑂ኼ + 4𝐻ዄ + 4𝑒ዅ, also
referred to as the Oxygen Evolution Reaction (OER). Combining these half reactions gives the following
overall reaction: 2𝐶𝑂ኼ ⇌ 2𝐶𝑂 + 𝑂2. Each of these half reactions can occur at a certain potential, their
thermodynamic reaction potential. Yet, the reactions also have energy barriers, which means that they
would require an additional driving force for the reaction to occur. This driving force can be supplied
in the form of an overpotential, provided by increasing the potential applied to the system beyond the
reaction potential, however, this comes at the loss of energy efficiency. To circumvent this reduced
energy efficiency, a catalyst can be used to bring the required overpotential down and increase the
cell’s efficiency. Among the more efficient catalysts for this reaction, silver nanoparticles are preferred
for their low price to output ratio. More background on the reactions and catalysts will be discussed in
Chapter 2.

1.2. Economically feasible cell design for scaling up CO2 reduction
Different cell layouts are commonly used for CO2 reduction, such as H-cells, flow cells and gas diffusion
electrodes (GDE). In an H-cell, the simplest of these, two electrodes are connected by an electrolyte.
Since the electrolyte is not mobile in this set-up, the mass transfer of CO2 is regulated by diffusion and
thus inherently slow. Additionally, the solubility of CO2 in water is very low, such that the maximum
attainable current density for CO2 reduction in water is limited at approximately 30 mA/cm2 [17]. The
question is, what improvements need to be made in order to enable CO2 reduction at a scale for
implementation in a circular economy?

Kenis et al. developed a model to calculate the required performance of an electrolyzer to make
an economically viable process. Their results show the need for high current densities of minimum
150 mA/cm2, catalyst durability (>3000 h), high selectivity (assumed 100% in their paper) and low
overpotentials (achieved with good catalysts) to enable economically feasible processes [18].

In the meantime, research on improving cell configurations is geared around flow cells. In this
set-up, the electrolyte is constantly flowed through the cell. The benefits of this are two-fold: firstly, a
convective flow is generated, increasing mass transfer of CO2 in the electrolyte. Secondly, reagents are
supplied continuously and products are removed continuously, thus allowing for longer term operation
and future industrial application.

To overcome the inherent problem of low solubility of CO2 in water, efforts have been made to
supply the CO2 in gaseous form. In such cells, gas diffusion electrodes (GDE) are used, at which CO2
in gaseous form reacts to form the desired products. Despite the promise of GDEs, they also have
their own shortcomings, namely controlling gas and liquid pressures to prevent breakthroughs and the
high cost of gas diffusion layers, which gets in the way of economic feasibility of a GDE based system
[18].
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1.3. This thesis: Catalyst development for CO2 reduction on slurry
electrodes

In this thesis, a different cell design will be studied: a slurry electrode flow cell. A slurry is a two-phase
liquid, that consists of highly conductive and capacitive particles suspended in a solvent (usually in
water). They can accept and pass on electrons, and in this way create a network of charged particles
in the suspension. By introducing a catalyst on the surface of the slurry particles, electrochemical
reactions will take place on the particles’ surface instead of on the electrode (where the catalyst normally
is), enabling use of a whole reactor compartment for the reaction.

The purpose of using a catalyst-coated slurry electrode is to create a more efficient and scaleable
flow cell, allowing for higher currents and Faradaic efficiencies (FE). The hypothesis is that by bringing
the catalyst to the reagent, instead of the other way around, the impact of CO2mass transport limitations
can be reduced.

The use of slurries has gained attention in research for renewable energy storage. Most research
with slurries is focused on electrochemical flow systems, allowing large amounts of charge to be stored
in a reservoir of particles, similar to a flow battery [19–24]. The use of slurry electrodes is building on
that principle.

Figure 1.2 shows a visual comparison of different cell architectures, comparing the slurry flow cell
as described here to more established cell architectures, the H-cell and the regular flow cell, described
in the previous section. The main challenge in the slurry electrode flow cell are assumed to lie in the
production and stability of a suitable catalyst deposited on the particles, hence producing and testing
the catalyst-coated particles is the focus of this thesis.

Figure 1.2: From left to right: H-cell, flow cell, slurry flow cell. In an H-cell, the electrolyte is stagnant. In a flow cell, the
electrolyte with reagents is constantly flowed through the cell. The reactions take place at the plate electrodes. In the slurry
flow cell, capacitive microparticles coated with a catalyst have been added to the electrolyte. The reaction takes place at their
surface, and plate electrodes have been replaced by current collectors. Image adapted from Nathalie Ligthart [25].

1.4. Research plan
1.4.1. Research objective
The aim of this thesis is to find a practical method to create a working catalyst coated slurry to use for
CO2 reduction in a slurry electrode flow cell. The research consists of two parts, centered around the
following research questions.

’Which of the tested deposition methods yields a powder with a highly efficient and stable silver
loading, and small spherical silver nanoparticles (5-20 nm)?’

’Which of the tested deposition methods for making the catalyst-coated slurry results in the lowest
overpotential and highest Faradaic efficiency when used in a CO2 reduction slurry electrode flow cell?’

1.4.2. Research procedure
In the process of answering the questions posed in the previous section, three phases can be distin-
guished: a literature study, experiments in which synthesis methods are used to make silver-coated
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capacitive particles, and experiments in which those are used as slurry electrodes in a flow cell for CO2
reduction. In the first phase, a wider range of possible methods is investigated in a literature study,
screening their possible advantages and disadvantages for this application. The most advantageous
methods are selected for trials in the laboratory and subsequent analysis. Synthesised samples that fit
the requirements of the first research question are produced in larger batch to be used for CO2 reduc-
tion in a flow cell. These experiments then give information on the catalytic performance of the catalyst
coated slurry.

1.5. Report structure
This introduction provided the reader with a motivation for the research, the research objective and
central hypothesis. Chapter 2 provides a fellow student reader with relevant background information to
this project and includes information on the selection process for different synthesis methods. Chapter
3 describes how all experimental work is executed. Chapter 4 describes and discusses the obtained
results. Section 4.1 provides insight into the syntheses performed, whereas Section 4.2 examines the
results of the catalysis experiments. Chapter 5 concludes the work, and provides recommendations
for future improvements.



2
Theory and Literature

2.1. Why and how: CO2 reduction to CO
2.1.1. Why CO is selected as reaction product
Electrochemical CO2 reduction is possible with different products in mind. A selection of common
reaction products and properties of the reaction is shown in Table 2.1. One should notice that all the
reaction equilibrium potentials (E0) are very close to 0 V versus Reversible Hydrogen Electrode (RHE),
which is the potential at which H2 is formed (the hydrogen evolution reaction, HER). Thus, all reactions
are competing with the HER and a good catalyst provides a high Faradaic efficiency (FE, fraction of
electrons going to a certain product) for the selected product.

Table 2.1: Main products of electrochemical CO2 reduction, the amount of electrons involved in proton coupled electron transfers
(n), their equilibrium reduction potentials (E0) and market estimations.

Product n E0 (V versus RHE)
[26]

Market price
(USD/tonne) [27]

Market size
(Mtonne/year) [27]

Carbon monoxide (CO) 2 -0.10 236 150
Formic acid (HCOOH) 2 0.04 (pH 8) 225-332 1.02
Methanol (CH3OH) 6 0.02 174-235 98.9
Ethylene (C2H4) 6 0.08 474-609 184

This research is focused on CO as reaction product, for several reasons. First and foremost, there
is a reasonable demand for CO, mostly used in the form of syngas (CO + H2) as a feedstock for the
Fischer-Tropsch process. The Fischer-Tropsch process converts syngas to various liquid hydrocarbons
(fuels) and is industrially executed, allowing for scalability [17, 28].

Additionally, the reaction to form CO only requires the transfer of two electrons (n=2). For two-
electron transfer reactions, there is typically only one intermediate, making it more simple to find an
optimum catalyst. The synthesis of products that require more electron-transfers is kinetically challeng-
ing, as it requires a large overpotential with currently available catalysts [17, 26].

Lastly, the market price for CO is reasonably high compared to the other products, making economic
feasibility more easily achieved. For more complex hydrocarbon products, the market price is possibly
higher, but they are currently produced at very low costs with conventional industrial processes. It is
hard to compete with those for electrolysis [17].

2.1.2. Silver as a catalyst for CO2 reduction to CO
Common catalysts with a high selectivity towards CO are generally monometallics. Hori et al. studied
the selectivity of metal electrodes for CO in 1993 and derived a series from their results [29]. They found
Au, Ag, Cu and Zn to be the most selective (in that order) and these are still commonly used catalysts
to date. A more recent review by Jones et al. still refers to Au and Ag as the catalysts of choice for CO
production [28]. They catalyze the reaction to proceed at relatively smaller overpotentials and higher
current densities than many other catalysts. Between the choice of gold and silver, gold is generally the
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6 2. Theory and Literature

better catalyst whereas silver is more affordable and available. Particularly because of this last aspect’s
importance for scalability of future applications, silver was chosen as the catalyst for this project. In the
same paper, nanoparticles are identified as a research field of interest. This topic will be discussed later
in the next section. More information on the fundamentals of electrochemical CO2 reduction reactions
can be found in Chapter 8 of Modern Aspects of Electrochemistry, written by Y. Hori [30].

2.2. Using nanoparticles for electro-catalysis
2.2.1. Synthesis: Nucleation and Growth
Formation of crystals
Chemical nanoparticle synthesis is usually done via a bottom-up method: assembly of particles from
smaller fragments, e.g. atoms. Nucleation, the transition from atoms in solution to combined particles,
plays a large role in such methods. The main theory on nucleation applies equilibrium thermodynamics
and is based on the classical nucleation theory, which was developed by Becker and Döring in the 1930s
[31]. Its basis lies in transition systems (condensation of vapor) minimizing their Gibbs free energy and
it forms the basis for LaMer’s theory about crystallization of solids [32].

Solutions with such smaller fragments present can be expressed as a dynamic equilibrium. For the
formation of silver nanoparticles, the relevant equilibrium equation is: 𝐴𝑔ዄ+𝑒ዅ ⇌ 𝐴𝑔(𝑠). Crystals form
above the equilibrium concentration, a condition which is called supersaturation. Supersaturation is
when the chemical potential of the monomers in the crystal is lower than of the monomers in solution,
and thus is the driving force for crystallization. Nevertheless, crystal formation is not thermodynamically
favorable, since the small crystals at formation have a very high surface to volume ratio and thus a large
amount of surface tension, a driving force pushing to solution of the particles.

Figure 2.1: Gibbs free energy diagram com-
paring free energy for bulk (blue) and surface
(red) processes. In black, the free energy for
crystal formation is shown as the combina-
tion of bulk and surface. Rc is the critical nu-
cleus size. Image reproduced from: Polte et
al. [33].

Combining these two factors, the Gibbs free energy for nu-
clei contains a positive and a negative term. Figure 2.1 shows
both the free energy for bulk and surfaces and the combined
curve for the free energy of nuclei. This nuclei free energy has
a maximum at radius rc, the critical radius. At this point, the cor-
responding energy barrier is called the activation energy, Δ𝐺c.
For nuclei smaller than rc, growth leads to an increase in the free
energy, thus is unfavorable, and dissolution becomesmore prob-
able. For nuclei larger than rc, growth leads to a decrease in free
energy, and is thus favored.

The explanation above covers homogeneous nucleation.
Heterogeneous nucleation differs from this, in the essence that
there is a site or surface available at which nucleation can occur.
The assumption of heterogeneous nucleation is that the pres-
ence of such sites decreases the activation energy barrier and
thus makes nucleation at these sites more preferable.

LaMer: separation of nucleation and growth
The LaMer model (based on his original paper from 1950 [34])
describes nucleation and growth taking place separately, which assumes no new nuclei are formed
during the growth phase. This assumption is based on the fact that the initial particle formation takes
place in shorter time frame than the growth mechanisms. This situation is obtained when there is
rapid nucleation above the supersaturation concentration. Before growth mechanisms take place, the
formation of nuclei has lowered the monomer concentration below the supersaturation concentration
again and nucleation has stopped. In this situation, the particle concentration increases rapidly during
nucleation and stays more or less constant during the growth phase. As a consequence: to make many
small particles, very rapid nucleation is needed. When nucleation is slower, the result is fewer, larger
particles [33].
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2.2.2. Silver nanoparticles for CO2 reduction

Figure 2.2: Current density for CO and
H2 production as a function of particle
size. Measured at -0.75 V vs SHE (Stan-
dard Hydrogen Electrode). The maximum
CO production occurs at a particle size of
5 nm. Image reproduced from: Salehi-
Khojin et al. [35].

Catalysts are used to lower the activation energy for a chemical
reaction and thus lower the energetic threshold for a reaction to
take place. Nanoparticles gained attention for their high catalytic
activity, compared to bulk material. For example, Salehi-Khojin et
al. conducted a study on the effects of the size of spherical sil-
ver nanoparticles on their catalytic properties. Their study shows
the highest CO production for particles of 5 nm in size and still a
four-fold increase in activity for 40 nm particles compared to bulk
silver, as can be seen in Figure 2.2 [35]. In this thesis, these results
formed a target for size properties in the synthesis of nanoparticle
catalysts.

In the process of understanding this size-based catalytic activ-
ity, studies such as the one by Back et al., have modeled the active
sites of silver and gold nanoparticles, illustrating that differently co-
ordinated sites (facets, corners, edges) have a different stabilizing
effect on reaction intermediates, for both the CO2RR and HER re-
actions [36]. Since the relative presence of these sites depends
on the nanoparticle size, the existence of an optimum is explained.
The review paper by Mahyoub et al. explains more extensively why factors such as size, morphology
and porosity, all commonly mentioned as a reason for nanoparticles’ increased catalytic activity, have
an effect on the catalytic properties of silver nanoparticles for CO2 reduction [37].

The remaining question is how many of those silver nanoparticles are needed to assure they are
not the limiting factor in this system. Previous studies report their silver quantity as a mass per area
of electrode (e.g. 0.1 mg/cm2 in [38] and 5 mg/cm2 in [35], both GDEs). However, this measure is
not necessarily to be compared directly to the quantity of silver on the slurry electrode. If a direct
comparison is made, a loading of 5 mg/cm2 is equal to 0.2 wt% Ag (based on 15 wt% slurry, density
1100 kg/m3). At this stage, a loading of 4 wt% was aimed for, on the basis that it is better to be on
the high end, to assure the silver content is not limiting for catalysis. At a later stage it could be worth
investigating the ideal loading.

2.3. Description and selection of synthesis methods
This section provides an overview of possible synthesis methods to yield silver nanoparticles on a
carbon powder substrate. These bottom-up methods to synthesize silver nanoparticles often work with
a precursor, AgNO3, and a reductant. This section does not include all possible options, only common
ones that are deemed relevant for this project. In section 2.3.3, a selection of the most promising
methods that are included in the laboratory experiments is motivated.

2.3.1. Wet syntheses
Wet synthesis with reductants and stabilizers
In general, these solution based syntheses are performed via a hot injection method. Hot injection
synthesis rapidly creates a very high supersaturation and fast nucleation due to the high temperature,
and thus results in smaller particles, following LaMer’s theory. Firstly, the reductants (and stabilizing
agents) are dissolved in water and heated, usually to the boiling point of the mixture. Then, a precursor
solution is injected rapidly and the system is left to react. To stop the reaction, the heating source is
removed. These steps are visualized in Figure 2.3. Stabilizers are generally added to lower the barrier
for nucleation in solution and to prevent particle aggregation. Four different categories can be identified
within this section: syntheses based on presence of AC alone, syntheses with additional stabilizers
present, syntheses with strong reductants present, and syntheses relying on the combination of both.

Based on these categories, several syntheses can be interesting to deposit silver nanoparticles on
the carbon powder. Carbon powder has been identified as a weak reductant in earlier studies [40].
Therefore, a very simple synthesis method could involve the carbon powder and the silver precursor
only. In this way, all reacting silver is already close to the carbon particles, which can be beneficial in
terms of deposition on those particles.

A second method could include a stabilizing agent, for example polyvinylpyrrolidone (PVP), which is
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Figure 2.3: Schematic overview of hot injection nucleation, where nucleation and growth processes play a significant role. Image
reproduced from: Park et al. [39].

previously identified to form a complex with silver that promotes nucleation [41]. Compared to the syn-
thesis without PVP, this synthesis will probably allow for better control of the formation of the particles,
although their formation in solution is also stabilized, which might result in a lower deposition.

Another synthesis option could be to use a strong reductant, such as sodium borohydrate, to pro-
mote rapid nucleation to yield small particles. In this synthesis, the ions present in solution for reduction,
also help stabilizing the formed nanoparticles against aggregation [42]. This creates an electrostatic
double layer around the nanoparticles, which repels them from each other, but would also repel them
from the apolar carbon substrate. Despite this synthesis’ high control over particle size, this can come
at the cost of low deposition.

Lastly, the attention was drawn to a paper by Filippo Manno et al. that describes a green synthesis
of silver nanoparticles, using sucrose as the reductant and stabilizer [43]. This synthesis relies on
heat to split sucrose into glucose and fructose, which then act as reducing and stabilizing agents. The
benefit of this synthesis is again a good control over particle size and since the stabilizing agents here
are less charged than ions in solution, deposition becomes more likely.

Electrodeposition

Figure 2.4: Schematic visualization of a standard electrodepo-
sition set-up with two electrodes. The cathodic reaction takes
place at working electrode (WE), e.g. silver deposition, the an-
odic reaction at the counter electrode (CE), such as oxygen evo-
lution.

Electrodeposition, where the precursor is re-
duced electrochemically, is usually done on a
solid support, which in the set-up is also the cath-
ode [40]. For a visualization of the standard set-
up, refer to Figure 2.4. Performing electrodepo-
sition on a powder is more complex: it would in-
volve making a current collector that passes on
the charge to the carbon particles, where silver is
then deposited. In order to have a high deposi-
tion efficiency with this method, it is important to
minimize silver deposition on the current collec-
tor, which could be achieved by using a mesh.

Nevertheless, electrodeposition is a common
method to deposit silver nanoparticles and al-
lows for control over particle growth, for exam-
ple by varying the applied potential [44], and
particle shape, for instance by using additives
[44], although this is out of scope for this the-
sis.

2.3.2. Gas phase syntheses
Gas phase syntheses, such as impregnation and atomic layer deposition, have been pointed out to be
more scaleable and viable as industrial processes for nanoparticle synthesis [45]. They can be more
complex to execute but offer accurate deposition in return.
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Impregnation
Impregnation is a mix between liquid and gas phase syntheses, where the solid support is brought into
contact with a precursor solution first, which is then evaporated and the deposited salt is consequently
reduced to nanoparticles under a reducing gas flow, as seen in Figure 2.5. It is a very suitable method to
synthesize nanoparticles on porous substrates, like the carbon powder. Incipient wetness impregnation
is a slightly modified method, where only a small solvent volume is used, that maximum fills the pore
volume. In this way, capillary forces pull the solution inside, assuring deposition inside the pores. This
is less suitable for a synthesis with carbon powder and water, as the powder is quite hydrophobic and
thus capillary action will result in the opposite [46].

Figure 2.5: Schematic representation of the steps involved in impregnation synthesis. The larger black circles represent the
carbon particles, the gray triangles represent the silver salt and the gray circles represent silver nanoparticles.

Impregnation is a method that allows for accurate control over the quantity of silver deposited,
although very high concentrations are not possible, as high supersaturation can lead to premature
crystal formation. Impregnation is a method commonly used to synthesize catalysts in industry [46]
and is thus very suitable for scaling up at later stages. Nevertheless, it is also known as a method that
can result in particles that are distributed heterogeneously in terms of locations [47]. Especially drying
conditions are known to have a large influence on the resulting particles and this is also the main factor
that can be altered to change the particle’s spatial distribution [48].

Atomic layer deposition
Atomic layer deposition (ALD) is a deposition technique that allows for accurate control over the amount
of material deposited. The technique relies on the separation of the deposition reaction into two dif-
ferent, self-limiting steps. For each reaction, chemisorption takes place as a monolayer and then the
sample is purged, to remove any non-absorbed material [45, 49, 50]. Figure 2.6 shows a schematic
representation of these, usually two, sequential steps.

Figure 2.6: Schematic representation of the sequential reactions as used for ALD. 1. Chemisorption of the precursor, in this
example tri-methyl-aluminium, on the substrate surface. 2. Reaction of the precursor with the second reactant, in this example
water. In between the steps, purging takes place to prevent unwanted side-reactions. Image reproduced from: Van Ommen et
al. [45].

ALD is commonly used to synthesize metal nanoparticles, however, preparing silver (and gold)
particles using ALD is rather complex [51, 52]. In the set-up available for ALD, it is not possible to do
ALD with a silver precursor, as it requires a special pre-treatment.
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2.3.3. Method selection
In order to make a selection of which of the methods above most sensible to synthesize in laboratory,
a Pugh matrix was used. A Pugh matrix is a helpful tool for making design choices, where a number
of criteria important to the design are selected and given a weight based on their importance. Then,
the base design option scores a 0 on all of the criteria and the other options are scored relatively to
that with scores ranging -2 to 2, for example. Then, weighted scores are calculated to give a better
assessment of the options.

In this project, executability is of highest importance, as the project timeline is rather short and some
options might not be feasible to execute within that timeline. Next, the deposition efficiency of silver
on the carbon substrate is given high importance too. This criterion does not only refer to the ability of
the method to produce nanoparticles, but also whether the method leads to deposition on the carbon
substrate, as not all methods inherently promote this.

Controllable particle size, scalability for future applications and opportunities for alteration, e.g. by
changing concentrations or additives, are also included in the analysis. Generally, a method scores a
0 when it has no added benefits or downsides compared to the chosen base-case: solution synthesis
with only activated carbon powder present. A score of -1 means that there is one downside, -2 means
there are several, similarly for positive scores: a score of +1 means one benefit and a score of +2
means multiple benefits.

The Pugh matrix for the selection of the most suitable methods for synthesis in this project is shown
in Table 2.2. The scores are based on the explanations given in the previous sections. As seen in
the table, syntheses with a strong reductant present are considered less suitable for this project. The
low score is caused by the expected lower deposition on the carbon substrate. Both the synthesis with
only AC present or with added PVP score equally a 0, ALD and the synthesis with sucrose score higher
with a 5 and a 3, respectively. The highest scores are given to synthesis methods impregnation and
electrodeposition.

Table 2.2: Pugh matrix for method selection. 1. AC only, 2. PVP, 3. strong reductant, 4. Sucrose, 5. Electrodeposition, 6.
Impregnation, 7. ALD.

Criteria Weight 1 2 3 4 5 6 7
High deposition efficiency 4 0 -1 -2 -1 1 1 1
Controllable nanoparticle size 3 0 1 1 2 1 0 1
Opportunities for further alteration 1 0 1 1 1 2 1 1
Executable within project timeline 5 0 0 0 0 0 0 -1
Scaleablity for future applications 2 0 0 0 0 1 1 1
Total + 0 4 4 7 11 7 10
Total - 0 -4 -8 -4 0 0 -5
Weighted score 0 0 -4 3 11 7 5

Since these scores are based on certain assumptions, it is important not to make too strict selections
at this stage. Also, some methods are very similarly executed and can thus all be investigated without
too much extra laboratory work. Therefore, all synthesis methods that score a zero or higher were
included in the synthesis phase, expect for ALD, as it is not possible to execute within the project
timeline. The synthesis method using a strong reductant is kept in mind in case the other methods turn
out to be unsatisfactory in producing particles of the right size.
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2.4. Analysis techniques
This section includes a description of the analysis techniques used in this thesis and what they are used
for. It is included to provide the reader with an understanding of how the technique works, allowing for
better understanding of how the results were obtained.

2.4.1. Nanoparticle size: TEM

Figure 2.7: Schematic visualization of TEM system
and its main components. Image reproduced from:
Wikipedia [53].

A transmission electron microscope (TEM) is an electron
microscope that uses a high-voltage beam to illuminate
a sample and create an image. In this thesis, the TEM
was used to visualize the produced silver nanoparticles on
their carbon substrate. These images were further pro-
cessed to determine the particle size distribution per syn-
thesis method.

Figure 2.7 shows a schematic overview of a TEM and
its main components. The electron gun provides electrons,
which are then accelerated and focused on the sample us-
ing electromagnetic lenses. The electrons then reach the
sample. Samples have regions that are either transparent
for electrons, in which case the beam is transmitted, or re-
gions that are not transparent for electrons, in which case
the beam is (partially) scattered. Either way, the TEM pro-
duces an image of how electrons interact with the sample.
The resulting image is magnified by the lenses of the micro-
scope. To view this image, it can be projected on a fluores-
cent viewing screen, it can be recorded by photographic film
or it can be coupled to a sensor. The last of these allows
for connection to a computer [53, 54].

2.4.2. Silver deposition efficiency: ICP-OES
Inductively coupled plasma optical emission spectrometry (ICP-OES) is an analysis technique that is
commonly used to determine chemical composition and concentration of samples. In this thesis, ICP-
OES was used to determine the silver content of the produced catalysts.

In ICP-OES, the emission spectrum of a component is used to determine its quantity in the sample.
Figure 2.8 shows an overview of all the elements involved in ICP-OES. Firstly, the solution is pumped
through a nebulizer to produce an aerosol, which is then led into a plasma (ionized gas, usually Argon,
prepared by a strong electric field). Directly when the sample is loaded into the torch, it comes into
contact with the extremely hot plasma (7000 K). As a result, the sample is destructed by ionization.
Because of the high temperature, the electrons reach a higher, excited, state. When the electrons
leave the torch and cool down, they drop back to their ground energy level and release their energy in
photons. The photons are then measured in the spectrometer to determine the contents of the sample,
as each element has its own typical emission spectrum. [55, 56].
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Figure 2.8: Visualization of ICP-OES system. On the left, the elements involved with both sample treatment to aerosol and plasma
formation are shown. On the right, the spectrometer detects the sample’s emission spectrum and this is further processed on a
computer. Image reproduced from: Mindy Levine [56].

2.4.3. Oxidation state: XPS
X-ray photoelectron spectroscopy (XPS) is a spectroscopic technique which allows for quantitative
analysis of a surface. It can measure the elemental composition and the elements’ chemical state
(oxidation state) at the sample’s surface. What makes XPS powerful, is that it not only shows what
elements are present, but also what other elements they are bonded to, which allows for more precise
understanding of the chemical structure of the examined sample. In this thesis, XPS is used to analyse
the oxidation state of both silver and carbon at the samples’ surface.

In XPS, a sample is irradiated with X-rays and the resulting photoemission spectrum is measured.
Described by the photoelectric effect, electrons ejected are measurable as a photon with the kinetic
energy of exactly the difference between the energy of irradiation and the energy needed to remove
the electron from the atom. In such way, the kinetic energy and quantity of ejected electrons determine
which material they are from and the quantity of its presence [57–59].

Figure 2.9: Visualization of how XPS measures the elemental state by making use of the photoelectric effect. Image reproduced
from: ChemViews Magazine [57].
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2.4.4. Concentration of gaseous products: GC
Gas chromatography (GC) is a quantitative analytical technique that is used to determine the compo-
sition of gaseous samples. In this thesis, GC is used to analyse the gases produced on the cathode
side of the flow cell. Particularly, the presence and quantity of CO, CO2 and H2 were measured and
then used to calculate the Faradaic efficiency of the reaction.

Similar to other chromatography techniques, GC uses a stationary and a mobile phase to separate
different compounds. In GC, the mobile phase is an inert carrier gas, and the stationary phase is nor-
mally a liquid or polymer on a solid support. GC separates the gases due to their different affinity for the
stationary phase, leading to different retention times for different compounds. Figure 2.10 displays a
schematic visualization of the different elements in a gas chromatograph. A sample is injected into the
stream of carrier gas and then carried into an oven, where the temperature is high enough to assure
all components are in the gaseous phase, without decomposing them. Then, the sample reaches the
column with the stationary phase and separation of compounds takes place, owing to gases’ differ-
ing affinities for the stationary phase and their differing volatilities. Lastly, the individual components
reaches the detector at different times, their elution time [60–62].

Figure 2.10: Visualization of GCsystem. Image reproduced from: Wikipedia [60]

In order to analyze the data from the detector, a gas chromatograph is normally calibrated with
samples of known concentration. This confirms the retention time for a certain compound and the
peak area for a certain concentration. Figure 2.11 shows an example chromatogram from one of the
experiments. As seen, individual gases are identified by comparing their elution time to the compound’s
retention time. To determine the quantity present, the surface area of the peak with respect to the
baseline is measured. In orange, one peak is colored to show the area described.

Figure 2.11: Example of GCresults, showing the peak locations in comparison to the calibrated retention times (shown on top).
One peak is colored orange, showing the surface area used to determine the concentration.
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Experimental

3.1. Materials
The different chemicals used for the experimental work are listed in Table 3.1.

Table 3.1: Materials used for the experimental work in this thesis, including information on purity and supplier.

Chemical & Formula Grade/info Supplier
Nitric acid (HNO3) 99.9999 % pure, metals basis.

65-70% solution in water
Alfa Aesar

Norit SX Plus Cat (Activated carbon, AC) (C) median diameter = 20 µm Aldrich
Polyvinylpyrrolidone (PVP) ((C6H9NO)n) Mw = 40,000 Alfa Aesar
Silver nitrate (AgNO3) Premion, 99.9995% metals

basis
Alfa Aesar

Potassium bicarbonate (KHCO3) BioUltra, ≥99.5% Sigma-
Aldrich

Potassium hydroxide (KOH) 50% w/v in water Alfa Aesar
Potassium nitrate (KNO3) 99% Alfa Aesar
Sucrose (C12H22O11) - J.T. Baker

3.2. Synthesis of silver nanoparticles
3.2.1. Wet synthesis with reducing and/or stabilizing agents
AC as only reductant
This synthesis was selected on the basis that activated carbon has been identified as a weak reductant
in previous research [40]. In a typical synthesis for a 4 wt% loading, 0.5 g AC was suspended in 100
ml demiwater in a 3-neck round bottom flask and sonicated for 15 minutes. The suspension was then
connected to a reflux tube and heated with a heating clamp under stirring until boiling. Next, 2.5 ml of a
0.039 M silver nitrate solution was injected rapidly. After 30 minutes of stirring, the heating source was
removed and the solution was left to cool down. Afterwards, the silver coated particles were separated
from the reaction solution using vacuum filtration over a Buchner funnel. The filter paper (Whatman 602
H 1/2) was pre-rinsed with 30 ml demiwater, then the suspension was filtered and the resulting powder
was washed three times with approximately 30 ml demiwater. The powder was dried in an oven for 2
hours at 120 ∘C and afterwards stored in a dark cabinet.

Sucrose as reductant/stabilizing agent
This research procedure is an adaptation based on the work by Filippo et al. [43]. In a typical synthesis
for a 4 wt% loading, 5.0 g of sucrose was dissolved in 100 ml water in a 3-neck round bottom flask and
connected to a reflux tube. The solution was heated under stirring to its boiling point. Next, 2.5 ml of
a 0.039 M silver nitrate solution was injected rapidly. After 30 minutes of stirring, the heating source

15
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was removed and the solution was left to cool down. To incorporate deposition on AC, two different
variations were executed.

For the two-step synthesis, based on homogeneous nucleation and adsorption: nanoparticles were
made as described above. After completion of the reaction, the solution was added to a dispersion of
0.5 g AC in 5 ml water (previously sonicated) and left stirring.

For the one-step synthesis, based on heterogeneous nucleation, the synthesis was scaled-up: 2.0
g of AC was dispersed by sonication in 12 ml water. Then, 0.1315 g silver nitrate was added to form a
suspension that was used for the hot injection. The sucrose solution contained 20 g sucrose in 200 ml
water for this scaled-up adaptation.

In both cases, vacuum filtration over a Buchner funnel was used to separate the silver coated
particles from the reaction solution. The filter paper (Whatman 602 H 1/2) was pre-rinsed with 30
ml demiwater, then the suspension was filtered and the resulting powder was washed three times with
approximately 25 ml demiwater. The powder was dried in an oven for 2 hours at 120 ∘C and afterwards
stored in a dark cabinet.

PVP as stabilizing agent
This experiment is based on the procedure described by Ding et al. [40]. In a typical experiment for a
4 wt% loading, 0.0328 g AgNO3 was dissolved in 87.5 ml demiwater in a 3-neck round bottom flask;
0.5 g AC was added to the solution, and the mixture was sonicated for 45 minutes. Next, 17.5 ml of
0.45 M PVP solution was slowly (1 ml per minute) added to the silver solution after the first 10 minutes
of sonication. The flask was then connected to a reflux tube and the suspension was heated to 80 ∘C
whilst stirring. Once the dispersion reached the desired temperature, it was kept there for 1 hour while
stirring, and then the heating source was removed. The dispersion was left to cool down under stirring.
Afterwards, the silver coated particles were separated from the reaction solution using vacuum filtration
over a Buchner funnel. The filter paper (Whatman 602 H 1/2) was pre-rinsed with 20 ml demiwater,
then the suspension was filtered and the resulting powder was washed three times with approximately
30 ml demiwater. The powder was dried in an oven for approximately 2 hours at 120 ∘C and afterwards
stored in a dark cabinet.

3.2.2. Electrodeposition
This synthesis is loosely based on the work by Hong et al. [63]. To prevent a short-circuit by the
slurry and enable one-pot synthesis, a dialysis membrane was used. This membrane, a Spectra/Por
7 dialysis membrane with MWCO 50 kD ordered from VWR, was first cut to size for use and placed in
demiwater for 30 minutes, to remove the sodium azide it was stored in. After additional rinsing, it was
placed in electrolyte solution (0.1 M KOH) for another 30 minutes.

Figure 3.1: Schematic overview of set-up for elec-
trodeposition experiments.

Then, the different electrolytes were prepared for a 4
wt% loading of silver on AC. For the anode side, this in-
volved 5 ml 0.1 M KOH solution with added supporting elec-
trolyte (0.215 g KNO3). For the cathode side, the electrolyte
was made by adding 0.398 g AgNO3 to 30 ml 0.5 M KNO3
solution (supporting electrolyte). Subsequently, 6.0 g of ac-
tivated carbon powder was added and the total was soni-
cated for 30 minutes.

Next, the set-up was build as shown in Figure 3.1.
Above a small beaker, the dialysis membrane was hung
on a support. Inside, a Pt wire (0.3 mm diameter, 99.9%
pure onmetals basis, fromAlfa Aesar) was connected to the
potentiostat as anode. Around the membrane, a coil of Ti
mesh (type 10Ti12-125FA, from DexMet) was connected to
the potentiostat as cathode. The dialysis tubing was filled to
an appropriate level with the anode electrolyte, the beaker
was filled to an appropriate level with the cathode electrolyte
(not all electrolyte was used). The cathode electrolyte was
stirred during the rest of the experiment.

With the potentiostat (Autolab), several CV measurements were taken for later comparison. Then,
the potentiostat was set to -5.2 V for 4.5 hours. Afterwards, the cathode electrolyte was vacuum filtered



3.3. Catalytic testing 17

over a Buchner funnel to separate the activated carbon powder from the reaction solution. The filter
paper (Whatman 602 H 1/2) was pre-rinsed with 25 ml demiwater, then the suspension was filtered
and the resulting powder was washed three times with approximately 25 ml demiwater. The sample
was then dried in the oven for 2 hours.

3.2.3. Impregnation
This synthesis is based on the work by Keijzer et al. [64]. In a general procedure for an 8 wt% loading,
the synthesis was executed over two different days (consecutive days when possible). On the first day,
the silver precursor solution was added to the carbon powder and dried in a vacuum dessiccator. The
second day, the powder was reduced under H2 in an oven.

Figure 3.2: Picture of ceramic sample
container used in the tube oven.

Four times 1.00 g of activated carbon powder was weighted and
brought into four separate vials. An AgNO3 solution was made by
adding 0.5476 g AgNO3 to 3.0 ml demiwater. Per sample, first 1.8 ml
of demiwater and then 770 𝜇l of the silver solution was added drop-
wise. Attention was given to add the liquids dropwise and uniformly,
to prevent crusting. Then, the sample was stirred with a glass cap-
illary to assure uniform distribution of the silver precursor. Next, the
samples were sonicated for 30 minutes and then placed in a vacuum
dessiccator packed in aluminum foil (dark).

For the reduction, the samples were loaded in four ceramic con-
tainers (see Figure 3.2 for an example) in such a way that the powder
level stayed within the height level of the container. The containers
were placed behind each other in the tube oven and the gas flow was
turned on (500 ml/min, 15% H2, 85% N2). Then the oven was set to
250 ∘C, with a heating ramp of 3 ∘C per minute. Once the set temper-
ature was reached, the samples were kept at 250 ∘C for 2 hours. Then, the oven was shut down and
the samples were left to cool down. The H2 flow was set to 0, while the N2 flow was kept unchanged.

3.3. Catalytic testing

Figure 3.3: Picture
of a compartment
used in the flow
cell.

The catalytic tests were executed using a Teflon flow cell. The cell was assembled
using the following layers: Teflon end, carbon paper as current collector, 3 mm plexi-
glass compartment (see Figure 3.3), Nafion 117 membrane (cation-exchange), Sefar
mesh support, 3 mm plexiglass compartment, TiO2 substrate with Ru2O, Ir2O coat-
ing as anodic electrode, and the other Teflon end. Silicone gaskets were used to
seal all layers together. The cell has an active electrode area of 4 cm2. The cell was
assembled manually with bolts, tightened 2x 1/4 rotation after hand-tightness.

The cathodic reservoir contained a slurry, prepared with 15 wt% activated carbon
powder and 85 wt% electrolyte (0.5 M KHCO3). Some activated carbon was coated
with silver, in this case the bare carbon weight was considered for making the sus-
pension, to assure similar flow properties. In order to have enough volume for the
experiment, the minimum bare carbon weight necessary per sample was around 5
grams. The anodic reservoir contained 0.5 M KHCO3 as electrolyte. The tubing used
has a diameter of around 1/8th inch (3 mm, small variations within sections). The cell
was connected to the potentiostat (IviumStat, maximum operation 10V, from Ivium)
by electric wires. Two Ag/AgCl reference electrodes were used to measure the po-
tentials of the individual compartments, as seen in Figure 3.4b. To enable measuring such additional
potentials, a peripheral differential amplifier (PDA) box was used (Ivium, maximum 5 V).

During operation, both fluids were pumped at 40 rpm (approximately 10 ml/min in this set-up) with
a peristaltic pump (Masterflex L/S, from Cole-Palmer). The complete set-up, as depicted in Figure
3.4a, consisted of two reservoirs with tubing via a pump from the reservoirs to the flow cell and back.
The cathodic reservoir was stirred with a magnetic stirrer, to prevent sedimentation of the slurry. The
cathodic side of the set-up, including the reservoir, was made gastight and included a connection to
a CO2 cylinder (flow rate CO2 was set to 50 ml/min) and a gas-outflow to a gas chromatograph (GC,
Compact GC 4.0, from Global Analyser Solutions) and a manual flow meter.

In a general experiment, 4 cycles of CV scans from 0 V to -3 V (WE vs CE potentials) were taken
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at a scan rate of 100 mV/s before and after the experiment. The catalysis experiment was executed in
galvanostatic mode, thus at constant current. After 6 minutes, the first of three GC injections was taken,
the others were queued immediately after finishing the previous (onemeasurement takes approximately
2.5 minutes). In between different current settings, the potentiostat was turned off and then manually
set to the next current.

3.4. Analysis methods
3.4.1. ICP-OES preparation
To determine the silver content on the carbon powders, ICP-OES was used. The measurement of
samples was executed by an external technician (instrument: PerkinElmer Optima 5300 with sapphire
injector). However, the samples had to be delivered in a specific format, which will be described here.
In ICP-OES , it is not possible to measure solids and the best results are obtained when measuring
concentration of ions. Thus, the silver nanoparticles had to be destroyed off the carbon particles for
this measurement.

In a typical preparation, 60 mg of powder was dispersed in 4.6 ml demiwater and 2.4 ml HNO3
solution (65-70 %, see section 3.1 for chemicals used). The samples were shaken a few times and left
to stand in this acidic solution for a minimum of two hours. Then, they were filtered through filter paper
(Whatman 602 H 1/2) and washed with 8 ml of demiwater, making 15 ml of solution. This final solution
was handed in for analysis.
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(a) Schematic visualization of flow cell set-up consisting of two reservoirs, a pump and a flow cell. The cathodic side
was made gastight and the reservoir was equipped with a CO2 inlet and an outlet to a GC.

(b) Photo of the set-up used, with the flow cell, pump, tubing, reservoirs and connections. This photo was taken during
clean-up procedure, hence the cathodic reservoir with the slurry is not connected.

Figure 3.4: Visuals of the set-up used in catalysis experiments.





4
Results and Discussion

Silver nanoparticles on the activated carbon support were synthesized using five different methods: im-
pregnation, electrodeposition, AC only, PVP and sucrose. In Section 4.1, the results of these syntheses
are described by the deposition efficiency, particle size, stability and practical arguments, showing that
impregnation and electrodeposition are the most suitable for this application.

These two samples and a blank (no silver) were prepared into a slurry and then tested for catalytic
activity in a flow cell. In Section 4.2 it is discussed that these experiments required a very high cell
potential and showed unexpected trends for CO flow related to current density, bringing to question
how the CO is formed, since CO2 reduction seems unlikely based on the data.

4.1. Synthesis of silver nanoparticles
The synthesis methods were selected for their assumed ability to deposit silver nanoparticles of sizes
5-20 nm in an efficient manner on AC (refer to Section 2.3 for more information about the different
methods). The results for both the 1-step and the 2-step sucrose method are shown combined to
keep the overview more simple, as these results were fairly similar. Besides the results shared in this
section, the oxidation state of the silver nanoparticles was also measured using XPS and can be found
in Appendix A.

Figure 4.1 shows TEM images of samples produced with different synthesis methods. Themethods,
from a to e, are: impregnation, electrodeposition, AC only, PVP and sucrose. In Figure 4.1a, c-e the
scalebar is 200 nm, in b the scalebar is 100 nm. All images show mainly near-spherical particles,
although large blocks are visible as well in c and d.

The impregnation sample shows a higher density of particles than all the other samples. It was
synthesized at 8 wt% silver and the other samples at 4 wt%, but the content difference appears to be
more than twice, which suggests a higher deposition efficiency. The impregnation sample has particles
through the entire depicted carbon substrate, whereas for the other samples the particles are mostly
visible around the thinner carbon regions.

The sample produced with only AC has a few small particles visible and large black blocks. The
blocks are most likely bulk silver, because of the well-defined borders, but could potentially also be
thicker carbon. Since there was no strong reductant present in this synthesis, larger particles are
more sensible: nucleation is slow due to the lack of reductants, and all silver that gets reduced most
likely sticks together due to the absence of any stabilizers. The other three samples, produced by
electrodeposition, PVP or sucrose, all have a clear presence of nanoparticles, but in lower quantities.

What should be noted about TEM images is that only few individual carbon particles are studied.
The detail of the gathered information is high, but the sampled amount is very low and thus might not
necessarily represent the total sample. Therefore TEM images are only used to study particle size
distribution in this thesis (see Subsection 4.1.1) and a more quantitative method (ICP-OES) is used
to accurately determine the silver content (see Subsection 4.1.1 and 4.1.3). The analysis of these
methods combined to determine which synthesis method is most suitable can be found in Subsection
4.1.4.
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Figure 4.1: TEM images of silver nanoparticles (black) on an AC support (gray), produced by different synthesis methods.
Synthesis methods: a) Impregnation, b) Electrodeposition, c) AC only, d) PVP, e) Sucrose. The scale-bar is 200 nm, except for
image b (100 nm).

4.1.1. Silver content
An important measure in determining the success of the synthesis method is the yield of silver on the
carbon particles. Therefore, the silver content was measured using ICP-OES, as explained in Chapter
3. Figure 4.2 shows the silver content of samples produced by different methods and the efficiency of
the deposition, calculated as the percentage of silver deposited from the total amount of silver available
during the synthesis.

Figure 4.2: Silver content on carbon samples. Each color represents a different synthesis method. The bars show the average
silver content of the samples, expressed as the mass of silver per mass of silver and carbon combined. The purple line shows
the efficiency of the deposition, calculated as the percentage of silver deposited from the total amount of silver available. Both
impregnation and electrodeposition lead to samples that have almost all available silver present within the sample. Samples
produced with PVP, sucrose or without reductant have a lower deposition efficiency.

These deposition results immediately visualize inherent differences between different synthesis
methods. Interestingly, the samples produced with an agent present (PVP, sucrose) have an even
lower silver content than the sample without an added reductant or stabilizer (AC only). The silver yield
of the AC only sample is limited to 36%, likely because the carbon powder by itself is not a great re-
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ductant. Nevertheless, it is also the only reductant present in that sample, thus silver is mostly reacting
at the carbon surface. With the lack of stabilizers, the carbon surface is also the only heterogeneous
nucleation site available, thus there are two reasons that make it more likely that the particle stays on
the surface instead of being loose in solution.

The PVP and sucrose methods have a lower deposition efficiency. The presence of stabilizers in
solution and supported reduction reduces the driving force for particles to deposit on the carbon surface.
This might explain why the main part of the silver did not end up on the particle.

Electrodeposition does a better job of putting the silver on the particle, with an efficiency at nearly
100%. This can be explained with the fact that the method puts a potential on the particles, which acts
as a driving force for the silver to react at the particles’ site.

The highest silver content is found with impregnation, giving an average efficiency of over 100% for
an 8 wt% loading. A percentage of over 100% seems impossible, but this is most likely explainable
with local differences in the sample. Since only a small sample of the powder is used for the silver
content determination, it is possible that the sample is not perfect representation of the total sample.
Taking multiple samples could give a more accurate determination of the silver content. Nevertheless,
the high silver content is related to the synthesis method. In this method, solvent volumes are kept to a
minimum and they are evaporated before the formation of the nanoparticles. Because the nanoparticle
synthesis takes place with a dry powder, no washing steps are needed. Thus there are two reasons
that explain the high efficiency of this method: no silver is lost with the solvent and no silver is lost with
washing.

4.1.2. Particle size distribution
Another aspect to determine the quality of the synthesis methods, is the size of the produced particles.
As explained in Section 2.3, the ideal particle size is 5 nm, but the range 5-20 nm will produce particles
that are catalytically highly active. To determine the particle size of the synthesized silver particles,
TEM photos were taken and particles were measured by hand using ImageJ.

Figure 4.3 shows the average particle size (bars) with standard deviation (represented as error bars)
for the same synthesis methods as in the above section (the particle size distributions, including the
count per sample, are included in Appendix A). Here it is visible that both impregnation and electrode-
position result in similar particle size distributions. To produce smaller particles, the sucrose method
is more suitable. Both the PVP synthesis and the synthesis without reductant lead to larger particles,
although even those are still close to the desired range.

Figure 4.3: Average particle size with standard deviation per synthesis method. The smallest particles (10 nm) are produced with
sucrose as reductant. Both impregnation and electrodeposition lead to slightly larger particles of 15 nm. With PVP as reductant,
the particles are the largest (30 nm). All samples have a similar standard deviation.
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The accuracy of these particle size measurements is debatable. Since they are measured by hand,
small inaccuracies are made and this causes the deviations to be larger. Additionally, very small par-
ticles (<3 nm) are hard to observe on the carbon support background and thus not present in the
measurements, very large particles, >100 nm, are generally also excluded, since it could be that the
observed spots are not silver particles. The TEM only gives a visual image of electron resistance and
large black spots can also be a dense portion of carbon. Because of these discrepancies the particle
sizes measured are naturally more close together, and thus the results are not a perfect description of
the samples.

4.1.3. Stability of produced catalysts
To find out how durable the produced catalysts are, their silver content was also measured after the
catalysis experiments (the results of the catalysis experiments follow later, in Section 3.2). For these
experiments, both the impregnation and the electrodeposition samples were used, as well as a blank
sample without any silver. For proper comparison, it should be noted that the electrodeposition sample
was used twice and was diluted 1 to 1 with bare carbon powder in one for these experiments, thus a
2 wt% loading is expected. In Figure 4.4 can be seen that the majority of silver is still present on the
powder for both the electrodeposition and the impregnation sample. For the electrodeposition sample,
102% residual silver was measured. There are two possible explanations for this. Firstly, as mentioned
before, only a small powder sample is taken for the ICP-OES measurement and silver distribution on
the powder is not necessarily even. Additionally, the dilution of the sample for use in the catalysis
experiment was not measured accurately, and thus the 1 to 1 ratio is an estimation and the real dilution
can be slightly different.

Figure 4.4: Residual silver on samples after use in a flow cell. The height of the bars shows the silver amount measured in the
solid phase, expressed as silver mass per mass of silver and activated carbon. The line refers to the residual silver as well, but
now expressed as a percentage of silver present after synthesis.

In the impregnation case, there is a loss of 10% of silver after use in only one experiment. Looking
ahead to future applications with much longer running times, this could be a potential problem. One
explanation for this difference could lie in the fact that the impregnation sample has not undergone any
washing/filtration in synthesis and thus maybe any loose silver is washed away during the experiments.
Alternatively, there could be a difference between on what sort of sites the silver is deposited, such as
on the outer particle versus in the pores and as a result, more silver can be lost or kept. Thirdly, some
silver is deposited as Ag2O (see Appendix A), which is firstly reduced to Ag0 upon use as cathode.
This change in composition results in size change of the particle and can also be a cause of silver loss.
For a more accurate determination of the deposition stability, more detailed tests need to be done, for
example one that measures the losses at different running times.

Interestingly, the presence of silver was also measured on the blank sample, although it was a very
small amount (0.1 g Ag / g (Ag + AC)). This shows that some contamination is taking place, most likely
due to sample being left behind in the flow cell after use.
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4.1.4. Discussion on preferred synthesis method
Combining the deposition amount and efficiency, particle size and deposition stability, impregnation
is the most suitable method, although electrodeposition is also promising. Both electrodeposition and
impregnation show approximately 100% of silver deposited, and more than 90% remaining after use in
the flow cell. Both also have a similar particle size distribution that matches well with the desired size.
For electrodeposition, no 8 wt% samples were made, thus it would be inaccurate to rule it out based
on the absolute higher loading of impregnation. The syntheses with AC only, PVP and sucrose disap-
pointed in the amount of silver deposited on the particle and have little to no benefits to compensate
for this.

Nevertheless, other, more practical arguments should also be considered; for example, how facile
the synthesis is executed, how high the yield is, if there are still options for modification of the size
and shape of the nanoparticle and to what extend the method is scaleable. Impregnation synthesis is
executed over two consecutive days and that is surely a disadvantage. It also requires the use of a
more complex piece of equipment, a tube oven under N2 and H2 atmosphere, which is not present in
the group for use, making it less practical for more intensive use. Electrodepostion on the other hand
is easily executed in a fume hood within one day, although building the set-up requires a much higher
level of precision and attention. For example, in an earlier electrodeposition experiment, an electrode
burned a hole in the membrane, ruining the experiment, but due to the opaque, black solution, this was
only discovered upon disassembly.

In terms of versatility of the syntheses, the impregnation synthesis can be adapted to melt impreg-
nation for an even higher silver loading, although one might wonder if such a high silver loading is
necessary in this set-up. It is difficult to compare the silver loading on a carbon substrate versus a
regular flat electrode and thus to determine how much silver is necessary to assure it is not the limiting
factor for CO2 reduction. Alternatively, small modifications to the electrodeposition synthesis enable
changing the shape of the nanoparticles, for example to produce higher surface area dendrites, instead
of spheres.

Impregnation provides a yield of 4 grams of powder, electrodeposition results in 5 g of powder, but
both of these are not enough to make a suitable slurry volume for experiments in the flow cell. To scale
up the impregnation procedure for a satisfactory yield at the laboratory scale, a larger tube is required
that can hold more powder and thus more boats (preferably 8 or more). This is not possible in the
current set-up, but is feasible in case a different tube oven is built. For electrodeposition, scaling can
be realized in a more simple manner by using a larger beaker, mesh and dialysis tube. However, in a
larger solution the reaction kinetics might differ and could potentially lead to inferior results.
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4.2. Catalysis experiments
Using the samples with a silver catalyst in a flow cell, the aim was to produce CO by reduction of CO2.
In this experiment, three slurries were studied: one based on the impregnation sample, one based on
the electrodeposition sample and a blank with bare AC, thus without silver present. All measurements
were executed in order of increasing absolute current density.

4.2.1. Flow cell electrochemistry
To achieve the desired currents during the catalysis experiments, high potentials were required, as
seen in Figure 4.5a. This figure is derived by averaging the measured current and potential after 100
seconds from the time dependent data measured in the experiment. The experiments were set at
constant current, starting at -5 mA/cm2 to -10 mA/cm2 and -15 mA/cm2. However, since the work-
ing electrode potential reached the potentiostat’s maximum controllable potential (-10 V) during some
measurements, the potentiostat was not always able to reach the expected currents. Therefore there
is a data point for -11 mA/cm2 in the blank experiment instead of -15mA/cm2, for the same reason, -15
mA/cm2 was not even measured anymore for the electrodeposition experiment.

Particularly at higher currents, the potential measured seems excessive for the reactions desired.
The measured cell potentials (measured over the sense and ref, as seen in Figure 4.5b) range from -3
V at -5 mA/cm2 to -7 V at -15 mA/cm2, and the potential over the working electrode (measured over
the WE and CE, as seen in Figure 4.5b) even reaches up to -10 V (maximum of potentiostat) at higher
currents. From this point onwards, the potentiostat cannot control the current well and thus data is
unreliable at best, most likely explaining the deviations between the WE potential and cell potential
observed at the higher current measurements.

(a) Average potential after 100 s overWE/CE and SENSE/REF (=cell potential) plotted against the average
current density during catalysis experiments. The darker colors show the cell potential and the lighter
colors show the WE potential. The measured WE potential is equal or higher than the cell potential, both
potentials are increasing with current. Color represents the sample used in the experiment.

(b) Schematic overview of electrode
connections for the measured poten-
tials.

Figure 4.5: Potentials measured during catalysis experiments. In a, the average measured potential after 100 s is plotted against
the current density. In b, the different potentials measured are schematically visualized for clarity.

High potentials are the result of high resistance within the system, which prevents the electrons from
reacting as expected. In this slurry flow cell, high electron transfer resistance between the electrode
and the slurry could well be the cause of this, as they are the main ’new’ addition. At this point, however,
it is yet unclear where the source of this high resistance lies.

Further research into the source of the resistance shows that the problems are mostly occurring on
the anodic side of the cell. The anode and cathode potentials, measured separately against a reference
electrode during the same experiments, are shown in Figure 4.6. The anodic potentials are positive
and thus plotted > 0 V vs NHE, the cathodic potentials are negative and plotted < 0 V vs NHE. This plot
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shows the cause of the increasing cell potentials to be on the anode side of the cell, not the cathode.
This is rather unexpected, as the anode side is employed with a Ru2O / Ir2O catalyst that is known
to effectively catalyze the OER (occurring at 1.23 V vs NHE) at low overpotentials [65]. In contrast,
the cathode potential needs barely -1 V at -15 mA/cm2 to promote the CO2RR (occurring at -0.1 V vs
NHE).

Figure 4.6: Measured anode and cathode potentials during catalysis experiments. Anodic potentials (positive) increase more
than two-fold within the measured current range to 5V versus NHE. Cathodic potentials (negative) barely increase with increasing
current density. Color represents experiment.

For a closer look at what is happening on the anode, potential over time diagrams are included in
Figure 4.7 for the impregnation experiment. The graphs for the other two experiments are included
in Appendix B. These potential over time graphs show more clearly what happens at the different
locations in the cell. Firstly, the WE potential and cell potential are equal at -5 mA/cm2, have a slight
deviation at -10 mA/cm2 and then have a 3 V difference at -11 mA/cm2. In Figure 4.7a and 4.7b, all four
measurements show some degree of noise, as expected in a real measurement. However in Figure
4.7c, there is no more noise visible in the measurements for both the anode and the WE potential. The
apparent limit of 5 V for the anodic potential is most likely explained by the limit of the PDA box used,
which is also 5 V. Nevertheless, this limit should not have impacted the rest of the experiment, since
this information is only noted as data, not instrument control.

An additional observation can be made from these graphs; namely that the measured cell potential
is not exactly the difference between the cathode and anode potential. This is explained because two
separate reference electrodes are used. Both of these are used separately to measure the potentials
in the individual compartments, but the combination of these does not take into account a piece of the
electrolyte and the membrane. Therefore, the measured cell potential is higher than the sum of the
individual pieces.
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(a) Potential over time measurements during catalysis experiment at -5 mA/cm2. The
different potentials measured are: WE potential (blue, -2.7 V), cell potential (orange,
-2.7 V), cathode potential (green, -0.1 V) and the anode potential (olive, 2.5 V).

(b) Potential over time measurements during catalysis experiment at -10 mA/cm2. The
different potentials and their average value measured after 100 seconds are: WE po-
tential (blue, -6.3 V), cell potential (orange, -6.0 V), cathode potential (green, -0.6 V)
and the anode potential (olive, 5.1 V).

(c) Potential over time measurements during catalysis experiment at -11 mA/cm2. The
different potentials measured are: WE potential (blue, -10.2 V), cell potential (orange,
-6.7 V), cathode potential (green, -0.7 V) and the anode potential (olive, 5.3 V).

Figure 4.7: WE, cell, cathode, anode potential over time measurements from catalysis experiment with impregnation sample at
different current densities.
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Looking at the cause of the high anodic potentials, there are a few sources of resistance possible.
Because this is a flow cell, bulk mass transfer for water is unlikely to be a problem, as the electrolyte is
constantly flowed by the electrode. Electron transfer at the electrode surface and chemical reaction are
not expected to be the source of the problem either, since the electrode used is a common catalyst for
OER undermildly basic conditions. Nevertheless, it might be worth verifying its quality as this would well
explain the observed problems. Ionic resistance of the electrolyte was not measured separately and
can also play a role resistances, although an 0.5 M solution of KHCO3 is a commonly used electrolyte,
thus severe problems from its ionic resistance are unexpected. Another source of resistance can be
absorption and desorption of gases, in this case the desorption of oxygen gas. Gases can be a source of
resistance in two different ways: gas molecules can occupy electrode sites and thus block the reaction,
or gas bubbles can block the ion transport from and to the electrode thus increase electrolyte resistance,
the latter of which is a commonly observed problem [66]. Looking at cell performance of time might
help to identify which of these aforementioned possible explanations are the cause of the problem.

Before and after the catalysis experiments, cyclic voltammetry (CV) scans were taken to inves-
tigate cell degradation over time. In CV, the potential over the WE is varied while the current (and
cell potentials) are measured. Figure 4.8 shows a combination of the CV scans of the three different
experiments before (blue) and after (orange) the catalysis measurements, in order of execution (a to
b to c). For all three experiments, a minimum two-fold decrease in current is observed between the
measurements before and after the experiment. Before the catalysis experiments, a clear reaction cur-
rent is observed after 1.2 V vs NHE, whereas after the catalysis experiments, this reaction current has
decreased, indicating that the anode was at least partially disabled irreversibly during the experiment.

Still, two potential causes can be named to explain the observations: oxygen bubbles blocking ac-
cess of the electrode or catalyst degradation. The latter of which would be observed as degradation
over experiments as well. This would mean that the current observed in the ’after’ measurement of the
impregnation experiment, is similar to the current observed in the ’before’ measurement of the blank
experiment, and equally so for the measurements after the blank sample and before the electrodepo-
sition sample. This is not true for the first combination, however it does fit for the latter. Based on this
data, catalyst degradation cannot entirely be excluded, but it seems more likely that oxygen bubbles
are the problem than catalyst degradation. Between the experiments, there is one other variable that
was not entirely constant, namely the composition of the anolyte. It was not refreshed between the
experiments, only refilled when needed. This can also have influenced the results, as the solution is
acidified during the reaction.
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(a) CV impregnation, before (blue), after (orange)

(b) CV blank, before (blue), after (orange)

(c) CV electrodeposition, before (blue), after (orange)

Figure 4.8: CV scans of the three catalysis experiments, executed before (blue) and after (orange) the catalysis measurements.
Included in order of execution, a to b to c.
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4.2.2. Reaction product analysis
To investigate more closely what electrode reactions took place at the cathode, the outgoing gases
were measured in a GC. For all samples, CO2 was the main component (this data can be found in
Appendix B). The presence of O2 and N2 was measured as well, yet no H2 was detected. Per set
current, usually three data points for the GC were taken, with the exception of the blank experiment at
-5 mA/cm2, where one less data point was obtained. For all sets, the first GC measurement showed
no presence of CO, although the subsequent ones always detected CO. It is reasonable that the gas
headspace was not entirely refreshed with the new sample at this time and thus the first measurement
of each set was excluded. The other two data points (one for blank at -5 mA/cm2) were converted from
CO concentration into CO flow, averaged and shown in Figure 4.9, for the blank experiment and the
two catalyst experiments.

Figure 4.9: CO flow rate at current density, per sample. The experiment with the highest CO production is the blank sample at low
current density. The two experiments that follow, have a much lower (-80%) CO production. For the electrodeposition sample,
the CO flow rate doubles with double the current density. For the impregnation sample, the CO flow rate is nearly negligible at
all current densities.

Presence of CO is measured during the all measurements, which is against expectations. For CO2
reduction normally a catalyst is necessary, which was not deemed present during the blank experiment.
Also important to note, is that this CO flow is decreasing with current density, whereas normally the pro-
duction of reduction reactions is increasing with current density (as observed for the electrodeposition
sample). Those arguments combined make it very unlikely that this CO is produced by CO2 reduction.

Between the slurries coated with silver, the CO flow for the electrodeposition sample is measured
to be higher than for the impregnation sample, which is particularly interesting considering that the
electrodeposition sample for the catalysis experiment consisted of only for half of its contents out of a
coated sample (the other half was bare carbon powder, due to a lack of more coated powder). Also,
this sample had been used in a flow cell experiment before. As it seems, the presence of the catalyst
is not a determining factor here either.

Additionally, H2 is normally also present as a reaction product, as the reaction potentials for the
CO2RR and the HER are very similar. However, in these experiments no presence of H2 was mea-
sured. This could be due to the low sensitivity of the GC to H2, but previous experiments (not included
here), showed presence of H2 with only the change of current collector at similar current densities.

Based on the measured CO flows and electrochemistry data, the Faradaic efficiency for CO2 re-
duction to CO is calculated and shown in Figure 4.10. It can be seen that all Faradaic efficiencies are
very low, with the exception of one (33% in the single blank measurement at -5 mA/cm2). This means
that, even if the observed CO is produced from CO2, there are still many electrons unaccounted for,
although at this stage it is difficult to say where they went, especially due to the absence of other
measured reaction products.
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Figure 4.10: Theoretic Faradaic efficiency of CO production at current density, per sample. The highest FE observed is 33% for
the blank sample at -5 mA/cm2. All other FEs are below 10%.

To explain the results as seen, there must be another source of CO, other than CO2 reduction. Since
the GCmeasures the composition of the gases on the cathodic side of the flow cell, the anodic problems
described in Section 4.2.1 cannot be an explanation. The cathodic side of the cell has multiple carbon
sources, both the carbon powder and the carbon paper current collector. It is possible to produce CO
from carbon by oxidation, although seemingly unusual at a cathode. Alternatively, there could be CO
bound to the carbon particles, that is released during the catalysis experiment. This would also explain
the differences between the bare and the coated samples: possibly, the CO in the coated samples has
already been released during synthesis.

To verify this second hypothesis, XPS data on the oxidation state of carbon has been obtained and
shown in Figure 4.11. This data immediately shows that the above hypothesis, that already present
C-O is released, is likely untrue. There is no noticeable difference between the samples that have been
prepared and the bare AC. Thus, the source of the CO is yet to be found. More on how this source can
be identified and how to work towards proof of CO2 reduction will be discussed in Chapter 5.

Figure 4.11: Carbon oxidation states in atomic percentages per sample, measured after deposition of silver (except for bare
AC, which did not undergo any synthesis). All four samples show a similar distribution between sp2 and sp3 carbon. Also their
amount of carbon bonded to oxygen is similar.
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Conclusions and Recommendations

5.1. Conclusions
The thesis was executed with two goals in mind: synthesis of silver nanoparticles on activated carbon
support and testing of their slurries’ catalytic activity for CO2 reduction in a flow cell. A list of main
observations and conclusions is found here.

1. Both electrodeposition and impregnation yielded powders with a near-100 wt% deposition effi-
ciency, with silver nanoparticles of 15±8 nm and more than 90 wt% silver remaining after use in
a slurry experiment, thus they are suitable deposition methods.

2. During electrolysis experiments, an unusually high potential was needed to reach a reasonably
set current. The cause of this lies within the anode side of the cell and is irreversible within an
experiment, but disappears in between different experiments, thus is most likely related to oxygen
bubbles.

3. In those same experiments, the presence of CO was measured in experiments with silver cat-
alysts but also in the blank experiment. Therefore, it is unlikely that this was produced by CO2
reduction at this point.

5.1.1. Successful synthesis of nanoparticles
For the nanoparticle synthesis, the aim was to produce silver particles on the activated carbon support
between 5-20 nm in size and a high deposition efficiency and stability. Both impregnation and elec-
trodeposition satisfy those requirements and are thus suitable deposition methods for creating silver
coated carbon particles to use as slurry electrodes.

5.1.2. Poorly functioning anode
During the catalysis experiments, high potentials were needed to reach reasonable currents. The
cause of this was found to lie on the anode side of the cell, and is irreversible within an experiment, yet
disappears in between different experiments. This seems most fitting for a problem that is solved upon
disassembly of the cell and the most likely cause of the poor cell functioning was therefore identified to
be resistance induced by oxygen bubbles.

5.1.3. Questionable CO2 reduction
The original aim of the catalysis experiments was to study differences in catalytic properties between
the produced catalysts. The obtained results do not prove that any CO2 reduction has taken place and
thus any analysis of catalytic properties between the samples is not useful.

Nevertheless, the results show an interesting relation between CO production and the current den-
sity, that cannot be explained entirely to this point. One hypothesis was that the measured CO was
already present at the carbon particle’s surface and released during the experiments, but this was al-
ready proven not to be true. Alternatively, oxidation of carbon can also produce CO, although more
research needs to be done to find out how and why that is happening and what to do about it.

33



34 5. Conclusions and Recommendations

5.2. Recommendations
5.2.1. Nanoparticle deposition in final application
For this project, the efficiency of the method was more important than actual amount of deposited silver.
At a later stage, it can be worth experimenting with the silver loading, to assure that the silver amount
is not the limiting factor for the reaction.

Additional factors affecting future use of the synthesis methods are the yield and versatility of the
method. Particularly the scaleablity of that yield is important for future applications, which was not stud-
ied in detail, but only shortly discussed in earlier chapters. Since it is the eventual goal to use slurry
electrodes for larger scale operation, it is important that the synthesis method allows for scaling up.
In the short term, scaling electrodeposition would mean scaling the beaker and electrodes. It appears
easily scaleable for a small range of sizes and manual operation, yet more complex for industrial ap-
plication, although using a fluidized bed reactor would possibly create options. Impregnation on the
other hand seems a more sensible choice for industrial applications, and is commonly referred to as a
method used at industrial scale. For the short term however, scaling this method would involve building
a new tube oven, which is rather a lot of work for laboratory application.

In terms of versatility, electrodepostion is known to be used for synthesis of dendrite particles as
well, which can be interesting for further enhanced catalysis. Impregnation is less versatile and only
a few adjustments can be made in the synthesis to alter, for example, the distribution of particles over
the surface area.

Taking these considerations in mind, for further laboratory steps, electrodeposition seems the most
sensible option to use for further trials towards a proof of concept of the slurry electrode, as it allows for
study of more different types of catalysts and is easily scaled to a batch size large enough to produce
one slurry. In future applications however, impregnation might be easier to implement.

5.2.2. Towards a proof of concept of the slurry electrode flow cell
The main problem in the execution of the catalysis experiments was the high potential on the anode
side, most likely caused by oxygen bubbles. Solving this problem is not very straightforward, as it is
a research topic on its own [66]. The simple alteration would be to change the geometry of the flow
channel and/or the hydrophobicity of the anode, yet neither of these are a guaranteed solution and this
problem has a tremendous effect on the cell’s energy efficiency until an effective solution is found.

The other problem encountered in this thesis is an unexpected trend for the CO production by the
slurry in the flow cell. To work towards an indisputable proof-of-concept of a reaction taking place on
the slurry surface, it is recommended to first investigate the source of the current CO production. There
are several different carbon sources present in the set-up, which can all have a contribution to the CO
production and need to be investigated individually.

A reasonable next step would involve investigating the influence of the carbon paper current collec-
tor on the CO production. It is possible that the current collector is a part of the problem as a carbon
source, nevertheless it cannot be the only source, since it does not explain the CO production dif-
ferences between experiments, since they all had a fresh current collector of the same carbon paper
source. To determine the influence of the carbon paper current collector, the catalysis experiment
should be executed with electrolyte only, instead of a slurry. If CO is still measured among the prod-
ucts, then the carbon paper should be replaced with a more inert alternative. Even if this is not the
case, replacement of the carbon current collector is also advised because of its poor physical stability.

The next step would be to study the influence of the carbon powder on the CO production. This is
best done by creating a blank experiment with a bare powder that has undergone the same treatment
as the coated powder, except without the silver precursor there. In this way, any residual superficial
reactions occurring are now equally pre-treated from both samples. If the new blank is now producing
(nearly) no CO and the silver coated sample produces more (and increasing with current density), there
is a proof of concept. If this is not the case, more investigation on the CO production with bare carbon
is necessary to suppress this reaction. Possible solutions could lie in an added surfactant to suppress
self-reaction, removal of certain reagents (oxygen) or in a change of solvent.
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A
Additional deposition data

A.1. Silver oxidation state

Figure A.1: Silver oxidation states in atomic percentages per synthesis method, measured after deposition of silver.
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A.2. Particle size distribution

(a) Particle size distribution for impregnation
sample 1 (first receiver of gas flow)

(b) Particle size distribution for impregnation
sample 2 (second receiver of gas flow)

(c) Particle size distribution for impregnation
sample 3 (third receiver of gas flow)

(d) Particle size distribution for impregnation
sample 4 (last receiver of gas flow)

(e) Particle size distribution for electrodeposi-
tion sample

(f) Particle size distribution for AC only sample

(g) Particle size distribution for PVP sample (h) Particle size distribution for sucrose 2-step
sample

(i) Particle size distribution for sucrose 1-step,
scaled-up sample

Figure A.2: Particle size distribution per sample. Count 150 or lower (when only fewer particles could be measured). Bin size 5
nm, with overflow below 5 nm and above 40 nm. A higher lowest bin means that any lower bins were empty (e.g. <10 nm shows
the count for 5-10 nm and lower bins were empty). A lower highest bin means that no particles were observed above that bin
(e.g. >30 nm shows the count for 30-35 nm and higher bins were empty).



B
Additional electrochemical data

B.1. Impregnation

(a) CV scans, WE potential before (blue) and after (orange) catalysis experiment.

(b) CV scans, anodic (orange) and cathodic (blue) potentials, measured before (light)
and after (dark) the catalysis experiment.

Figure B.1: CV scans before and after catalysis experiment with impregnation sample, four cycles, measured from 0 V to -3 V
at scan rate 100 mV/s.
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46 B. Additional electrochemical data

(a) Combined current over time measurements from the catalysis experiments with the impregnation sample.

(b) Combined potential over timemeasurements from the catalysis experiments with the impregnation sample. Anodic
potentials (positive) increase more than two-fold within the measured current range to 5 V versus NHE. Cathodic
potentials (negative) barely increase with increasing current density. Color represents experiment.

Figure B.2: Current and potential over time measurements from catalysis experiments with the impregnation sample.
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(a) Potential over time measurements during catalysis experiment at -5 mA/cm2.

(b) Potential over time measurements during catalysis experiment with impregnation
sample at -10 mA/cm2.

(c) Potential over time measurements during catalysis experiment at -11 mA/cm2.

Figure B.3: WE, cell, cathode, anode potential over time measurements from catalysis experiment with impregnation sample.
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B.2. Blank

(a) CV scans, WE potential before (blue) and after (orange) catalysis experiment.

(b) CV scans, anodic (orange) and cathodic (blue) potentials, measured before (light)
and after (dark) the catalysis experiment.

Figure B.4: CV scans before and after catalysis experiment with blank sample, four cycles, measured from 0 V to -3 V at scan
rate 100 mV/s.
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(a) Combined current over time measurements from the catalysis experiments with the blank sample.

(b) Combined potential over time measurements from the catalysis experiments with the blank sample. Anodic po-
tentials (positive) show a lot of noise/irregularities and are mostly at 5 V versus NHE. Cathodic potentials (negative)
barely increase with increasing current density. Color represents current density of experiment.

Figure B.5: Current and potential over time measurements from catalysis experiments with the blank sample.



50 B. Additional electrochemical data

(a) Potential over time measurements during catalysis experiment at -5 mA/cm2.

(b) Potential over time measurements during catalysis experiment with blank sample
at -10 mA/cm2.

(c) Potential over time measurements during catalysis experiment at -15 mA/cm2.

Figure B.6: WE, cell, cathode, anode potential over time measurements from catalysis experiment with blank sample.
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B.3. Electrodeposition

(a) CV scans, WE potential before (blue) and after (orange) catalysis experiment.

(b) CV scans, anodic (orange) and cathodic (blue) potentials, measured before (light)
and after (dark) the catalysis experiment.

Figure B.7: CV scans before and after catalysis experiment with electrodeposition sample, four cycles, measured from 0 V to -3
V at scan rate 100 mV/s.
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(a) Combined current over time measurements from the catalysis experiments with the electrodeposition sample.

(b) Combined potential over time measurements from the catalysis experiments with the electrodeposition sample.
Anodic potentials (positive) show a lot of noise/irregularities and are mostly at 5 V versus NHE. Cathodic potentials
(negative) barely increase with increasing current density. Color represents current density of experiment.

Figure B.8: Current and potential over time measurements from catalysis experiments with the electrodeposition sample.
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(a) Potential over time measurements during catalysis experiment at -5 mA/cm2.

(b) Potential over time measurements during catalysis experiment with electrodeposi-
tion sample at -10 mA/cm2.

Figure B.9: WE, cell, cathode, anode potential over timemeasurements from catalysis experiment with electrodeposition sample.
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B.4. CO2 flow rate

Figure B.10: CO2 flow rate at current density, per sample.
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