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1.1. The status quo of the global carbon cycle

1.1 The status quo of the global carbon cycle

The earth is the only planet known to date that can sustain life. The ability to
make life possible, is related to the composition of the Earth’s atmosphere, which
enables a relatively constant temperature. The gases responsible for maintaining this
temperature are the so-called greenhouse gases (e.g. water vapor, carbon dioxide,
methane and nitrous oxide). The concentration of greenhouse gases (GHGs) are
influenced by the interplay of (a)biotic processes on Earth, which are represented
by global biogeochemical cycles of the related elements. The scope of this thesis
is associated with the carbon cycle (Figure 1.1), which consists of smaller cycles
with different time scales, wherein carbon is exchanged between the atmosphere,
lithosphere, hydrosphere and biosphere by several processes of which photosynthesis
is the most important natural process for living organisms.!]

Fossil Fuel
Emissions

Volcanic >
Eruptions 1 ¢ r

Exchange
0f CO;

Figure 1.1 Schematic representation of the carbon cycle.l?!

Starting from the Industrial Era around 1750, the carbon cycle has been per-
turbed significantly by human activities such as fossil fuel combustion, industrial
processes and deforestation, leading to substantial emission of CO; in the atmo-
sphere. Atmospheric CO4 levels have increased from 278 ppm to 390.5 ppm in
the timespan of 1750 - 2011, with an alarming rate of 2.0 &+ 0.1 ppm/year during
2002 - 2011.1! To reach the target set by The International Energy Agency of <
2° rise in global temperature by 2050, CO5 emissions should be reduced by at
least 50 % compared to 2011.[4 Other factors such as the higher energy demand of
mankind and their fossil fuel dependence, the economic growth and the increase in
world population indirectly contribute to this anthropogenic CO5 accumulation in
the atmosphere. Consequences of these influences to the carbon cycle are: global
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warming, climate change, acidification of oceans, increased seawater levels, etc.!”)
Climate change is even envisaged to be one of the most challenging problems of
the 215 century.l8! Not entirely coincidental, at the time of writing this section, the
record of warmest October day in the Netherlands since the start of the temperature
measurements in 1901, has been broken. ]

1.2 Anthropogenic CO, emissions; quo vadis?

Over the past few decades, much attention has been given to the mitigation of
GHG emissions, and various political policies have covered these topics, aimed
at reducing climate change (e.g. Montreal protocol, Kyoto protocol, Copenhagen
Accord, Paris agreement).[®] Several strategies have been proposed to remove COy
from the atmosphere, or to alleviate anthropogenic CO2 emissions.

Utilization of COs is preferred above carbon storage methods, since COs can be
used as sustainable feedstock for other processes, which simultaneously addresses
important issues such as the sustainable energy production, increasing world popu-
lation, food production, etc.[?1% CO, utilization can be carried out without COs
conversion such as in enhanced oil recovery applications, or with conversion of
CO3 by means of thermal, chemical, biological, electrochemical, and photochemical
methods.[6-11:12]

In order to curb the COs emissions, decarbonization of the energy system is
required. Furthermore, the electricity sector is projected to undergo a transition
toward renewable sources, where solar power is likely to become the dominant
energy source by 2050.14 Several researchers proposed solar energy utilization as
a key route to meet the targets for 2050 regarding anthropogenic CO2 mitigation
and climate change.[®13] In a process similar to photosynthesis, we are able to use
sunlight and a catalyst to store solar energy in chemical bonds. In this respect, the
electrochemical conversion of COs is very attractive for the production of so-called
?solar fuels”. In this thesis we elaborate on the electrochemical COs conversion
toward "electrofuels”, which is the broader term used when electricity from different
renewable sources are stored in chemical bonds. This process has been shown to
be very promising as its effects are multi-fold, viz. reduction of COs emissions,
production of commodity chemicals, and storage of renewable energy in fuels, which
is important due to the intermittent character of renewable energy sources (e.g.
solar- and wind energy).['*]

1.3 Electrocatalytic conversion of Carbon Dioxide
toward Electrofuels
Carbon dioxide is the most stable form of carbon, and therefore abundantly present

in the atmosphere. Conversion of CO4 is an endothermic process, and a catalyst
is needed to obtain reasonable rates of conversion. Electrocatalytic conversion

4
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of CO; and electrocatalysis in general have several advantages: we are able to
control the reaction by the applied potential, use water as proton donor, and work
under ambient conditions.[!?] Bottlenecks are the high overpotentials, the broad
product spectrum, and competitive hydrogen evolution (in aqueous media), which
are thoroughly discussed and reviewed by many researchers in the field.[6:1416:17] Ap
extended discussion about the recent advances and challenges in the electrocatalytic
reduction of COq is given in chapter 2.

Depending on the electrocatalyst, different products can be formed, which
leads to a selectivity issue.['6:1819 Several electrofuels have been discussed in
the past for a sustainable society (e.g. the hydrogen economy and methanol
economy).[?22 Although many of the products from CO, reduction can be used
for further processing, from a renewable energy perspective, the formation of liquid
products is preferred, since the existing energy infrastructure is based on liquid
fuels. Additionally, liquid products such as formic acid, methanol and ethanol can
be employed directly in fuel cells.

Except for formic acid, the formation of liquid products which are higher electron
transfer products from electrocatalytic CO5 reduction, is generally more complex
compared to the production of 2-electron transfer products, and the electrocatalyst
is more difficult to optimize.?3] We still lack significant mechanistic insight in these
electrochemical processes in order to improve the electrocatalytic COs reduction
performance. These are the main reasons for the increasing research activity on the
topic of electrocatalytic CO5 reduction toward liquid products, to which the work
described in this thesis is devoted.

1.4 Outline of this thesis

The focus throughout this thesis will be on the electrocatalytic reduction of carbon
dioxide in aqueous media toward liquid products. The thesis can be divided in two
parts. The first part (chapters 2 and 3) is about heterogeneous electrocatalysis of
CO4 reduction, and the second part (chapters 4 - 7) concerns electroreduction of
CO4 on heterogenized molecular catalysts.

In chapter 2, we review the recent advances and challenges in the field of
electrocatalytic CO5 reduction mainly on heterogeneous catalysts. Important topics
will be highlighted and discussed such as initial activation of COs, the influence
of reaction- and process conditions, the electrode morphology, and carbon-carbon
bond formation. Moreover, we will discuss two important techniques often used
in COy electroreduction research: in situ spectroelectrochemical techniques and
computational approaches for CO5 reduction. This chapter will be concluded with
our perspectives for future research of electrochemical COs reduction.

Chapter 3 presents the crucial importance of the effect of local pH changes
during CO4 reduction on the product distribution. We demonstrate the involvement
of disproportionation reactions leading to product distributions which should be
distinguished from direct CO4 reduction. These reactions are promoted by the
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local pH (changes) during CO5 reduction, as a result of the simultaneous hydrogen
evolution reaction. The importance of this phenomenon is illustrated by generalizing
to other reactants and to different electrode materials.

The remaining chapters are related to molecular catalysts, which we introduce
with a brief review into the field of molecular catalysis of CO5 reduction in chapter
4. Moreover, we give an overview of catalysts and recent developments related to
heterogenized (molecular) catalysts, with special attention to metalloporphyrins,
which are the catalysts under study in the remainder of this thesis.

In chapter 5, we report on the influence of the metal center of immobilized
metalloprotoporphyrins on the electrocatalytic COs reduction toward formic acid.
We show that rhodium, tin, and indium metal centers are active for formic acid
production in the order Rh < Sn < In. We discuss the coupling with the hydrogen
evolution reaction, which plays an important role for the selectivity toward formic
acid. Additionally, we demonstrate that the faradaic efficiency toward formic acid
is strongly dependent on the bulk pH of the electrolyte and applied potential.

In chapter 6, we build upon the findings obtained in the previous chapter, by
studying the immobilized indium(III) protoporphyrin for CO4 electroreduction
toward formic acid in more detail. We show the significant influence of the nature
of the substrate on the selectivity, reactivity, and stability of CO2 reduction toward
formic acid. Moreover, we study the influence of the surface chemical functionality,
and catalyst’s chemical environment by respectively electrochemical and plasma
treatment of the substrate, and by immobilization of the indium(III) protoporphyrin
in polymer membranes. The findings in this work allow for design and optimization
of heterogenized molecular systems for CO4 electroreduction beyond empirical
considerations.

We continue with the investigation of immobilized indium protoporphyrin cata-
lyst in chapter 7. Herein we optimize CO; reduction performance by modification
of the electrolyte composition. We demonstrate the impact of the electrolyte and
the buffer strength on the selectivity and activity of CO2 reduction. Moreover, we
discuss factors affecting the stability of the system.

1.5 References

[1] National Research Council of The National Academies, Ocean Acidification.
Starting with the Science, National Academies Press, Washington DC, 2013.

[2] National Research Council of The National Academies, Ocean Acidification.
Starting with the Science, 2013, accessed: 13-10-2017, http://dels.nas.
edu/Materials/Special-Products/Carbon-Cycle-Image.

[3] P. Ciais, C. Sabine, G. Bala, L. Bopp, V. Brovkin, J. Canadell, A. Chhabra,
R. DeFries, J. Galloway, M. Heimann, C. Jones, C. L. Quéré, R. Myneni,
S. Piao, P. Thornton in Climate Change 2013: The Physical Science Basis.
Contribution of Working Group I to the Fifth Assessment Report of the



1.5. References

— = =
w [ =N

—_

R N L =

_ =2 = = =

=z

[23]

Intergovernmental Panel on Climate Change, (Eds.: T. F. Stocker, D. Qin,
G.-K. Plattner, M. Tignor, S. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex,
P. Midgley), Cambridge University Press, Cambridge, United Kingdom and
New York, NY, USA, 2013, Chapter 6: Carbon and Other Biogeochemical
Cycles, pp. 465-570.

International Energy Agency, Energy Technology Perspectives 2014, Interna-
tional Energy Agency, Paris Cedex, France, 2014.

IPCC in Climate Change 2014: Synthesis Report. Contribution of Working
Groups I, II and III to the Fifth Assessment Report of the Intergovernmental
Panel on Climate Change, (Eds.: Core Writing Team, R. K. Pachauri, L. A.
Meyer), IPCC, Geneva, Switzerland, 2014, 151 pp.

E. V. Kondratenko, G. Mul, J. Baltrusaitis, G. O. Larrazabal, J. Pérez-
Ramirez, Energy Environ. Sci. 2013, 6, 3112-3135.

Weerplaza, Warmste 16 oktober, Oct. 2017, accessed: 17-10-2017, https:
//www.weerplaza.nl/weerinhetnieuws/warmste-16-oktober/3669/.

United Nations Framework Convention on Climate Change, Publications,
Oct. 2017, accessed: 13-10-2017, http://newsroom.unfccc.int.

R. Lal, Energy Environ. Sci. 2008, 1, 86—100.

. A. Olajire, J. COy Utilization 2013, 3-4, 74-92.

. Hu, C. Guild, S. L. Suib, J. COy Utilization 2013, 1, 18-27.

. Alper, O. Y. Orhan, Petroleum 2017, 3, 109-126.

. S. Lewis, D. G. Nocera, Proc. Natl. Acad. Sci. 2006, 103, 15729-15735.
. T. Whipple, P. J. A. Kenis, J. Phys. Chem. Lett. 2010, 1, 3451-3458.

. A. Tryk, A. Fujishima, The FElectrochemical Society INTERFACE 2011,
10, 32-36.

J. Qiao, Y. Liu, F. Hong, J. Zhang, Chem. Soc. Rev. 2014, /3, 631-675.
Q. Lu, F. Jiao, Nano Energy 2016, 29, 439-456.

Y. Hori, In Modern Aspects of Electrochemistry Vol. 42, Springer, New York,
2008.

B. Kumar, J. P. Brian, V. Atla, S. Kumari, K. A. Bertram, R. T. White,
J. M. Spurgeon, Catal. Today 2016, 270, 19-30.

J. O. Bockris, Science 1972, 176, 1323-1323.
G. A. Olah, Angew. Chem. Int. Ed. 2005, 4/, 2636—-2639.

G. A. Olah, A. Goeppert, G. K. S. Prakash, Beyond Oil and Gas: The
Methanol Economy, Wiley-VCH: Weinheim, Weinheim, Germany, 2006.

M. T. M. Koper, J. Electroanal. Chem. 2011, 660, 254—260.

o Z24H0 % >






CHAPTER

Advances and Challenges in the Electrocatalytic
conversion of Carbon Dioxide to Fuels

This chapter is based on the article:
Yuvraj Y. Birdja, Elena Pérez-Gallent, Marta C. Figueiredo, Adrien J. Gottle,
Federico Calle-Vallejo and Marc T. M. Koper, Nat. Energy, in preparation



Chapter 2. Advances and Challenges in the Electrocatalytic
conversion of Carbon Dioxide to Fuels

Abstract

In this chapter, we critically review recent advances and relevant hurdles in the
field of electrochemical CO5 reduction. We start the discussion with the initial
activation of COy on the electrocatalyst, and its importance for the selectivity.
Another mechanistic subject covered by this review, is the carbon-carbon bond
formation from a mechanistic point of view. Additionally we discuss process- and
reaction conditions, electrode mesoscale morphology, mass transport, and their
influence on the electrocatalytic COs reduction. Lastly, we discuss progress in
two methodologies often used in COs reduction research: in situ spectroscopic
techniques and computational techniques.

10



2.1. Introduction

2.1 Introduction

With the growing importance and falling prices of renewable electricity, the issue of
electricity storage to deal with the intermittent nature of renewable energy sources
is becoming urgent. The idea of storing renewable electricity into chemical bonds
("electrofuels”) is particularly attractive, as it allows for high energy density and
potentially high flexibility. While hydrogen is the most likely and realistic candidate
for electricity storage in electrofuels, research into the electrochemical conversion of
carbon dioxide and water into carbon-based fuels has intrigued electrochemists for
many decades, and is currently undergoing a significant renaissance.l' 4! In contrast
to hydrogen production by water electrolysis, carbon dioxide electrolysis is still far
from a mature technology. Significant hurdles regarding energy efficiency, reaction
selectivity and overall conversion rate will need to be overcome if electrochemical
carbon dioxide reduction is to become a viable option for storing (a part of)
renewable electricity.

Several electrocatalysts have been reported for the production of different
products from the electrocatalytic carbon dioxide reduction reaction (CO3RR).
Table 2.1 gives a selective overview of some of the most active and selective metal or
metal-derived electrocatalysts towards specific products in aqueous media. The two-
electron transfer products, CO and HCOOH, can be produced with low overpotential
and high Faradaic efficiency (FE) on suitable electrocatalysts, but substantially
higher overpotentials and lower selectivities are observed to multi-electron transfer
products such as methane, ethylene and alcohols. For the ultimate goal of a high
performance COs-electrolyzer in which COs is being reduced to an electrofuel, only
CO and HCOOH are currently potentially economically viable options to compete
with the current (non-electrochemical) production processes.[?l

There is no lack of reviews on the electrochemical reduction of COs; our own
group has recently published an overview of the mechanistic aspects of CO2RR
electrocatalysts.[5) The aim of this short review is not to be exhaustive, but rather
to critically discuss some recent advances and pertinent challenges in this field,
focusing on a few themes that have witnessed important progress in the recent
literature.[?3:56] We have selected two mechanistic aspects to discuss. The initial
activation of CO9 on the electrocatalyst is key in determining the selectivity towards
the first product, i.e. CO vs. HCOOH/HCOO™. Carbon-carbon bond formation is
another mechanistic theme in COsRR which has received ample recent attention,
especially on copper electrodes. It has also become increasingly clear from recent
work that process and reaction conditions influence the COsRR significantly. While
traditionally catalytic studies emphasize catalyst properties, CO3RR activity and
selectivity are very sensitive to electrolyte properties such as pH, cations, anions and
solvent, as well as to mass transport conditions. Electrode morphology, especially on
the mesoscale, is another topical theme in CO3RR. Besides the themes mentioned,
we will also discuss progress in two important methodologies, which are often used

11
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to increase fundamental understanding of COsRR: in situ spectroscopic techniques
and computational techniques.

Table 2.1 Some state-of-the-art electrocatalysts for specific CO2RR products

CO;RR Electrocatalyst FE (%) 7 (V)" Jiotal Electrolyte Ref.
product (mA cm~2) (CO; sat.)
Pb 99.4 119V 5.0 0.1 M KHCO3V 7]
HCOOH Sn 88.4 -1.04V 5.0 0.1 M KHCO3Y [7]
Pd,anopart. \C 99 015V  24-7 2.8 M KHCO3™* 8]
Pd70Pt30 nanopart. \C 90 036 V  4-7.5 0.2 M PO3~ buffert  [9]
Au 87.1 -0.64V 5.0 0.1 M KHCO3V 7]
CcO AWanopart. 97 -0.58 V. 3.4940.61 0.1 M KHCO3Y [10]
OD-Atnanopart. >96 025V 24 0.5 M NaHCO3® [11]
Ag 94 099V  ~5.0 0.1 M KHCO3Y [12]
CH,4 Cu poly 40.4 134V =T 0.1 M KHCO3Y [13]
Cu(210) 64 -129V 5 0.1 M KHCO3Y [14]
Cu poly 26.0 113V 1-2 0.1 M KHCO3V [13]
CoHy Cu (O plasma tr.) 60 098V =~15 0.1 M KHCO3V [15]
Cu-halide 60.5-79.5 -2.11V  46.1-39.2 3 M KBr* [16]
CH30H  CuyO 38 034V 12 0.5 M KHCO3* [17]
HCl-pretreated Mo 84 -0.33V  0.12 0.2 M NapSO4 " [18]
Cu poly 9.8 114V =0.6 0.1 M KHCO3Y [13]
CoH;0H  Cup0 9-16 -1.08 V. 30-35 0.1 M KHCO3Y [19]
CuOyanopart. 36.1 N/At =117 0.2 M KI [20]
Cu/CNS 63 120V 2 0.1 M KHCO3Y [21]

"Eo vs. RHE from reference [5]; VpH~6.8; ‘pH~82; TpH~6.7 ©°pH=~72;
‘pH~3; *pH~76; TpH~42 ‘tatE=-1.7V vs. SCE (pH not reported)

12



2.2. Initial activation of COy

2.2 Initial activation of CO,

The first step in any electrocatalytic reduction reaction of COs is the initial activation
of the CO5 molecule. It is often claimed that activation and reduction of CO; is
difficult, because the first electron transfer to form the CO3~ radical intermediate
has a very negative redox potential (-1.9 V vs. NHE), or because COs is a very
stable molecule.[*22] Neither statement is accurate. The electrocatalyst stabilizes
the CO3™ radical or reaction intermediate by the formation of a chemical bond,
leading to a less negative redox potential. With the right electrocatalyst, it is
possible to reduce CO5 to CO or HCOOH at very low overpotential, which is
related to the mechanism of a two-electron process, typically consisting of only
one intermediate, which is relatively easily optimized.["?) Enzymes such as formate
dehydrogenase and carbon monoxide dehydrogenase are indeed effective reversible
catalysts for the electrocatalytic conversion of CO5 to formate and carbon monoxide
(and vice versa), respectively, exhibiting negligible overpotentials.[*]

We consider four redox reactions related to the activation of CO3 (eq. 2.1-2.4):

CO;+HY+e — *COOH (2.1)
COy+ HY + ¢~ — *OCHO (2.2)
COy +e” — *COO~ (2.3)
HY 42~ — *H™ (2.4)

Eq. 2.1 and 2.2 are proton-coupled electron transfer (PCET) reactions and have
been considered in a recent computational study by Studt et al. for deriving trends
in selectivity among (post-)transition metal surfaces.*¥l They argued that *COOH
is the more likely first intermediate for CO formation, and *OCHO the more likely
intermediate for the formation of formic acid (an assertion that is generally agreed
upon in the literature). Using calculated binding energies, they generally find good
agreement between their predictions and experiment: post-transition metals such
Pb and Sn prefer to bind via the oxygen and are selective towards formic acid,
whereas transition metal electrodes prefer to bind via the carbon. Interestingly,
in two instances their calculations deviate from the experimental observations in
Table 2.1: silver is predicted to be an excellent catalyst for the formation of formic
acid, whereas palladium is predicted to have the lowest onset potential for the
formation of CO. They ascribe these differences to kinetic effects not included in
their calculations. Interestingly, in the molecular electrocatalysis community the
views on the initial activation of COy appear to be subtly different. The initial
binding of COs to the catalyst does not involve a CPET step such as Eq. 2.1 and
2.2, both rather an electron-transfer mediated CO2 binding step, as indicated by eq.
2.3. The CO; anion adduct is generally bound to the metal center of the catalyst.
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For instance, for a cobalt-(proto)porphyrin catalyst, COy binding takes place if
the cobalt center changes oxidation state from Co(II) to Co(I), with the electronic
density flowing onto the *COs ligand, formally written as in Eq. 2.5 and 2.6:

Co(II)+ e~ — Co(I) (2.5)

Co(I) + COy — Co(II) — [CO; ] (2.6)

Subsequent protonation or CPET steps then generate the *COOH or *COOH™
intermediates. If this step is rate-determining, the pH dependence of COs activation
may differ from the pH dependence of the competing HER, which is confirmed
by DFT calculations.l?® Shen et al. used this different pH dependence of the
CO2RR and HER pathways to explain the strong pH dependence of the overall
product selectivity on graphite-immobilized Co-protoporphyrin, with Hy being the
primary product at pH = 1 but CO being the primary product at pH = 3.126]
Theoretical work showed that COsRR proceeds through different metal coordinated
CO; intermediates leading to either CO or HCOOH, similar to different binding
modes of CO3™ on metal electrodes.l?”] A very similar mechanistic model was
proposed by Wuttig et al. for the gold-catalyzed CO3RR, suggesting that also on
gold the *CO; intermediate, and not *COOH, is the relevant activated form of
C0,.[?8] Recent computational work by Chen et al. has confirmed that on Ag(111),
adsorbed COg is highly sensitive to the presence of an electric field, as e.g. modeled
by the presence of a cation.[??) Although Chen et al. do not write the formation
of *CO4 as an electron-transfer step, the resulting *COs is highly polarizable, and
therefore sensitive to pH and cation effects (see section on Reaction- and Process
Conditions).

A somewhat similar situation exists for the formation of formate/formic acid
on molecular catalysts. Among the metal porphyrins, we recently showed that Rh,
Sn and In protoporphyrins have a high selectivity towards formic acid in aqueous
electrolyte.3®) DFT calculations suggest that the key intermediate is an anionic
hydride, formed through Eq. 2.4, as has been previously suggested in the molecular
catalysis literature.[?:32] The anionic hydride performs a nucleophilic attack of
the carbon of the COq, yielding HCOO™. Again, the reaction is triggered by a
potential-induced change in oxidation state of the catalyst, either of the metal center
(in the case of Rh) or on the ligand (in the case of In and Sn). The stability of the
resulting species is crucial to the subsequent elementary step and the formation of
either CO or HCOOH/HCOO™. Interestingly, such a (lattice-)hydride mechanism
was recently proposed for nanostructured copper-hydride catalysts with a much
enhanced selectivity for formic acid ("normal” copper yields primarily CO as a
two-electron product). (33
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2.3 Carbon-carbon bond formation

One of the most interesting observations in the electrocatalytic reduction of COs is
the formation of species with one or more carbon-carbon bonds, which till date mostly
has been reported for copper-based electrodes. Elucidation of the pathway(s) from
CO; or CO to Cy products has been the subject of several experimentall!4:34-38]
and theoretical studies.? 43 Previous work from our group demonstrated the
presence of two separate pathways for the formation of ethylene, each of which has a
different intermediate: a surface insensitive pathway through a shared intermediate
with the methane pathway, and a reaction path that takes place on Cu(100)
at low overpotential through an adsorbed CO dimer intermediate.[) This CO
dimer intermediate has been proposed in several experimental®*37 and theoretical
studies.[? 41 DFT calculations have shown that the C-C coupling is only observed
when a decoupled proton-electron transfer is assumed for the rate-determining
steps,*? and not when CPET is assumed for every step in the mechanism.[4344]
Moreover, the CO dimer configuration was found to be energetically feasible only
when a charged water layer is taken into account,!*®! and the activation energy
for its formation is more favorable on Cu(100) compared to Cu(111),404% in
agreement with experimental observations. Although Wuttig et al.[*8 could not
find spectroscopic signature of adsorbed OCCO and CHO species, they could
not conclusively rule out the possibility of these or other surface species to be
formed from COads, due to obscurity of OCCO by (bi)carbonate desorption and
possible lower C-O oscillator strengths in case of CHO species. Recently, Pérez-
Gallent et al.l*5] have provided evidence for a hydrogenated CO dimer intermediate
(OCCOH) at low overpotentials in LiOH electrolyte during CO reduction using
FTIR spectroscopy supported with density functional theory (DFT) calculations.
The vibrational bands of 1191 and 1584 cm ™' observed during the reduction of CO,
were assigned to the C-O-H and C=0 stretching modes of this hydrogenated dimer
intermediate, which was found to be structure sensitive, since its formation was only
observed on Cu(100) and not on Cu(111), in agreement with previous studies.[3%42!
Besides ethylene, other valuable Cy products are acetaldehyde and ethanol.
These three Cs species are formed through common intermediates on Cu(100) up to a
selectivity-determining intermediate, the hydrogenation of which is inclined towards
ethylene.®” However, ethanol formation is more favorable on undercoordinated
copper sites,[*9) unlike ethylene formation, which prefers pristine (100) terraces. 742!
Although the formation of higher order (Cs4) hydrocarbons is rarely observed,
some studies have reported the formation of these products to occur via C-C
coupling as well. C-C coupling between CO and CoHy precursors has been reported
to form n-propanol on agglomerates of oxide-derived copper nanocrystals.[*”) For this
mechanism, the defect sites are proposed to be the catalytic active sites. Moreover,
polymerization of adsorbed -CHy species has been proposed as mechanism for the
formation of higher order hydrocarbons on bimetallic PdAu electrodes.!®!
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2.4 Reaction- and Process conditions

The influence of electrolyte composition, process- and reaction conditions has
been acknowledged since the early experiments on CO,RR.1164951] The nature
of the electrolyte (aqueous or non-aqueous), pH, the identity of ionic species, or
a combination of these factors, all influence the activity or selectivity of COsRR.
However, the interpretation of these effects has remained poorly understood, and
only recently systematic work has been performed to understand these effects.[?2-54
Moreover, other phenomena have been highlighted recently, such as the influence of
local pH, buffering strength and mass transport®®> 58! as well as the existence and
influence of homogeneously catalyzed chemical reactions during the CO3RR.[59:60]

Previously the influence of the electrolyte was investigated in terms of different
(bulk) pH or ionic species.[5951 The interpretation of the effects of the aqueous
electrolyte, ionic species and pH is complicated by a complex interplay of several of
these factors, which makes it hard to ascribe a certain effect to a single parameter.
Firstly, there has been controversy about the real active intermediate during COs
reduction. Most authors acknowledge that dissolved COs is the active species,
whereas some cases of bicarbonate as active species especially towards formate
have been reported.l®1=63] The settlement of the HyCO3/HCO; equilibrium in
water complicates conclusive statements about the role of bicarbonate on formate
formation, which would ideally require in situ measurement of local concentrations
of bicarbonate and formate during voltammetry. Secondly, the (bulk) pH, electrolyte
composition and buffer capacity influence the concentrations of the carbonaceous
species in solution®4 and selectivity of CO5RR.[52:65] Recently, enhanced COsRR
activity in bicarbonate electrolyte compared to other electrolytes under similar
conditions, was proposed to be associated with the formation of a bicarbonate-COs
complex leading to an increase in effective CO4 concentration in vicinity of the
electrode.[%6! The authors claim that bicarbonate is the primary source of carbon
in the formation of CO on gold, and generalize this role of bicarbonate to all
CO-producing electrocatalysts. On the other hand, Wuttig et al. conclude that
bicarbonate is not explicitly involved in the rate-limiting step of CO formation on
gold.l57) Instead, bicarbonate acts as a proton donor past the rate-limiting step,
and as a sluggish buffer solution maintaining the bulk pH.

Additionally, the influence of the electrolyte can be associated with the presence
of cationic or anionic species as was discovered by Hori and coworkers.[49:50] Several
research groups have reported cation effects on COsRR, where larger cations usually
favor CO2RR and the Cy/C; ratio. Till date there are in principle two explanations
to rationalize this cation effect. On one hand, the degree of cation hydration
is proposed to play a role.’%:68:69 The cations differ in outer Helmholtz plane
(OHP) potential, which leads to different local proton and CO2 concentrations
and subsequently different product selectivity for CO2RR. On the other hand,
the stabilization of the negatively charged intermediate by the cation has been
proposed.??7% The onset potential for ethylene depends on the cation nature,
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while for methane no correlation has been found with cation size. This trend is in
agreement with the observation of a hydrogenated dimer intermediate (OCCOH)
only with smaller cations. This hydrogenated dimer is the key intermediate for the
C-C coupling as discussed in the previous section.!?!

The effect of anions on the CO3RR has been investigated in the literature,
although less extensively compared to cations, and the studies generally consist of
halide effects on copper electrodes.[16°1:53] Thege effects are generally explained in
terms of halide adsorption on the catalyst surface, altering the electronic structure
and subsequently the CO3RR activity and selectivity, which are also dependent on
the halide size and concentration.[3] Moreover, specifically adsorbed halide anions
can suppress proton adsorption, favoring COsRR with respect to HER.[5!]

Apart from bulk pH effects, the importance of the pH gradients and local pH
has been the subject of several studies recently.[5:56] It is generally known that
during CO3RR, an alkaline pH is manifested in the vicinity of the electrode, as
result of proton consumption and hydroxide formation under cathodic conditions.
This local pH change is proportional to the current density.l”!l The concentration
of the electrolyte, in particular, the buffer capacity plays an important role on the
local pH near the electrode. Moreover, the electrode morphology may also induce
variations in the local pH, which can alter the product selectivity, as mentioned
in a previous section. On Cu electrocatalysts, the selectivity toward ethylene can
be favored by lowering the buffer capacity or by changing the electrode structure
to obtain high current densities and thereby a high local pH.[’¢! Additionally, the
selectivity can be steered toward ethylene by increasing the COq pressure, leading
to enhanced local CO concentration and CO coverage. Although a different product
spectrum was observed under similar conditions, Varela et al.[®! reported similar
conclusions regarding the effect of buffer capacity and local pH on the product
selectivity of CO2RR on Cu electrodes. The difference in product spectrum was
presumed to be a result of different electrode morphology. In addition to properties
indirectly affecting the mass transport of protons or COs (electrode morphology,
buffer capacity, etc.), forced or controlled mass transport also have been shown
to influence the product selectivity of CO,RR.[*758 Improved mass transport is
generally associated with local pH approximating the bulk pH and enhanced local
CO3 concentration. However, improved mass transport does not necessarily lead
to increased activity or selectivity of CO2RR, since it may affect the competing
HER as well. Rotating disc or cylinder experiments on Cu have shown that COsRR
activity decreases with higher rotation rate, while HER activity increases together
with a change in selectivity from CHy to CO.[8 Recently, it was found that direct
water reduction is the HER pathway in competition with CO2RR, instead of proton
reduction, which is diffusion-limited at an acidic pH of 2.5.57) The suppression
of water reduction is the result of adsorbed CO on the copper electrode and is
more pronounced at low rotation rates (< 500 rpm). CO2RR was found to be less
sensitive to transport limitations compared to HER.[™!

Another consequence of a local alkaline pH as result of the concomitant HER
during CO2RR, is the occurrence of chemical reactions, which may be homoge-
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neously catalyzed.!?69 We recently found that Cannizzaro-type reactions can take
place during CO2RR, where aldehydes disproportionate into their corresponding
carboxylic acid and primary alcohol.[%9) This phenomenon is catalyzed by the local
alkaline pH near the electrode, and is therefore important in poorly buffered and
unbuffered electrolytes. The obtained products (acids and alcohols) should be
distinguished from direct CO4 reduction products. This work will be discussed in
chapter 3.

2.5 Electrode morphology and (sub)surface atoms

Besides the chemical nature of the electrocatalyst, the electrode morphology has
been widely studied with the aim to understand and enhance COsRR activity and
selectivity. Examples include different single crystals which have been the subject of
previous research.['¥ More recently nano-1"77 and mesostructured(7278-81 cata-
lysts and oxide-derived electrodes!®2 87 have shown interesting properties influencing
the CO2RR activity and selectivity such as coordination number of active sites,
particle size, readsorption of intermediates, interparticle distance and transport
phenomena.

Rough or high surface-area surfaces such as copper nanoparticles have been shown
to exhibit improved hydrocarbon selectivity compared with smooth surfaces, due to
increased population of undercoordinated sites.["3] Cubic shaped copper nanocrystals
are able to steer the selectivity towards ethylene with respect to methane.[” The
surface structure consists mainly of (100) facets, which is presumed to be key for the
high C5/Cy ratio. Similar results were obtained by Loiudice et al.,[™ who reported
an optimal cube size due to a balance between edge- and plane sites. Another type
of roughened electrodes, copper nanofoams, turned out to increase faradaic efficiency
towards formic acid at the expense of CHy and CoHy, and to form propylene. (76!

In addition to specific sites of nanoparticles, a particle size effect of Cu nanopar-
ticles has been reported,”” in which the authors showed that the activity for Hy and
CO is increased with decreasing particle size (< 5 nm), while the selectivity towards
hydrocarbons is decreased. This observation was attributed to higher amount of
undercoordinated sites (CN < 8), which promote HER and CO formation due to
stronger chemisorption of the CO intermediate. Since different synthesis methods
of Cu nanoparticles and experimental conditions for COs reduction were used, it is
hard to generalize the results of these studies in terms of morphology effects of Cu
nanoparticles.

Apart from the nanostructure, more recently the mesostructure of copper elec-
trodes also has been shown to play an important role in the product selectivity of
Cy vs. Cs products. The local pH and retention time of key intermediates inside the
pores of mesoporous Cu electrodes can be altered, steering the selectivity towards
ethane and ethylene.[™] Chen et al.["! reported robust Cu mesocrystals, prepared by
in situ reduction of CuCl thin films during CO3RR, which exhibit high activity and
stability toward ethylene (CoHy/CHy ~ 18) at -0.99 V vs. RHE. These mesocrystals
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exhibit Cu(100) facets and steps, contrary to regular Cu nanoparticles or Cu foils,
and CO adsorption is preferred on these sites, leading to high faradaic efficiency
towards CoHy on the Cu mesocrystals. Investigation of mesoscale phenomena have
demonstrated the effects of particle size and distance on the product selectivity for
well-defined Cu catalysts.[8] Readsorption of the CO intermediates, followed by
their further reduction is found to be associated with small interparticle distance
and larger nanoparticle sizes, whereas small nanoparticles suffer from poisoning of
active sites by CO. Control of these mesoscale parameters could be used to tune the
selectivity of CO3RR. The role of the mesostructure on the selectivity has also been
shown on gold electrodes.!™ Hydrogen evolution was shown to be suppressed by
increasing the porosity of the electrode, while CO2RR is more resistant to transport
limitations caused by porous electrodes. On a similar note, it was found that
efficient CO4 transport on porous Cu hollow fibre electrodes, which exhibit many
defect sites, increases CO selectivity. 5!

In 2012, research conducted by Kanan and coworkers revealed the increased
energetic efficiency and stability of CO3RR on oxide-derived (OD) electrocatalysts,
which were obtained by reducing metal-oxide films. Improved CO3RR activity has
been reported for e.g. OD gold, OD copper and OD lead.['182:33] Ty date there
are various other papers published regarding CO5/CO reduction on OD copper
electrodes,!®* 7] but the key factor responsible for the improved selectivity and
activity of oxide-derived electrocatalysts is still unclear. In this respect, increased
stabilization of the CO3 anion radical (CO3™) by grain boundaries and (sub)surface
oxygen or oxidized species have been reported to play a role, although no consensus
has been reached to date.[38 90

On OD Au, high selectivity to CO at low overpotential was found, which was
ascribed to improved stabilization of CO3~ on the OD Au compared to polycrys-
talline Au.["") Similar conclusion has been drawn for OD Cu for the formation of
CO.[#5] Additionally, on copper the enhanced activity and stability compared to
polycrystalline Cu depend on the initial thickness of the CusO layers and is not
significant for thin films (< 3 pm).[#?86 Later, remarkable improvement of the
selectivity toward ethanol, acetate and n-propanol for CO reduction on similar
electrodes, was reported.3”) The authors exclude the influence of nanocrystallite size
or morphology on the enhanced CO activity, and associate the improved selectivity
with grain boundaries instead, facilitating strong CO binding sites.38:5%]

Eilert et al.[? demonstrated the role of subsurface oxygen in the oxide-derived
copper electrocatalysts by in situ ambient pressure XPS and quasi in situ EELS
in a transmission electron microscope. They proposed that subsurface oxygen
modifies the electrocatalyst’s electronic structure by reducing o-repulsion, leading
to increased CO binding energies, and consequently higher CO coverage, which
promotes Cy selectivity. The authors assumed that influence of grain boundaries in
the oxide-derived Cu, as discussed before, originated from residual oxygen present in
the subsurface. Key in this mechanism was the presence of near-surface sites, which
inhibited diffusion of subsurface oxygen to the surface and thereby protonation to
form water. DFT calculations have shown that interstitial oxygen species are stable
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at Cu(111) subsurface, contrary to Cu(211), and are capable of improving CO4
binding to the surface.[91]

When Cu,O is used directly for CO3RR, methanol,'792] ethanol, %20 and
ethylenel'?) were observed as major products. It is often assumed that during
CO3RR, the Cu,O electrocatalyst should be completely converted to metallic Cu.
However, Lee and coworkers!?? showed that a residual oxide layer remains present
on the surface during COsRR and they proposed the surface oxide and OD-metallic
layer as key reaction sites for catalysis. They also reported the formation of C3-Cy
products due to a synergistic effect between CusO and Cl adsorption, which resulted
in a higher population of Cu' species.[®¥ Similar results were obtained by Mistry
et al.,!® who showed that Cu™ species are resistant to reduction and considered
the active species for improved selectivity toward ethylene. The role of Cut was
contradicted by Xiao et al.,[%! who demonstrate a synergistic effect of surface Cu™t
and Cu’, which improves the COy activation and CO dimerization. Individual Cu*
species affect the CO3RR efficiency and selectivity negatively. The presence of both,
surface Cut and Cu®, can be caused by subsurface oxygen,®! which is in agreement
with the importance of subsurface oxygen discussed in the previous paragraph.

2.6 In situ spectroscopic investigation of CO,
reduction

In situ spectroscopy techniques can provide very useful information about electro-
catalytic reactions such as reaction intermediates adsorbed on the electrode surface,
and dissolved species involved in the reaction. The technique most often used is
FTIR spectroscopy. A general review on in situ FTIR spectroelectrochemistry was
given by Ye et al.l”l Major bottlenecks related to external reflection FTIR are the
high ohmic resistance in the thin layer solution, hindered mass transport conditions,
and interference due to infrared absorption from bulk water. Another often used
spectroelectrochemical technique is Surface enhanced Raman spectroscopy (SERS),
which provides very sensitive characterization of adsorbed species at the electrode
surface. A drawback of SERS is the local enhancement of spectroscopic signals
which leads to a relatively biased representation of the electrode surface as you
only see the “hotspots”. Osawa et al.[8] showed that surface enhanced absorption
spectroscopy (SEIRAS) in an attenuated total reflection (ATR) configuration may
solve the aforementioned limitations of FTIR and SERS. More recently, some studies
have utilized in situ x-ray absorption spectroscopy (XAS) to characterize the surface
during CO3RR aimed at pinpointing the active catalytic species. Here we briefly
discuss recent in situ spectroscopic studies that have revealed novel insight on the
electrochemical CO, reduction.

During CO3RR, gaseous products such as CO, and Hs from the concomitant
hydrogen evolution in aqueous media negatively affect the spectroscopic measure-
ment due to bubble formation. For this reason, most of the early studies concerning
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FTIR of COs electrochemical reduction were performed in non-aqueous solutions,
avoiding hydrogen evolution. Recently, Figueiredo et al.l! showed the high sen-
sitivity of COg reduction to the presence of residual water in acetonitrile using
in situ FTIR and SERS. They showed that in non-dry conditions adsorbed CO
is the major product at low overpotentials, and that (bi)carbonates are formed
at Cu, Pt, Au, Pd and Ag electrodes from the chemical conversion of COs by a
significantly high concentration of OH- species formed from water reduction. As
a consequence, (bi)carbonate formation was found to be propotional to the water
content. The formation of oxalate was only observed for Pb electrodes at extremely
high overpotentials.

The formation of the higher order hydrocarbons on Cu electrodes proceeds via
an adsorbed CO species, although the rate-limiting step is not agreed upon by ex-
perimentall*513:3437 and theoretical(3941:43:100] studies. Wuttig and coworkers!3®!
utilized SEIRAS to reveal that adsorbed CO species are bound to the electrode
surface at potentials < -0.60 V vs. RHE, independent of pH, but weakly dependent
on the potential. Spectroscopic studies shed light on the concerted or sequential
nature of proton- and electron transfer pathways related to CO2RR on various
electrodes.!?$191 In situ ATR-SEIRAS revealed the fundamentally different proton
coupling behavior between CO reduction and hydrogen evolution reaction (HER),
which plays an important role in the selectivity toward CO vs. Hy on gold.?8! The
authors in this work reported a rate-limiting single electron transfer (ET) to COs,
which was decoupled from proton transfer (PT) from hydronium, bicarbonate or
carbonic acid. In contrast, PT from these species was rate limiting for the HER,
leading to Hugqs. The vibrational band between ~ 1900 - 2050 cm ™!, ascribed to
CO adsorbed on Au bridge sites, was argued by Dunwell et al.l to be the result
of Pt deposition of the counter electrode on the Au working electrode.

Another aspect often studied with in situ spectroscopy is the (change in) surface
structure during COoRR. Pander et al.['92 investigated the role of metastable
surface oxides for CO2 reduction on tin, indium, lead and bismuth electrodes, by
means of ATR-IR. The results indicate the competition between CO2 and HY for
reaction sites (oxidized or metallic sites), depending on the nature of the electrode.
Very recently, ATR-IR and SERS have also been utilized to indirectly monitor
(reconstruction of) the surface during CO,RR.[19%] Moreover, the oxide derived
catalysts (as discussed in the previous section) have been probed by XAS[15:93,104]
and ambient pressure XPS[ in order to gain insight in the chemical state of the
active (Cu) species.

As discussed, spectroscopic studies of electrochemical CO5 reduction provide
information of high importance for the better understanding of the reaction interme-
diates and products. Yet, the number of studies, especially concerning in situ XAS
and XPS, is still limited, and the opportunities for following studies and technical
development is very wide.
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2.7 Computational approaches for CO; reduction

Over the last decades, computational electrochemistry has increased in importance
to predict, explain or support the outcome of experiments. Density Functional
Theory (DFT) calculations applied to the electrode/electrolyte interface is a far
from simple endeavor, but much progress has been made in improving models. A
review of the achievements and challenges within first-principles computational
electrochemistry is given by Calle-Vallejo et al.,19] and a more comprehensive
review on multiscale simulations from the atomic to the system scale can be found
elsewhere.['9¢! In this section, we will limit ourselves to recent advances and key
scientific challenges of computational approaches with respect to the electrocatalytic
reduction of CO, and CO.

Since its introduction by Nerskov et al.,l'%” the computational hydrogen elec-
trode (CHE) has been widely employed for computations in electrocatalysis, in
particular for CO2 and CO electroreduction. Using this model together with DFT to
calculate the adsorption energies of the intermediates, one can gain mechanistic in-
sight in the possible reaction pathways, and can estimate the potentials at which the
redox reactions take place.[39:100:108] However, models based on the CHE typically
assume concerted proton-coupled electron transfer steps (CPET), and are therefore
not fully applicable for reaction pathways where decoupled proton- and electron
transfer steps are involved. Sequential proton-electron transfer (SPET) steps have
been observed on molecular and oxide electrocatalysts, as well as on metallic elec-
trocatalysts, making them pH sensitive.[5199:110 Recently, a simple methodology
was introduced that allows to predict the transition between coupled and decoupled
proton-electron transfer pathways(25 based on the accurate calculation of acid-base
equilibrium constants.!''!] Using this methodology, the experimental pH dependence
of CO; reduction on immobilized cobalt protoporphyrin IX has been rationalized.!26]

The presence of linear correlations between adsorption energies of similar adsor-
bates, known as scaling relations,[''? is advantageous for reducing the complexity
of DFT-based catalytic models and facilitate the simultaneous analysis of numer-
ous materials. However, these scaling relations pose extra constraints for finding
optimal electrocatalysts with low overpotentials, and are therefore extensively stud-
ied.[113-115] There have been various recent efforts undertaken to break or circumvent
scaling relations, especially between the intermediates of the electrocatalytic OER,
ORR and CO,RR.42116:117] The strategy is clear, although in practice difficult
to implement experimentally: one of the intermediates needs to be significantly
stabilized with respect to the other. For instance, the preference of Cu(100) for
the production of ethylene and ethanol over methane has been explained on the
basis of the breaking of scaling relations between adsorbed CO and CO dimers
on that facet due to strong ensemble effects upon CO dimerization.[*2] Another
example is the nearly reversible reduction of CO3 to CO on CODH enzymes, the
active site of which does not obey the scaling relationship between adsorbed CO and
COOH.!"8] Furthermore, Li and Sun!''? and Peterson and Ngrskov!'%%! discussed
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several strategies in this respect for COsRR: tuning of metal surfaces such as to
obtain low-coordination sites and introduction of p-block dopants or oxophilic sites.
Other ways to depart from scaling relations are the modification of the electrolyte
composition,'1¢! anchoring active ligands on the surface or at the active sites,! 120
the search for transition-metal-free electrocatalysts and the decoupling of PT and
ET transfers.

As mentioned before, much work has been devoted to copper electrodes, because
of their ability to produce hydrocarbons and alcohols in significant quantities.
DFT studies have been mainly carried out to propose reaction pathways and to
explain the selectivity on different electrocatalysts or surface sites. Durand et al.[121]
showed that the stability of the key intermediates increases in the order Cu(111)
< Cu(100) < Cu(211), which implies that the preferred sites for hydrocarbon
formation on copper are low-coordination sites such as steps and kinks.[121:122]
Note that CHE-based models do not generally incorporate reaction barriers, which
is another important topic under study in CO5 and CO electroreduction.[123:124]
Nie et al.l*3l showed the importance of elementary step kinetics on the mechanism
of CO; reduction to Cy products. Formation of either a CHO or COH adsorbed
intermediate from CO hydrogenation determines the selectivity on Cu(111). CH,
species are formed via the more kinetically favorable COH intermediate, which
eventually leads to methane and ethylene. However, when only reaction free energies
are taken into account, the lowest-energy pathway to methane/methanol would be
through a CHO intermediate, as reported by Peterson et al.[100]

Recently, Xiao et al.l'?® argued that adsorbate solvation is not (sufficiently)
taken into account in the previous studies by Nie et al.[*3] and Montoya et al.,[40!
and proposed a mechanism on Cu(111) where surface water is claimed to influence
the selectivity towards hydrocarbons compared to alcohol products. The modeling
of solvation is crucial when attempts are made to break scaling relations and is
often overlooked or taken into account as a constant correction to the adsorption
energies calculated in vacuum.[3%:100:107.108] However, it was recently found that
solvation restores the scalability broken under vacuum.*®

In summary, significant progress has been made in the past few years towards a
comprehensive understanding of CO2/CO electroreduction. Numerous challenges
still lie ahead, which currently prevent the development of accurate materials
screening routines for the design of new CO,/CO reduction materials.!'26] To date,
there are no reports of in silico designed catalysts for CO3/CO reduction that have
been successfully implemented experimentally. We hope that future advances in
pH- and potential-dependent reaction barriers, solvation and scaling relations will
enable such developments.

2.8 Future directions and perspectives

Electrocatalytic CO2 reduction is considered a potential means to alleviate COq
accumulation in the atmosphere, and store intermittent renewable energy in elec-
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trofuels. In order to verily contribute to a sustainable carbon cycle, large-scale
implementation of this process is eventually needed. In the last few decades sig-
nificant progress has been made mainly regarding the design of highly active or
selective electrocatalysts, and their mechanism for COsRR. However, it is of cru-
cial importance to realize the importance of other related aspects discussed in
this review, electrode morphology, (sub)surface structure, reaction- and process
conditions, not only from a mechanistic point of view, but from an engineering
perspective as well. Particularly, not only the electrode/electrolyte interface should
be studied, but transport phenomena, catalyst stability and electrolyte/solvent
effects should be optimized as well. In this endeavor it is desired and even necessary
to combine computational and in situ spectroelectrochemical techniques. Ideally
one would like to combine all the different parameters in a (computational) model
instead of a theoretical model that provides only (mechanistic) information for a
specific case limited by various boundary conditions. We believe that future CO3RR,
research should deviate from solely finding or improving highly active/selective
electrocatalysts, and rather should focus on the joint action of all relevant aspects
in order to become a viable option for the production of electrofuels.
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Chapter 3. The Importance of Cannizzaro-Type Reactions during
Electrocatalytic Reduction of Carbon Dioxide

Abstract

A seemingly catalytically inactive electrode, boron-doped diamond (BDD), is found
to be active for CO2 and CO reduction to formaldehyde and even methane. At
very cathodic potentials, formic acid and methanol are formed as well. However,
these products are the result of base-catalyzed Cannizzaro-type disproportionation
reactions. A local alkaline environment near the electrode surface, caused by the
hydrogen evolution reaction, initiates aldehyde disproportionation promoted by
hydroxide ions, which leads to the formation of the corresponding carboxylic acid
and alcohol. This phenomenon is strongly influenced by the electrolyte pH and
buffer capacity and not limited to BDD or formaldehyde, but can be generalized to
different electrode materials and to Cy and Cg aldehydes as well. The importance of
these reactions is emphasized as the formation of acids and alcohols is often ascribed
to direct CO2 reduction products. The results obtained here may explain the
concomitant formation of acids and alcohols often observed during COs reduction.
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3.1. Introduction

3.1 Introduction

The production of fuels or fine chemicals from water, COs, and sunlight is a promising
way to store solar energy and alleviate CO5 accumulation in the atmosphere, one of
the main causes of global warming since the industrial revolution. Research activities
on (photo)electrocatalytic reduction of COq have therefore increased exponentially,
especially in the past few years. Different reaction products have been observed
depending on, e.g., the nature of the electrocatalyst, the electrolyte, the pH, etc.!* !
Unfortunately, the existing electrocatalysts for the CO, reduction still suffer from
the competing hydrogen evolution reaction (HER), high overpotentials, and poor
selectivity toward a desired product.

Boron-doped diamond (BDD) is a popular electrode material in electrochem-
istry, because of its interesting properties such as a wide potential window, high
stability, robustness under extreme conditions (potential, temperature, pressure),
and low background capacitive currents. BDD finds its use in electrochemistry
mainly as a substrate for electrodeposition or nanoparticles and for electroanalytical
purposes.[®7 In the field of electrocatalytic COy reduction, BDD has been used
as a substrate for catalysts as diverse as RuO, layers,®l Cu nanoparticles,!” and
metal complexes.!'%) BDD has not been investigated as an electrocatalyst for CO,
reduction until recently, when Nakata et al. reported high faradaic efficiency toward
formaldehyde (HCHO) as well as a small amount of formic acid (HCOOH).'!] The
standard equilibrium potentials for HCOOH, HCHO, and CO are obtained from
formation energies in aqueous media at atmospheric pressure and 25 °Cl12l and
given in Table 3.1. Note that qu for HCOOH is pH-dependent for pH > 4, due to
the dissociation of HCOOH into HCOO™ and H™.

Table 3.1 Standard Equilibrium Potentials for Reactions:
p CO2 + q (e~ + H") — Product + r H,0

p q product r E2 (Vrug)

1 2 HCOOH 0 -0.20 (pH < 4)
2020 + 0.059 - (pH-4) (pH > 4)

1 4 HCHO 1 -0.08

1 2 CcO 1 -0.11

It is well-known that the local pH at the electrode-electrolyte interface plays a
crucial role for numerous electrochemical reactions.** 19 In aqueous media, cathodic
potentials lead to a local alkaline environment caused by the consumption of protons
and/or production of hydroxide ions (Equations 3.1 and 3.2).

2HT +2e¢~ — Hy (3.1)
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2H,0 + 2~ — Hy +20H™ (3.2)

The influence of the local pH variations is often neglected, although it is very
important, as the local pH change may lead not only to a shift in the effective
overpotential but also to the formation of other species by base-catalyzed chemical
or disproportionation reactions. It is evident that the effect of the local pH should
be known for a correct interpretation of the data, especially for mechanistic studies.
Possible organic transformations related to the reduction of COy have recently
been discussed from a general point of view.[2%) In this context, aldehydes are the
most important intermediates/products, because of their diverse reactivity. The
Cannizzaro reaction is a base-catalyzed disproportionation reaction of an aldehyde,
devoid of a-H atoms, into the corresponding carboxylic acid and alcohol.21-23]
Aldehydes with a-H atoms do not undergo the Cannizzaro disproportionation, as
the aldol reaction is much faster. In the aldol reaction, C-C bond formation occurs
by addition of the a-carbon of one aldehyde/ketone molecule to the carbonyl-carbon
of another molecule under the influence of a base.[24:2!

In this work we elaborate on the utilization of BDD as electrocatalyst for the
electrochemical CO5 reduction under ambient conditions in acidic media. We will
discuss the importance of disproportionation and chemical reactions on product
distributions often encountered with CO» electroreduction also on other electrode
materials. We will show that a supposedly inactive material such as BDD is active
for the reduction of CO5 to methane and the concomitant formation of methanol
and formic acid, as a result of base-catalyzed Cannizzaro reactions.

3.2 Experimental Section

The electrochemical experiments were carried out in a conventional three-electrode
cell where the working electrode and counter electrode compartments were separated
by a nafion membrane (Nafion 115). BDD discs of 3 mm or 10 mm diameter
(Windsor Scientific Ltd., UK) were embedded in Teflon and used as working
electrodes. The counter and reference electrodes were a platinum gauze and a
reversible hydrogen electrode (RHE), respectively. For correct measurements versus
the RHE scale, the luggin capillary and the RHE compartment were filled with CO»-
saturated electrolyte before COs reduction. Electrolyte solutions were prepared with
high-purity perchloric acid (Merck Suprapur), sodium perchlorate (Sigma-Aldrich,
ACS reagent), and ultrapure water (Millipore Milli-Q gradient A10 system, 18.2
MQ-cm). The reported current density is IR corrected and normalized by the
geometric surface area of the BDD disc. During voltammetry, online electrochemical
mass spectrometry (OLEMS) was utilized for the detection of volatile reaction
products and online high performance liquid chromatography (online HPLC) for
the analysis of nonvolatile reaction products as described before.[26:271 The reported
concentrations of liquid products are an average of two or three independent
measurements. Additionally, the data points of each specific experiment are recorded
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Figure 3.1 Volatile products detected during reduction of (A) CO2 and (B) CO,
and liquid products detected during (C) COz reduction on BDD in 0.001 M HC1O4
+ 0.099 M NaClOy4 electrolyte. Scan rate: 1 mV st

as the average of two injections of one sample in HPLC, since a slightly different
chromatogram also adds an uncertainty to the calculated concentration. The latter
source of error is more important for low concentrations (< 0.05 mM), while the
deviation in concentration resulting from repeated experiments is dominant for high
concentrations.

3.3 Results and Discussion

Prior to each experiment, the BDD electrode was cleaned by ultrasonication in
concentrated HNO3 and water. A Raman spectrum of the BDD electrode is given
in Appendix A (Figure A.1). After ultrasonication, blank cyclic voltammograms
were recorded in 0.001 M HCIO4 + 0.099 M NaClOy4 at a scan rate of 500 mV s~!
until a stable voltammogram was obtained (typically around 50 cycles) to ensure a
clean surface, as shown in Figure A.2a. Experiments on BDD in a COg-saturated
electrolyte show higher current densities compared to those in an Ar-saturated
electrolyte, implying that BDD is active for COq reduction (Figure A.2b). Figure
3.1 shows the formation of volatile species during (A) COg reduction and (B) CO
reduction, and (C) the formation of nonvolatile species during CO2 reduction.
Besides Hy, CO5, and CO, the mass fragment of HCHO is observed, which is in
agreement with the literature!] and our HPLC data (Figure 3.1C), except for lower
faradaic efficiencies for HCHO and HCOOH, as shown in Figure A.3. The lower
faradaic efficiencies are the result of an electrolyte with higher proton concentration,
leading to the formation of a significant amount of Hy compared to the work by
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Nakata et al.l''] Remarkably, Figure 3.1B shows the formation of CH, during CO
reduction on BDD. The current measured during CO; reduction is much higher
compared to the current measured during CO reduction, probably due to suppression
of the HER by CO. The reason why no CHy is detected during CO- reduction is
assumed to be related to the small amount of CO produced, needed for further
reduction to CHy. The production of CH4 during CO reduction is not limited to
pH 3, but is also observed in electrolytes with a pH between 1 and 7. Our previous
experiments and DFT calculations suggest that CH3OH is an intermediate in the
further reduction toward CHy on cobalt protoporphyrins immobilized on pyrolytic
graphite. 2829 However, a similar pathway is not likely for CO5 or CO reduction
on BDD, since CH, is not detected with OLEMS during methanol reduction on
BDD. Even though the amount of CHy is not expected to be high, this finding
is very intriguing as BDD activity for CO2 reduction beyond formaldehyde has
not been reported before. Very recently it was shown that metal impurities in
catalysts and electrolytes can have significant effects on the catalytic activity for
CO; reduction.l3%31 Since our experiments are conducted on high surface area
BDD electrodes and on relatively small time scales, the catalyst poisoning by metal
ion impurities in the electrolyte as discussed by Wuttig et al. are assumed to be
negligible. Moreover, the promotion of COs reduction by impurities in carbon
materials, especially trace levels of copper leading to CHy, is assumed not to affect
our experiments on BDD, since a cleaning procedure is followed similar to one
suggested by Lum et al. needed for removal of these metallic impurities and the
voltammogram recorded afterward does not show additional redox peaks (Figure
A.2a inset). For these reasons we believe that the formation of CH4 on BDD is
not the result of metallic impurities promoting the CO5 reduction toward CHy,
but can be ascribed to the electrochemical activity of BDD for COs reduction. As
pristine pyrolytic graphite is not active for CO5 reduction?®! and does not produce
HCHO, HCOOH, CH30H, or CHy, the activity of BDD is likely associated with its
sp3-hybridized carbon atoms.

In addition to the formation of HCHO, Figure 3.1C shows the formation of
HCOOH at more cathodic potentials (< -1.3 Vrgg). This could be due to the fact
that BDD has some activity for CO reduction to HCOOH,' but the same trend
for HCOOH is observed during direct reduction of HCHO, as shown in Figure 3.2A.
Importantly, the onset potential of HCOOH production is the same as the onset
of the HER. The formation of HCOOH, an oxidation product of HCHO, under
reducing conditions is believed to be the result of a disproportionation reaction
such as the Cannizzaro reaction. The Hs evolution at less negative potentials
(approximately between -0.5 and -1.3 Vgg ) is the result of proton reduction, and
at more negative potentials (< -1.3 Vryg) caused by direct water reduction similar
to results obtained previously on pyrolytic graphite in perchloric acid of pH 3.128]
The direct water reduction produces OH™ ions in the vicinity of the electrode surface
(Equation 3.2), which promote the disproportionation reaction. The Cannizzaro
reaction is expected to form CH30H as well which is not detected with HPLC due
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Figure 3.2 Liquid products detected during reduction of (A) 100 mM formaldehyde,
(B) 100 mM acetaldehyde and (C) 100 mM propionaldehyde on BDD in 0.001 M
HCIO4 + 0.099 M NaClOy4 electrolyte. Scan rate: 1 mV s~*

to sensitivity limitations. However, as shown in Figure A.4, CH3OH is detected
with OLEMS and with HPLC when the HCHO concentration is increased.

We also investigated the formation of liquid products from the C; and Cg
aldehydes, acetaldehyde and propionaldehyde, under reducing conditions as shown
in Figure 3.2B,C. Both, the primary alcohols and carboxylic acids, are observed
commencing together with the HER akin to HCHO reduction. This observation
justifies and generalizes the involvement of a disproportionation reaction at negative
potentials. The product distributions suggest a Cannizzaro type disproportionation
reaction, although the classical Cannizzaro reaction does not take place with
aldehydes having a-H atoms. However, Cannizzaro products from aldehydes with
a-H atoms have been observed before.[?2 When the C;-Cs aldehydes are treated
with different concentrations of NaOH, the carboxylic acids and alcohols are formed,
as displayed in Figure A.5. It can be seen that the amount of alcohol and carboxylic
acid formed depends on the concentration of NaOH analogous to a higher local
concentration of OH™ at more negative potentials. If self-disproportionation is the
dominant mechanism, the expected yields of alcohol and carboxylic acid should be
around 50:50%, which is not obtained in our aldehyde reduction experiments. A
factor 10 higher yield is observed for propionic acid compared to 1-propanol during
propionaldehyde reduction (Figure 3.2C), which suggests the involvement of at
least one other reaction pathway or a mechanism not corresponding to the classical
Cannizzaro mechanism.

The formation of C3-C3 alcohols and carboxylic acids is probably associated
with a catalytic or kinetic effect, where near the BDD surface the aldol reaction is
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suppressed or the Cannizzaro reaction is preferred over the aldol reaction. Ethanol
and acetic acid as products of disproportionation reactions of acetaldehyde have
been reported before. Cook et al. have reported a homogeneously catalyzed
disproportionation of acetaldehyde into acetic acid and ethanol.[*3] Nagai et al.
found several products including acetic acid and ethanol formed by a noncatalytic
reaction pathway of acetaldehyde under hydrothermal conditions.** A catalytic
effect of BDD for the disproportionation reactions is unlikely as the reduction of
the C1-C3 aldehydes on a pyrolytic graphite electrode in the same electrolyte also
leads to the formation of carboxylic acids and alcohols as shown in Figure A.6.
Additionally, the Cannizzaro products for formaldehyde disproportionation, HCOOH
and CH3OH, are also observed on gold and copper electrodes as depicted in Figure
A.7. The fact that no aldol reaction products are detected suggests that the presence
of the electrode surface plays a role. Even though the classical Cannizzaro and aldol
reactions were originally reported for homogeneous alkaline solutions, a variety of
heterogeneous and catalytic systems for these reactions have been investigated for
formaldehydel3® 38l and acetaldehyde®® 42 as well. Several groups have reported
that surface OH™ can initiate Cannizzaro disproportionation of surface adsorbed
HCHO leading to formate ions and methoxy groups.!*> 7] A mechanism including
a nucleophilic-addition transformation of HCHO to dioxymethylene (CH202) which
subsequently reacts with a HCHO molecule to form formate and methoxy groups
has been proposed. 43!
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—— 0.1 MHCIO, 1
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0.01 M Phosphate Buffer
-25 T T T T T T T T T T
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Figure 3.3 Formic acid formation during reduction of formaldehyde in perchloric
acid (pH 1 and pH 3), 0.1 M phosphate buffer pH 6.8, and 0.01 M phosphate buffer
pH 6.8. Scan rate: 1 mV s *

The importance of the local pH (gradient) near the electrode is demonstrated
by the reduction of formaldehyde in different electrolytes as shown in Figure 3.3.
A small amount HCOOH is observed in a 0.1 M HCIO, electrolyte while trace
amounts or no HCOOH are observed in phosphate buffers of pH 6.8, depending on
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the buffer capacity. The higher the buffer capacity, the less sensitive the local pH is
to changes, the smaller the possibility of disproportionation reactions to occur. In
case of the 0.1 M HCI1Oy electrolyte, the local environment is very acidic and the
local concentration of hydroxide ions near the electrode surface is lower compared
to perchloric acid of pH 3, which results in the formation of less HCOOH.

In the recent literature there are several studies where formaldehyde, methanol,
formic acid or acetaldehyde, ethanol, acetic acid or propionaldehyde, propionic
acid and 1-propanol have been observed during COg electroreduction in different
electrolytes on different electrodes.[** %% Our results show that one should be
careful not to misinterpret the observation of carboxylic acids and alcohols to
be a result of direct COy reduction. Especially in the quest for novel catalytic
materials for COg electroreduction toward liquid products, the involvement of
disproportionation reactions should be evaluated. Specifically, ethanol formation
always seems to go hand-in-hand with acetate formation, suggesting that they may
be (partially) formed from acetaldehyde disproportionation. Moreover, the use of
buffer solutions is recommended in order to avoid disproportionation reactions and
control experiments are recommended when using alkaline electrolytes to evaluate
the stability of products and intermediates.

3.4 Conclusions

In conclusion, this work has illustrated the existence and the importance of dis-
proportionation reactions during electroreduction of COs. These reactions lead
to product distributions which should be distinguished from direct COs reduction
products. The formation of carboxylic acids and alcohols is shown to be the re-
sult of disproportionation of aldehydes, which is promoted by the local alkaline
environment in the vicinity of the electrode surface, caused by the HER. This
phenomenon is strongly affected by the pH and buffer capacity of the electrolyte
and can be generalized to other electrode materials and to Co and Cg aldehydes
as well. Moreover, it is revealed that BDD has the ability to further reduce CO to
methane. The BDD activity should therefore be taken into account when BDD is
used as a substrate for catalysts for CO5 and CO reduction. The involvement of
the disproportionation reactions results in a pathway leading to desirable products
such as formic acid, acetic acid, methanol, and ethanol during COs electroreduction,
different from the direct CO4 reduction pathway toward these liquid products.
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4.1. Introduction

4.1 Introduction

Molecular catalysis of electrochemical reactions is carried out by electrochemically
generated species, which are able to oxidize or reduce the reactant molecule, using
multiple (proton-coupled) electron transfer steps. The catalytic cycle is closed by
regeneration of the initial molecular catalyst. Activation of small molecules such as
H,, O; and CO2 by molecular catalysts has been widely studied, especially in an
attempt to address the challenges described in chapter 1.2

In the case of carbon dioxide, seminal work performed by Vol’pin et al. showed
that the CO5 molecule can be activated by coordination to a transition metal
center.®>4) Fundamental knowledge on the coordination chemistry of COs, and on
the relevance for catalysis has been acquired throughout the years.>-7 Molecular
catalysis of COq reduction is mostly carried out by (transition-)metal complexes.
The molecular approaches are interesting, since they generally allow for high
selectivity, high activity and fine-tuning of the catalyst e.g. to mimic efficient
enzymes. Consequently, they are able to provide important mechanistic insight.!8-!
Moreover, from a practical perspective, it is straightforward and relatively simple to
employ the molecular catalyst by dissolving it in the supporting electrolyte solution.
Unfortunately, molecular catalysts are usually less durable than heterogeneous
electrocatalysts, and the formation of species beyond 2-electron transfer products
(carbon monoxide, formate, oxalate) is scarce.'%11 Additionally, one may run into
solubility issues, especially when working in aqueous media.

4.2 Overview of molecular catalysts for CO,
electroreduction

Depending on the type of ligands, the homogeneous molecular catalysts for COq
reduction can be roughly categorized in:!*?!

1. Macrocyclic metal complexes e.g. porphyrins, phthalocyanines, corroles and
cyclams.

2. Polypyridyl metal complexes containing e.g. 2,2-bipyridine (bpy), 1,10-
phenanthroline (phen) or 2,2’; 6’,2”-terpyridine (tpy) ligands.

3. Phosphine metal complexes containing e.g. 1,2-bis(diphenylphosphino)ethane
(dppe) and triphenylphosphine (PPh3) ligands.

Examples of the backbone of macrocyclic complexes often used as molecular CO9
reduction catalysts are shown in Figure 4.1a-d. Examples of ligands related to
polypyridyl- and phosphine complexes are shown in respectively Figure 4.1e-f and
Figure 4.1h,i. For a more complete list of different ligands and metal complexes,
the reader is referred to excellent reviews in the field.[1,10:12,13]

45



Chapter 4. Molecular catalysis of CO; reduction

Examples of macrocyclic ligands

éM/b

Porphyrin Phthalocyanine Corrole Cyclam
(a) (b) (c) (d)

Examples of polypyridyl ligands
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2,2"-bipyridine (bpy) 2,2;6°,2"-terpyridine (tpy) 1,10-phenanthroline (phen)
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Examples of phosphine ligands
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1,2-bis(diphenylphosphino)eth (dppe) Triphenylphosphine (PPh3)
(h) @M

Figure 4.1 Examples of unsubstituted ligands often observed in metal complexes
for CO3 electroreduction: (a-d) macrocyclic ligands, (e-g) polypyridyl ligands and
(h,i) phosphine ligands.

In the remainder of this thesis, we will focus on metalloporphyrins. This planar

macrocyle has a versatile chemistry and broad range of applications, due to its

stability, and variety of possible properties, which can be obtained by modification of

peripheral substituents and metal centers. Examples of important metalloporphyrins
in nature are heme in the red blood cells (iron porphyrin), and chlorophyll in plants
(porphyrin with Mg center). Due to the planarity of the macrocycle, interaction
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with the metal center is possible from both sides of the plane. Extensive work on
porphyrin (electro)chemistry in general has been summarized in the literature. 416!

With respect to the electrocatalytic COs reduction by metalloporphyrins, Fe
and Co metal centers have received considerable attention. Savéant and coworkers
investigated iron porphyrins to gain insight in the mechanism of CO5 reduction
toward CO.['") They found that addition of Lewis- and Brensted acids significantly
improves the selectivity toward CO, and the stability of the catalyst.['821 Fur-
thermore, modification of the metal center was shown to change the dominant
product from CO to HCOOH.!?2! Additionally, they report on substituent effects of
the catalyst.[23-25] The investigation of CO reduction on these porphyrins started
mainly under homogeneous conditions in non-aqueous electrolytes, but more recently
shifted toward aqueous electrolytes.[26:27]

4.3 Heterogenization of molecular catalysts

Heterogenization of molecular catalysts can be considered as the bridge between
homogeneous- and heterogeneous catalysis, where the catalyst is immobilized on
a preferably inert surface. Heterogenization of molecular catalysts is attractive,
since much less catalyst is required compared to homogeneous conditions, and
the catalyst can be used even when it is not soluble in the supporting electrolyte.
Moreover, there are more attractive prospects for industrial scale-up purposes such
as generally better robustness and durability of the heterogenized catalyst, and the
ability to circumvent product-catalyst separation. ']

After adsorption, the porphyrin is usually oriented with the macrocycle parallel
to the surface.['8] There are several ways of immobilizing the (molecular) catalyst
on a surface, viz. covalent- or non-covalent adsorption, electropolymerization on
the surface, and dispersion in polymer films.?8 3% Studies have been performed
on several molecular catalysts, immobilized on different substrates, and by various
methods.[!3]

Although interesting systems, showing high selectivity and activity for COq
reduction, have been reported for heterogenized molecular catalysts, we still lack
detailed fundamental insight in order to efficiently produce electrofuels, with high
stability. Therefore, it is very important to perform systematic studies to obtain
insight beyond the empirical level, especially because of the many variables which
may influence the system, as will be discussed in more detail in the subsequent
chapters.
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Chapter 5. Influence of the Metal center of Metalloprotoporphyrins
on the Electrocatalytic CO; reduction to Formic acid

Abstract

Electrocatalytic conversion of carbon dioxide has gained much interest for the
synthesis of value-added chemicals and solar fuels. Important issues such as high
overpotentials and competition of hydrogen evolution still need to be overcome for
deeper insight into the reaction mechanism in order to steer the selectivity towards
specific products. Herein we report on several metalloprotoporphyrins immobilized
on a pyrolytic graphite electrode for the selective reduction of carbon dioxide to
formic acid. No formic acid is detected on Cr-, Mn-, Co- and Fe-protoporphyrins in
perchloric acid of pH 3, while Ni-, Pd-, Cu- and Ga-protoporphyrins show only a
little formic acid. Rh, In and Sn metal centers produce significant amounts of formic
acid. However, the faradaic efficiency varies from 1 to 70 % depending on the metal
center, the pH of the electrolyte and the applied potential. The differentiation of the
faradaic efficiency for formic acid on these metalloprotoporphyrins is strongly related
to the activity of the porphyrin for the hydrogen evolution reaction. CO2 reduction
on Rh-protoporphyrin is shown to be coupled strongly to the hydrogen evolution
reaction, whilst on Sn- and In-protoporphyrin such strong coupling between the two
reactions is absent. The activity for the hydrogen evolution increases in the order
In < Sn < Rh metal centers, leading to faradaic efficiency for formic acid increasing
in the order Rh < Sn < In metal centers. In-protoporphyrin is the most stable and
shows a high faradaic efficiency of ca. 70 %, at a pH of 9.6 and a potential of -1.9
V vs RHE. Experiments in bicarbonate electrolyte were performed in an attempt
to qualitatively study the role of bicarbonate in formic acid formation.
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5.1 Introduction

In the past few decades the consequences of anthropogenic carbon dioxide accumu-
lation in the atmosphere have been addressed repeatedly. It is nowadays generally
accepted that the increasing carbon dioxide levels in the atmosphere pose serious
problems if no action is taken.!!) The emission of CO, has increased since the
industrial revolution, leading to an increased amount of CO, in the atmosphere.?!
Accumulation of atmospheric CO5 leads to the greenhouse effect which contributes
to global warming and climate change. Another important sustainability issue is
the depletion of fossil fuel sources which is caused by an increasing world population
and a changing lifestyle, resulting in an increasing energy demand. Mankind is still
strongly dependent on fossil fuels for its energy consumption. A drawback of the
use of fossil fuels is the production of COy after combustion which is often simply
released in the atmosphere. In the past couple of years much research has been done
to mitigate CO, accumulation® © and search for renewable energy sources.[”9 A
promising way to utilize COs is by electrochemical CO5 conversion. Compared to
other methods the advantage of electrochemical conversion, when operational on
an industrial scale, is two-fold: it reduces the COs emissions in the atmosphere on
one hand, and it produces renewable fuels and commodity chemicals on the other.
Moreover, additional advantages are the fact that the process can be carried out at
ambient conditions, water can be used as hydrogen source and, if the electricity used
is produced from renewable sources, one can contribute to a completely sustainable
carbon cycle. However, there are still significant hurdles which should be overcome
or circumvented, such as the competition of the hydrogen evolution reaction, high
overpotentials for COy reduction, poor solubility of CO5 in aqueous media and the
poor selectivity for specific fuels. For implementation in the current infrastructure,
liquid fuels are more convenient than gaseous fuels. Therefore much work has
been focused on the selective production of methanol, ethanol and formic acid.
These fuels can be employed directly in fuel cells to produce electricity (e.g. Direct
Methanol Fuel Cell and Direct Formic Acid Fuel Cell). Electroreduction of COs to
formic acid is less complex and therefore easier to optimize compared to alcohols,
as only two electrons need to be transferred.

Molecular catalysts have been gaining more attention lately as they are relatively
inexpensive and more abundantly available compared to (noble) metal catalysts.
They usually show high activities and good selectivities for various reactions which
can be tuned by modifying the catalyst with additional ligands, using electron-
donating or electron-withdrawing groups.'%13] In homogeneous electrocatalysis,
these catalysts are often dissolved in non-aqueous solvents, as they are poorly
soluble in aqueous electrolytes. Furthermore, large amounts of catalyst are needed
to dissolve in the electrolyte. CO2 can bind to a metal center which results in its
activation!'¥ by a weakened C-O interaction due to transfer of electron density.
After coordination to a metal center, reactions can take place which were initially
not possible for free CO5. Many different molecular catalysts have been reported
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for CO3 reduction such as porphyrins, phthalocyanines, cyclams, phosphines and
polypyridines. [15:16]

HO O
@] HO

Figure 5.1 Chemical structure metalloprotoporphyrins

Immobilization of molecular catalysts should in principle combine the best of
both worlds: molecular catalysis on heterogeneous surfaces.!'718] A system with
high efficiency and selectivity can be created whereby the catalyst structure can
be modified by addition of specific ligands e.g. to change the catalyst electronic
properties which is very useful for mechanistic studies or controlling the selectivity.
Furthermore, only a small amount of the catalyst is required and even catalysts
insoluble in certain solvents can still be used when immobilized on a surface. Deac-
tivation processes often encountered in homogeneous systems, such as dimerization
and aggregation of the catalyst, can be circumvented. In the literature many
different systems based on immobilized catalysts have been described: covalent
attachment of the catalyst by using e.g. aryl diazonium salts, 4-aminopyridine, 921l
non-covalent attachment of the catalyst (drop-casting) (22.23] and dispersion of the
catalyst in polymer films.[24-27]

In this work we will focus on one type of molecular catalysts, namely metallopro-
toporphyrins (MPPs) which are a subgroup of the more general metalloporphyrins.
Metalloporphyrins are complexes that consist of a metal center within a heterocyclic
macrocycle composed of four pyrole groups attached to each other with methine
bridges. Protoporphyrins have two vinyl, two propionic acid and four methyl groups
attached to the porphyrin ring as shown in Figure 5.1. Metalloprotoporphyrins are
an important precursor for essential molecules in biology such as the heme-group
in our red bloodcells and chlorophylls in plants (protoporphyrins with respectively
an Fe?* and Mg?t metal centers). Furthermore it has been shown that (immobi-
lized) metallo(proto)porphyrins are good catalysts for e.g. the oxygen reduction
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reaction, hydrogen evolution reaction, carbon dioxide reduction and nitrate reduc-
tion.[10:16:28:29] Sayéant and Robert and coworkers have conducted extensive research
on molecular catalysts for CO5 reduction and how to influence the selectivity.[0:31]
They recently showed that CO or HCOOH is produced by changing the metal center
of the complex.[?] The selectivity issue is important from a fundamental point of
view and therefore also the subject of theoretical studies,>34 in which it has been
shown that a different binding mode of CO4 to the metal center leads to either CO
or HCOOH.

In this paper, the selectivity towards formic acid is investigated experimentally
where the role of the metal center is scrutinized by studying the pH effect, the
concomitant hydrogen evolution and the nature of the electroactive species (i.e. COq
or HCO3') on different metalloprotoporphyrins immobilized on pyrolytic graphite.

5.2 Experimental

The electrochemical experiments were performed in a one-compartment three-
electrode cell at room temperature and ambient pressure. All glassware was first
cleaned by boiling in a 1:1 mixture of concentrated sulfuric and nitric acid. Before
each experiment the glassware was boiled three times in ultrapure water (Millipore
MilliQ) gradient A10 system, 18.2 MQ-cm). The long-term electrolysis experiments
were carried out in a two-compartment three-electrode cell (H-type cell), where the
working electrode (WE) and counter electrode (CE) compartments were separated
by a nafion membrane (Nafion 115).

The WE was a pyrolytic graphite (PG) disc with a diameter of 5 mm or 10 mm
used in a hanging meniscus configuration. The large PG electrodes were used for
HPLC measurements to generate larger amounts of products. The reported current
density is normalized by the geometric surface area of the WE. A platinum gauze and
a reversible hydrogen electrode (RHE) in the same electrolyte were used as CE and
reference electrode (RE) respectively. Unless mentioned otherwise, the potentials in
this paper are referred to this reference electrode. Prior to each experiment, the
WE was polished with sandpaper (first P600 and then P1000) and ultrasonicated
for approximately 2-3 minutes in water. Blank cyclic voltammograms were recorded
at a scan rate of 500 mV s~! until a stable voltammogram was obtained (typically
around 50 cycles) to ensure a clean PG surface. After immobilization of porphyrins
a blank cyclic voltammogram was recorded again in order to qualitatively verify
the immobilization of the porphyrin (as shown in Figure B.1 in Appendix B).
Metalloprotoporphyrins (MPPs) were immobilized on PG by drop casting from
a 0.01 M borate solution of pH 10 in which the porphyrin was dissolved to a
concentration of 0.5 mM. [

Electrolyte solutions were prepared with ultrapure water. Pyrolytic graphite
working electrodes were cut in-house from a high purity pyrolytic graphite plate
(PY001009, Graphite Store, USA). High purity chemicals were used: perchloric acid
and phosphoric acid (Merck Suprapur), potassium phosphate mono- and dibasic
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Figure 5.2 Bulk pH of the used electrolytes before and after CO2 saturation

(Sigma Aldrich, TraceSelect), potassium phosphate tribasic (Sigma Aldrich, Reagent
grade), sodium perchlorate (Sigma Aldrich, ACS reagent) and potassium bicarbonate
(Sigma Aldrich, trace metals basis). All the porphyrins were purchased from Frontier
Scientific and used without further purification. Before each experiment the cell
was deaerated with argon (Linde, Argon 6.0 Scientific). For CO5 reduction, the
cell was saturated with COq by purging the cell with COs (Linde, Carbon dioxide
4.5) for at least 20 minutes. Hydrogen 6.0 Scientific (Linde) was used for the RHE
reference electrode. A p-Autolab Type IIT (Metrohm Autolab B.V.) was used for
voltammetric experiments with sample collection and an IviumStat or CompactStat
(Ivium Technologies) was used to perform chronoamperometry and electrochemical
impedance spectroscopy. Experiments were carried out in unbuffered perchloric
acid of pH 1 and 3 and in a variety of different phosphate buffer solutions in the pH
range of 3 to 12 (see table B.1 in the Appendix B). Although the actual pH will be
lower when the electrolyte is saturated with COs, the different electrolytes will be
referred to by their pH as measured prior to CO saturation. Figure 5.2 shows the
relation between the pH before and after CO; saturation indicating that the pH
after COy saturation is approximately the same (= 6.6) for almost all neutral and
alkaline phosphate buffers. As we will see later, there are differences between these
initially neutral and alkaline electrolytes in terms of faradaic efficiencies and product
distribution. Therefore for a better discrimination between the different electrolytes
we refer to them by the initial bulk pH. For correct measurements versus the RHE
scale, the Luggin capillary and the RHE compartment were also filled with CO4
saturated electrolyte. Furthermore, under reduction conditions, especially when Hy
is evolved, the pH near the electrode (”local pH”) may differ from the pH in the
bulk. This may affect the onset potential for product formation as well as product
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selectivity. As quite high currents were obtained, especially at the @ 10 mm PG
electrode, ohmic drop could not be neglected. Hence, the solution resistance was
determined by potentiostatic electrochemical impedance spectroscopy. The obtained
value was used to correct the voltammograms after the electrochemical data was
collected. For chronoamperometry (electrolysis experiments) the potentiostat’s IR
compensation function was used to compensate for ohmic drop during measurement.
Details can be found in Appendix B, section B.2.

OnLine Electrochemical Mass Spectrometry (OLEMS) was utilized for the
detection of volatile reaction products. A tip, which is placed close (= 10 pm)
to the electrode surface, continuously collects volatile reaction products from the
electrode interface. The tip has a diameter of 0.5 mm and consists of a porous
teflon cylinder (average pore size 10-14 pm) in a Kel-F holder and is connected
to an EvoLution mass spectrometer (European Spectrometry Systems Ltd.) by a
PEEK capillary.*®! A Quadrupole Mass Spectrometer Prisma QMS200 (Pfeiffer) is
brought to vacuum with a TMH-071P turbo molecular pump(60 1 s~1, Pfeiffer) and
a Duo 2.5 rotary vane pump (2.5m? h=!, Pfeiffer). Prior to experiments, the tip
was cleaned in 0.2 M K5CroO7 in 2 M HySO4 and rinsed with ultrapure water. A
SEM voltage between 1200 V and 2400 V was used for the different mass fragments.
All mass fragments showed a decay during measurement which is the result of slow
equilibration of the pressure in the system. This was corrected for by subtracting a
double exponential fit to datapoints where no change in activity is observed from
the whole dataset. The mass fragments shown in this paper are all background
corrected in this manner.

Online High Performance Liquid Chromatography (online HPLC) is the tech-
nique employed to analyze non-volatile reaction products. A similar tip to the one
for OLEMS, however, without a porous teflon cylinder, is placed near the electrode
surface.3”) Samples with a volume of 60 ul were collected with a fraction collector
(FRC-10A, Shimadzu) at a rate of 60 pul min~! (LC-20AT pump, Shimadzu). Since
the scan rate of the potential sweep during sample collection was 1 mV s~!, each
sample held the averaged concentration of a 60 mV potential difference. The samples
were analyzed after voltammetry with HPLC (Prominence HPLC, Shimadzu). The
samples were placed in an auto-sampler (SIL-20A) which injects 20 pl of the sample
into the column. An Aminex HPX 87-H (Bio-Rad) column with a Micro-Guard
Cation H Cartridge (Bio-Rad) in front were used. The eluent was 5 mM HSO4 and
the eluent flow rate 0.6 ml min~'. The column and the refractive index detector
(RID-10A) were maintained at a temperature of 35 °C.

The reported results were all reproduced at least twice and all electrochemi-
cal measurements (CV, OLEMS, online HPLC and Chronoamperometry) showed
qualitatively the same results (HCOOH trend, current densities, onset potentials,
etc.). From a quantitative point of view, the results sometimes could be slightly
different, which is ascribed to a different PG surface each time after polishing the
PG electrode as can be observed from the blank voltammograms recorded prior to
the experiments. This is also the reason that for the standard error analysis in the
HPLC results, only the concentration analysis of liquid phase is taken into account
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(concentrations are often low and the baseline noisy, which leads to different peak
areas for different experiments).

5.3 Results & Discussion

5.3.1 Activity of Metalloprotoporphyrins in perchloric acid

pH 3
0 T T — = ]
2 )-7"/—’
-4 4
—PG
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Figure 5.3 Linear Sweep Voltammetry in CO2 saturated 0.001 M HC1O4 + 0.099
M NaClOy4. Scan rate: 1 mV s~ .

For a proper attribution of the effect of the metal center on the activity or
selectivity for the electrocatalytic COs reduction, the influence of the bare substrate
(PG) and the porphyrin macrocycle should first be known. Therefore, CO5 reduction
on pristine PG and on metal-less or free base PP immobilized on PG (denoted as
PP-PG) was investigated. With online HPLC during voltammetry it was confirmed
that no formic acid or other liquid products are produced at any potential on
pristine PG nor on PP-PG. On-Line Electrochemical Mass Spectrometry showed
that the only product from COg reduction on PG and PP-PG is Hy (see Figure B.2
in Appendix B and also reference. 8

Some of the investigated protoporphyrins with certain metal centers produce no
formic acid or amounts lower than the detection limit. These protoporphyrins have
a Cr, Mn, Co or Fe center. With OLEMS, no gaseous products other than Hs are
observed on MnPP, InPP, CrPP, SnPP and GaPP (Figure B.4). On FePP, RhPP
and CuPP small amounts of CHy are detected and on NiPP small amounts of CO
and CH,4 are detected as shown in Figure B.5. CoPP was recently shown to produce
CO at pH 3 with high faradaic efficiency but no formic acid which is in agreement
with our results. Moreover, a lower amount of CO was formed at pH 1 together with
methane and a small amount of formic acid.[*®! Comparing the curves in Figure
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5.3, it can be seen that PP-PG has a lower current compared to the pristine PG.
The other MPPs show higher currents, indicating that the metalloprotoporphyrins
are active for the hydrogen evolution reaction (HER) or COq reduction, while PP
presumably blocks active sites for HER and CO4 reduction on PG. This confirms
that the metal center is of importance for catalysis. The fluctuations in the CV at
very negative potentials are the result of Ho bubble formation and their detachment
from the electrode surface. The current spikes appear skewed in some of the later
voltammograms because of the post-measurement Ohmic drop correction.

In addition to the MPPs which are not active for formic acid production from
COa, there is a set of MPPs which produce trace amounts of formic acid, as shown
in Figure 5.4a. These are the MPPs with Ni, Ga, Pd or Cu metal centers. The
results have been reproduced and the standard errors in the concentration are
shown in the graphs as well. OLEMS results again do not show significant amounts
of other CO5 reduction products besides Hs.
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(a) Poorly active MPPs (b) Active MPPs

Figure 5.4 Formic acid production on Metalloprotoporphyrins in 0.001 M HC1O4 +
0.099 M NaClOy4. Scan rate: 1 mV s™*.

The most interesting MPPs for this study are SnPP, InPP and RhPP as these are
able to produce significant amounts of formic acid from COs as seen in Figure 5.4b.
As with the other MPPs there are no significant amounts of reaction products other
than Hs observed with OLEMS. All of these protoporphyrins show the same trend in
formic acid concentration during Linear Sweep Voltammetry, with SnPP and RhPP
having a slightly less negative onset potential for HCOOH formation than InPP. In
and Sn metal centers were also identified to be active for CO5 reduction to formic
acid on phthalocyanines which are similar molecular catalysts to porphyrins. 3!
More interesting is the fact that RhPP produces significant amounts of formic acid
from COs. It has been reported that In and Sn metal electrodes mainly produce
HCOOH, while Rh metal mostly forms H,.[*®) Rh metal only shows activity for
CO4 reduction at elevated pressures.[*!] Rh complexes have been shown to be active
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Figure 5.5 CO; reduction on PG in RhPP containing electrolytes and immobilized
RhPP on PG. Electrolyte solution 0.001 M HCIO4 4 0.099 M NaClO4. Scan rate: 1
mV s ',

for hydrogenation of CO5 to formic acid, albeit that they often do not operate in
aqueous media without specific ligands.[#>744] Much research has been done on CO,
hydrogenation to formic acid, but electrocatalytic reduction of COs to formic acid
on Rh porphyrins or similar Rh molecular catalysts has not been investigated in
depth. Older work exists on Rh complexes dissolved in non-aqueous medial*5:46! for
which formic acid production was also observed.

In Figure 5.5, a comparison is made between immobilized RhPP on PG and
different amounts of RhPP in the electrolyte with a pristine PG electrode. The
current densities and the trends in HCOOH concentration are similar. However, at
a certain potential the formic acid concentration reaches a maximum and starts to
decrease for RhPP in solution, while the RhPP-PG electrode continues to produce
formic acid. The maximum for RhPP-PG is higher and at more negative potentials
compared to RhPP in solution. Another observation is that a larger concentration
of RhPP in solution leads to a lower amount of formic acid produced. This can
be explained by inhibition of active sites with more RhPP molecules present in
solution. These results show the superiority of immobilized metalloprotoporphyrins
with respect to metalloprotoporphyrins dissolved in the aqueous electrolyte.

5.3.2 Activity of Metalloprotoporphyrins in other electrolytes

The formic acid producing MPPs from the previous paragraph were studied for
their pH dependence is investigated in order to obtain more mechanistic insight.
The aim is to deduce the origin of the activity of RhPP for COs reduction to formic
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acid and identify possible differences between the MPPs as well as to identify the
optimal conditions for formic acid formation.
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Figure 5.6 CO; reduction on formic acid producing MPPs in (a) 0.1 M HClO4 and
(b) phosphate buffer of pH 6.8. Scan rate: 1 mV s~ *.

In the 0.1 M HCIOy, electrolyte, all of these MPPs produce significantly less
formic acid than in pH = 3 HCIO4 electrolyte as shown in Figure 5.6a. Interestingly,
a difference between the three formic acid producing MPPs is observed. In pH
1 InPP and RhPP still produce some HCOOH while SnPP only shows negligible
amounts of HCOOH. The current generated by the InPP is much smaller compared
to that of the other porphyrins. This is ascribed to a lower activity for hydrogen
evolution, which also influences the faradaic efficiencies as will be discussed in a
following section. Moreover, the onset potentials of the current profiles of the MPPs
are quite different, in that RhPP has the least negative onset potential and InPP
the most negative onset potential. This is probably associated with a difference in
activity for the HER on these MPPs. In pH 6.8 (0.1 M phosphate buffer) comparable
amounts of formic acid are formed as in pH 3, as illustrated in Figure 5.6b.

Different phosphate buffer solutions were used for the study in electrolytes
with a pH range from 3 till 12. Even though the bulk pH will be lower when
the electrolyte is saturated with CQOs, the different electrolytes will be referred to
by their pH as measured prior to CO, saturation. The formic acid production
during the negative potential sweep on the three HCOOH-producing MPPs in the
different electrolytes is shown in Figure 5.7a -5.9a. The current profiles of RhPP
show a plateau between -0.9 V and -1.5 V (see inset) while InPP and SnPP show
no such plateau current (this is also visible in Figures 5.4b and 5.6b). On RhPP
the formic acid concentration profile shows a maximum which appears to be at
potentials within this plateau region. Moreover, the HCOOH concentration profiles
for RhPP are slightly shifted towards positive potentials for higher pH whereas
those for InPP and SnPP do not show such a potential shift. This is better visible
when the concentration profiles are normalized by their maximum concentration (as

61



Chapter 5. Influence of the Metal center of Metalloprotoporphyrins
on the Electrocatalytic CO; reduction to Formic acid

0] i e e s s S
a0] B ]
N 20 ] o T T T
13 4 ]
G 30 €O, red on RPP-PG ] 0] - ]
< -404 el ] r
£ ; ——pH 1(HCIO,) ] 20 ¥ ]
gg = —pH3(HCIO:) ] o -30] HER on RhPP-PG
102 R O v e e 1Y pH 4.0 3 E -40 ——pH 1 (HCIO,) i
pH 5.8 1 _ ]
o8] e 1 < 50 pH 3 (HCIO,)
£ 06 N bl £ -60; ~hhss 1
E 061 pH 11.6 g = 701 — hh7s 1
o 0.4 N\ 4 pH9.8
£ \ -80+ pH11.6 1
o 0.2 \ \ s et ] .90 ——pH 12.6 (NaOH) ]
o N can rate: 1 mvs
0.0 ey . 1001+ . T y
1.8 1.6 1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 1.5 -1.0 0.5 0.0
E/V vs RHE E/V vs RHE
(a) (b)

Figure 5.7 CO; reduction (a) and hydrogen evolution (b) on RhPP in electrolytes
with different pHs

shown in Figure B.6 in Appendix B). In the same figures 5.7b - 5.9b the hydrogen
evolution current on the three MPPs is shown in the same electrolytes. In these
voltammograms no current plateau region is observed as for COy reduction on
RhPP, implying that this plateau feature is specifically related to CO5 reduction.
Moreover, there is a clear distinction between the current profiles in the different
phosphate buffer electrolytes for all MPPs. The onset of hydrogen evolution seems
strongly related to the pH of the phosphate buffers. At high pH (11.6) there is less
negative onset of Hy evolution and very high currents, while low pH (4 and 5.8)
shows a more negative onset potential for HER and the currents are low. In general,
the currents are much higher for RhPP compared to InPP and SnPP, indicating
the better activity of RhPP for the HER. Comparing the current profiles for CO4
reduction and HER on all three MPPs, the HER is somewhat inhibited by CO4
reduction as the reduction onset is delayed to more negative potential and the
currents are much lower. For RhPP the onset of the HER is close to/within the
plateau region. The maximum HCOOH production also lies within this potential
range and shifts to positive potentials with higher pH. As the maximum of HCOOH
production can be interpreted to be the result of the competition between hydrogen
evolution and CO4 reduction, it seems plausible to associate the current plateau
with this competition. The fact that the current plateau is not observed for InPP
and SnPP could be due to the decoupling or weak coupling between COq reduction
and HER on these materials. The onset potential of the HER is more negative for
SnPP and InPP compared to RhPP. The competition of CO4 reduction and HER
is important for high faradaic efficiencies towards HCOOH as will be discussed in a
later section.

To investigate the pH effect more quantitatively, we define the onset potential
for HCOOH and H,. The onset potential is determined based on the HCOOH
concentration profile and the current profiles. The onset potential based on the
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Figure 5.9 CO; reduction (a) and hydrogen evolution (b) on SnPP in electrolytes
with different pHs

concentration is defined as the average potential of the potentials where the con-
centration of HCOOH reaches 0.01 mM, 0.03 mM and 0.05 mM. The potentials
corresponding to these different concentrations lead to a similar trend. This is shown
in Figure B.7 in Appendix B. Similarly, the onset potential based on the current
density is defined as the average of the potentials corresponding to different current
densities within the range of 0.25 - 1 mA cm~2. The onset potentials are converted
to the NHE scale, and the trends for the 3 MPPs are shown in Figure 5.10. The
data within the shaded area correspond to the phosphate buffer electrolytes. Note
that the analysis of the onset potentials is only performed for a better comparison
between the different MPPs and not to derive underlying mechanistic information.
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Figure 5.10 Onset potentials based on (a) the current for CO2-saturated solution,
(b)the HCOOH concentration profile, (¢) the maximum concentration of HCOOH
and (d) the current of the HER

The difference in pH before and after CO5 saturation as mentioned in the experi-
mental section, will not affect these results, since all the MPPs are measured in the
same electrolyte. The buffer capacity of the electrolyte may play an important role
on the selectivity for COg reduction.l*”*8] As shown in Figure B.10, a higher buffer
capacity leads to higher currents and affects the catalytic activity of the porphyrin
towards formic acid. Therefore, the electrolyte pH is not the only factor influencing
the catalytic activity of the immobilized porphyrins The onset potentials at pH 1
are quite different, because the influence of proton reduction is dominant here. As
can be seen in Figure 5.10a, the onset potential shows a linear dependence on pH
for all MPPs. The pH dependence (slope) is not the same for the three MPPs. The
onset potential of SnPP shifts with 53 = 2 mV pH~! while for InPP and RhPP
they shift with 36 &+ 5 and 35 & 4 mV pH~!. A slope of 59 mV pH~! on the NHE
potential scale would indicate a concerted proton-electron transfer mechanism.[49)
It is difficult to say if SnPP follows a concerted proton-electron transfer mechanism
solely based on the analysis of the onset potentials. However, the results indicate
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that there is probably a difference in mechanism between SnPP on one hand and
RhPP and InPP on the other hand. Another distinction between SnPP and RhPP
or InPP is the fact that at pH 11.6 only small amounts of HCOOH are formed
on SnPP, while reasonable amounts of HCOOH are produced on InPP and RhPP.
For RhPP similar pH dependences are observed for the onset of HCOOH and for
Hy formation (Figures 5.10a and 5.10d), indicating that the COy reduction to
HCOOH on RhPP is coupled to the concomitant HER, as already suggested before.
InPP and SnPP do not exhibit a clear linear pH dependence for HER, (see Figure
5.10d), which suggests that the trend observed in Figure 5.10a is related to the
COs reduction rather than to the HER. On InPP and SnPP, CO5 reduction and
HER are not strongly coupled, as concluded before. On RhPP the potentials of
maximum HCOOH production (Figure 5.10¢) show a similar slope to that of the
onset potentials of HCOOH (Figure 5.10b) confirming the earlier observation of a
potential shift of the concentration profiles with pH, in contrast to InPP and SnPP
where a similar slope is only observed for the HCOOH maxima and onset potential
of the current (Figures 5.10a and 5.10c). Furthermore, the onset potentials of RhPP
are always at more positive potentials compared to those of InPP and SnPP. This
difference in onset potentials confirms that RhPP is more active for the HER.

5.3.3 Faradaic Efficiencies

For a further comparison of the activity between the MPPs, the faradaic efficiencies
were determined during 2 hour electrolysis in a two-compartment cell. The faradaic
efficiencies for formic acid in HC1O4, pH 3 for all the three MPPs at different
potentials are shown as a function of time in Figure 5.11. For RhPP and SnPP the
faradaic efficiencies always decay with time to values of &~ 1-2%. Interestingly InPP
seems to reach a steady state value of ~ 10-15 %. This indicates that the immobilized
porphyrins on PG are not very stable or deactivate rather quickly, especially RhPP-
PG and SnPP-PG. Improving the performance of the immobilized porphyrins is
beyond the scope of this paper. However, we believe that the deactivation is related
to the catalyst instead of deposition of poisoning species on the surface or blockage of
the active sites by intermediates. As shown in Figure B.9 the blank voltammogram
of the immobilized porphyrin on PG is compared with the blank voltammogram
after CO4 reduction or HER. It can be seen that the porphyrin-specific redox
peaks have disappeared and the background current has changed. Therefore we
believe that the decrease in activity is associated with deactivation of the porphyrin
structure or detachment of the porphyrin from PG. It is assumed that the very
negative potentials ultimately are destructive for the immobilized porphyrins. RhPP
shows lower faradaic efficiencies compared to SnPP which in turn is lower compared
to InPP. The faradaic efficiencies determined after 10 minutes in HCIO4 pH = 3
are plotted against the applied potentials in Figure 5.12a. The potential where
the highest faradaic efficiencies are obtained in pH 3 is around E = -1.3 V for
RhPP, around E = -1.9 V for InPP, and approximately E = -1.5 V for SnPP. This
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Figure 5.11 Faradaic efficiencies in 0.001 M HClO4 + 0.099 M NaClO4 on different
MPPs as a function of time
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trend depends on the electrolyte, as can be seen in Figure 5.12b, where the same is
depicted for a phosphate buffer of pH 5.8. When only experiments at an applied
potential of E = -1.5 V are considered, the influence of the pH can be revealed as
seen in Figure B.8 in Appendix B. The initial faradaic efficiency of the different
MPPs as a function of pH is shown in Figure 5.13. The faradaic efficiency of InPP
at pH 9.6 seems to be optimal and reaches a value close to 70 %.
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Figure 5.12 Faradaic efficiencies determined at t = 10 min, as a function of potential
in (a) 0.001 M HCIO4 + 0.099 M NaClO4 and (b) phosphate buffer of pH 5.8
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Figure 5.13 Faradaic efficiencies determined at t = 10 min, at E = -1.5 V as a
function of pH

5.3.4 Electroactive species

The fact that even in quite alkaline electrolytes HCOOH is produced, could indicate
that not (only) COs is the electroactive species but for instance bicarbonate is
involved in the formation of formate. In the literature on electrocatalytic COq
reduction there has been controversy about the real electroactive species during
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COg4 reduction at different pH and at different catalysts. Often dissolved CO4 has
been identified as the electroactive species,?®51] but there are also systems where
bicarbonate has been suggested to be the key reactant specifically for the formation
of formic acid/formate.!>2-56]
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Figure 5.15 Hy and CO; signals during CO2/HCOj3 reduction in 0.5 M KHCOs.
Scan rate: 1 mV s~ 1.

To probe the role of HCO3 ', we studied different concentrations of KHCO3 as
electrolyte with and without CO; saturation. In Figure 5.14a it is shown that a
higher concentration of KHCOj3 leads to a larger amount of HCOOH formed on
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RhPP when no COs is sparged through the solution. If the electrolyte is saturated
with CO5 an even larger amount of HCOOH is produced. This is observed for
InPP and SnPP as well, as shown in Figure 5.14b. The HCOOH concentration
on InPP and SnPP is increased by a factor of more than 10 when CO, is purged
through the solution. These results give a first impression that CO9 should be the
dominant electroactive species, however, it is still not conclusive enough to rule out
HCO3 as reactive species. OLEMS experiments in KHCO3 with and without CO,
bubbling shown in Figure 5.15, indicate that CO5 does have an influence as the Hy
evolution and COs consumption are delayed. Even without CO4 saturation, the
CO; mass signal decreases during the negative potential sweep implying that the
origin of the formed HCOOH is the KHCOj electrolyte itself. However, during the
negative potential sweep the pH in the vicinity of the working electrode increases
as a result of the reactions shown in equations (5.1) and (5.2). This higher local
pH could lead to a local conversion of COy to HCO3 (equation (5.3)), which may
influence the direct bicarbonate reduction mechanism to formate. In previous
studies, direct bicarbonate reduction has been suggested on palladium, lead and
copper electrodes.[?®56] The experiments performed in this study only provide
qualitative information about the influence of CO2 and HCOj3 . The simultaneous
measurement of the local concentrations of formate, CO, and bicarbonate during
voltammetry is crucial in order to shed more light on this debate.

2HT +2e¢~ — Hy (5.1)
2H50 +2¢~ — Hy +20H ™ (5.2)
COs+OH™ — HCO3 (5.3)

5.4 Conclusions

In this study we investigated the influence of the metal center of metalloproto-
porphyrins for the electrocatalytic reduction of COy towards formic acid. We
found that Sn, In and Rh metal centers are able to produce significant amounts
of HCOOH while Ni, Ga, Pd and Cu metal centers only show trace amounts of
HCOOH. Metalloprotoporphyrins with Cr, Mn, Co or Fe centers do not produce
measurable amounts of HCOOH. Moreover, immobilizing the MPPs on PG shows
increased activity and stability compared to homogeneous catalysis with the complex
in solution.

The hydrogen evolution reaction plays an important role in the difference in
activity towards HCOOH formation on RhPP, InPP and SnPP. RhPP is the most
active for HER and InPP the least active. Consequently, InPP shows high faradaic
efficiency towards HCOOH formation from CO5 and RhPP low faradaic efficiency.
SnPP lies in between with moderate activity for HER and faradaic efficiency towards
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HCOOH. All catalysts deactivate with time, however, the deactivation of InPP
seems to be less compared to RhPP and SnPP.

All three HCOOH-producing MPPs show a pH dependence for COy reduction
as well as for HER. At very low pH, the proton reduction is dominant which results
in little or no HCOOH formed. At very alkaline pHs, the HER also seems to be
dominant, leading to poor selectivity towards HCOOH. The optimal pH is around
9.6 for InPP and between 7-10 for SnPP. The ideal situation (highest faradaic
efficiencies) is different for the three MPPs in terms of electrolyte solution and
applied potential. The best performance observed in this study is for InPP in pH
9.6 electrolyte where faradaic efficiencies of & 70 % were obtained.

This work highlights some important properties of metalloprotoporphyrins for
electrocatalytic COq reduction to formic acid. However, there is no concensus
yet about the electroactive species for the formation of formic acid. Quantitative
measurement of HCO3, CO2 and HCOOH concentrations during voltammetry
would be necessary in this respect. For a detailed investigation of the mechanism,
the support of theoretical calculations such as in ref.?4 is also desirable.
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Chapter 6. Effects of Substrate and Polymer encapsulation on CO-
Electroreduction by Immobilized Indium(III) protoporphyrin

Abstract

Heterogenization of molecular catalysts for COq electroreduction has attracted
significant research activity, due to the combined advantages of homogeneous and
heterogeneous catalysts. In this work, we demonstrate the strong influence of
the nature of the substrate on the selectivity and reactivity of electrocatalytic
COy reduction, as well as on the stability of the studied immobilized indium (IIT)
protoporphyrin IX, for electrosynthesis of formic acid. Additionally, we investigate
strategies to improve the COy reduction by tuning chemical functionality of the
substrate surface by means of electrochemical and plasma treatment, and by catalyst
encapsulation in polymer membranes. We point out several underlying factors that
affect the performance of electrocatalytic CO5 reduction. The insights gained
here, allow one to optimize heterogenized molecular systems for enhanced CO9
electroreduction without modification of the catalyst itself.
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6.1 Introduction

The electrocatalytic reduction of carbon dioxide (CO2RR) is a potentially efficacious
strategy to tackle the global energy concerns, particularly, to close the carbon cycle,
and store renewable electrical energy in chemicals or fuels.[!] The latter is highly
desired due to the intermittent character of renewable energy production. The
last decades have experienced the discovery and development of various electro-
catalysts, which all lead to a diversity of products with different selectivity and
activity.l* 4 Besides heterogeneous CO, electrocatalysis using metal, metal alloy,
or metal-derived, nanostructured electrocatalysts, molecular catalysis of CO5 has
shown interesting properties, and have undergone a striking development over the
years..[58 Molecular catalysts are generally considered to yield high selectivity and
activity, and can be designed in such a way to mimick enzymes used in nature to
efficiently catalyze specific electrochemical reactions such as hydrogen evolution,
water oxidation, carbon dioxide reduction, and oxygen reduction.® Although their
stability and solubility in aqueous electrolytes and their poor robustness are often
drawbacks, molecular catalysts are widely used to decipher mechanistic insight due
to their well-known molecular structure and their efficiency. Hence, many studies
have been performed on intrinsic catalyst properties such as the influence of the
metal center!'°12 and ligands.['317] The focus herein will be on metalloporphyrins,
a subgroup of molecular catalysts extensively used for COsRR research.!'8:19 In
previous work, we reported that cobalt(IT) and indium(III) protoporphyrin IX
(InPP) immobilized on pyrolytic graphite exhibit high selectivity toward carbon
monoxide and formic acid, respectively.!12:20]

The usually poor solubility of molecular catalysts in aqueous media, and need
for large amounts of catalyst related to homogeneous molecular catalysts, can be
overcome by heterogenization. The molecular catalyst is immobilized on a con-
ductive electrode, which we will refer to as ”the substrate” in the remainder of
this article. An additional advantage of immobilization of the catalyst is the more
facile product separation, if utilized in a large-scale industrial process. Carbon
materials are often employed as substrate owing to their relatively low cost, ro-
bustness and inert nature toward many (electro)chemical reactions. Examples are
pyrolytic graphite, glassy carbon and more recently boron doped diamond, carbon
nanotubes, and graphene.?'-23] Carbon materials exhibit a rich surface chemistry,
and their surface functionalization has been proved to play an important role in
their electrochemistry.[?* Studies by Morozan et al. and Rigsby et al. demonstrate
the important influence of the carbon support of porphyrins on the selectivity of
the oxygen reduction reaction.l?>2%/ Magdesieva et al. reported on activated carbon
supports with different pore sizes for CO2RR on various porphyrin and phthalo-
cyanine complexes, leading to different selectivity.[26! However, little systematic or
comparative work has been performed hitherto, to elucidate the intrinsic influence
of the substrate or surface functionalization. The choice of a specific substrate is
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often solely based on empirical considerations, which not necessarily is the optimal
system.

Modification of electrodes started in the early '80s with several methods such as
chemisorption or covalent attachment of species on the electrode surface, encapsu-
lation of species in polymer films, or electropolymerization of monomers directly
on the electrode..[2728 More recently, Yaghi and coworkers developed a covalent
organic framework of porphyrin building blocks, which showed promising results for
CO5RR.12%! An overview of various catalyst-modified electrodes for COoRR has been
given by Sun et al.[’% From heterogeneous electrocatalysis of CO,RR, it is known
that the electrode morphology and (sub)surface structure significantly influence
the activity and selectivity.[3133] Moreover, the use of polymers has been shown to
enhance CO5RR efficiency on cobalt phthalocyanines.436) In the field of heteroge-
nized molecular catalysis of CO3RR, the effects of such substrate modifications are
still unexplored. The importance of chemical functionality on the adsorption and
reactivity, as extensively discussed by McCreery, ¥ is the inspiration of the idea
that substrate modification may impact the reactivity, selectivity, and stability of
CO3RR. In a recent review, the importance of so-called secondary phenomena in
molecular electrocatalysis have been highlighted.l3”] Tt would be very attractive to
be able to tailor the surface chemistry in such way, to enhance CO3RR performance.

In this study we focus on extrinsic properties of the molecular catalyst, particu-
larly related to the immobilization of the molecular catalyst. This work is a step
toward a systematic investigation of chemical functionality of carbon substrates,
and chemical environment for heterogenized molecular catalysts. Herein, we study
InPP immobilized on different carbon materials, basal-plane pyrolytic graphite
(PG), glassy carbon (GC) and boron doped diamond (BDD), and evince the impor-
tant role of the substrate, its pretreatment and the use of polymer membranes for
immobilization, on the CO3RR performance. The current work demonstrates the
improvement of COoRR performance on heterogenized indium(IIT) protoporphyrin
IX by modifying the substrate, its chemical functionality, and chemical environment
of the catalyst. The findings can function as a first step in trying to improve other
heterogenized molecular systems as well.

6.2 Experimental

The electrochemical experiments were carried out with a potentiostat (IviumStat or
CompactStat, Ivium Technologies), in a conventional three-electrode cell, where the
working electrode (WE) and counter electrode (CE) compartments were separated
by a nafion membrane (Nafion 115). Basal-plane pyrolytic graphite, glassy carbon,
and boron doped diamond discs (5, 5, 10 mm diameter respectively) were used as
WE. The counter and reference electrode (RE) were a platinum wire and a reversible
hydrogen electrode respectively. For correct measurements versus the RHE scale,
the luggin capillary and the RHE compartment were filled with CO5 saturated
electrolyte before CO5 reduction. The electrolyte is 0.1 M phosphate buffer of pH
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9.6 + 0.1, prepared with KoHPO,4, K3PO4 and ultrapure water (Millipore MilliQ)
gradient A10 system, 18.2 MQ:-cm). The choice for this pH was based on the
enhanced HCOOH selectivity observed previously.'? The reported current densities
were always normalized by the geometric surface area of the WE, and in some
cases additional normalization by the amount of active species was performed for
correct comparison of the activity. The potentials were corrected for ohmic drop by
the potentiostat during measurement. Generally, potentiostatic bulk electrolysis
was performed at E = -1.5 V vs. RHE for 90 minutes, with manual collection
of 100 pul samples at certain times, and analyzed by High Performance Liquid
Chromatography. The reported concentrations of liquid products, or subsequently
calculated faradaic efficiency (FE) are an average of 3 - 5 independent experiments
with freshly prepared electrodes. Additionally, the data points for each experiment
were obtained by the average of three injections of the same sample. The dominant
contribution of the uncertainty in concentration/FE resulted from the different
experiments. Additional experimental details can be found in Appendix C.

6.3 Results and Discussion

6.3.1 Substrate effect

We compare the selectivity and activity for CORR on InPP immobilized on PG,
GC and BDD substrates. The immobilization procedure and amount of InPP
dropcasted per cm? were kept the same for all the substrates (details in the SI).
From the faradaic efficiency toward HCOOH, given in Figure 6.1a, it is observed that
the substrate has a significant influence on the selectivity of CO3RR on immobilized
InPP. The PG substrate is the most selective toward HCOOH, and the GC substrate
the least selective. These effects cannot be ascribed to the activity of the bare
substrate as shown by control experiments in Figure C.17a, which show that bare
PG, GC and BDD are not active for CO3RR. In Figure 6.1b-d, the absolute total
and partial current densities are shown for COsRR on the different substrates. For
a correct comparison of the activity, the current density was also normalized by the
real amount of InPP adsorbed on the substrate. As will be discussed in detail later,
the electroactive coverage of InPP is not the same for the different substrates. It
can be seen that there is an order of magnitude difference in jiotq; and jrcoon
on PG compared to GC and BDD. Note that this difference is not associated to a
difference in electrochemical active surface area (ECSA), as shown in Figure C.8(a).
The fact that GC and BDD both perform worse compared to PG, indicates that
the enhancement in CO2RR selectivity and activity cannot be ascribed to either
the high content of sp? or sp® carbon atoms present in respectively GC and BDD.

The results in Figure 6.1 are in line with the online mass spectrometry and
online HPLC experiments, depicted in Figure 6.2a and b respectively, from which
we confirm that significantly more Hs is produced on InPP-GC, and significantly
more HCOOH on InPP-PG. The COy consumption on InPP-PG is also much
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Figure 6.1 (a) Faradaic efficiency toward HCOOH, (b) absolute total current density,
(c) absolute partial current density for HCOOH, and (d) absolute partial current
density for Hy during CO3 reduction on immobilized InPP on different substrates in
0.1 M phosphate buffer of pH 9.6. Lines to guide the eye.

higher compared to the other substrates, in agreement with higher j;,¢q;, and the
higher HCOOH production rate observed on PG compared to the other substrates.
Although difficult to quantify, the onset potential for H, and HCOOH on InPP-
BDD is at more negative potential compared to PG and GC, which is a general
characteristic of BDD. Moreover, in Figure 6.2b we can observe differences in the
peak potentials of HCOOH formation between the different substrates, which is
related to the competition of the hydrogen evolution reaction (HER).

Besides a change in selectivity and activity, there is a clear difference in stability
between the substrates, since a slight decrease is observed in jgcoon as a function
of time on PG and GC, accompanied with an increase in jz,. We define the relative
FE with respect to the initial value (Equation 6.1) as a measure for the stability
of the system. From a graph of this relative FE versus time (Figure 6.3a), we can
compare experiments with different values of FE. A more horizontal trend indicates
a higher stability as the FE does not decrease significantly in time.

FE,

— x 100 6.1
FEinitial x % (6.1)

The tendency of the FE to decrease with time has been observed before, and was
associated with the detachment of InPP from the surface or deactivation of the
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Figure 6.2 (a) Online Electrochemical Mass Spectrometry and (b) online HPLC
during CO2 reduction on immobilized InPP on different substrates in 0.1 M phosphate
buffer of pH 9.6.

porphyrin.['? We have performed x-ray photoelectron spectroscopy on InPP-PG
before and after electrolysis, as shown in Figure 6.3b. We observed that the indium
content on the electrode, which is a measure of the actual amount of InPP adsorbed
on PG, is substantially decreased after 10 minutes, with a negligible further decrease
after 1 hour, which is in agreement with the decreasing trend of FE as a function of
time. Additionally, we performed experiments under homogeneous conditions of
InPP (Figure C.4), in which we do not observe a decrease in selectivity with time.
Therefore we confirm that the destabilization of immobilized indium protoporphyrin
is related to detachment from the surface. Moreover, the detachment from the
surface takes place in the first 10 minutes of electrolysis. The adsorption of the
porphyrin on the substrate is through noncovalent 7-7 interactions, %3839 which is
believed to be important for enhanced CO3RR performance, and strongly dependent
on the carbon substrate.

We believe that the substrate morphology plays an important role as evidenced
by the higher CO5 consumption observed with OLEMS, which can be explained by
efficient mass transport effects due to the more porous structure of PG compared to
GC or BDD (Figure C.8a), which may also suppress the HER. These observations
are similar to mass transport effects recently reported for heterogeneous electro-
catalysts, showing that the mesostructure can affect the selectivity and activity of
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Figure 6.3 (a) Stability of immobilized InPP on different substrates (lines to guide the
eye), (b) XPS spectra of InPP-PG electrodes before electrolysis and after electrolysis
(t = 10 min and t = 1 h) with in the inset the indium content (at.%), (c) faradaic
efficiency toward HCOOH (left axis) and partial current density for HCOOH (right
axis) as a function of the amount InPP dropcasted on the different substrates (lines
to guide the eye), and (d) indium content of the InPP immobilized on the substrates,
as estimated from XPS, as a function of the amount InPP dropcasted (lines to guide
the eye).

CO,RR.140-41] Additionally, a typical characteristic of GC is its poor permeability
for gases, which likely affects the mass transport.[*? X-ray diffractometry and
Raman spectroscopy of our substrates (Figure C.9a and C.10) indicate typical
characteristics in agreement with the literature. PG and BDD exhibit sharp XRD
peaks, and GC weak and broad peaks, indicating a high degree of crystallinity for
PG and BDD, and a somewhat amorphous structure for GC.43] The Raman spectra
indicate the characteristic D- and G bands for sp? carbons in PG, and a specific
peak associated to sp? carbon in BDD. The Raman bands for GC are weaker and
less sharp, which indicate disorder of the graphite lattice for GC.[*44% The low
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activity and selectivity on GC may be associated with its poor crystallinity, as a
high crystallinity infers enhanced charge transport, as observed in covalent organic
frameworks.[2946] Recently, crystallinity has been shown to play an important role
on the selectivity of CO>RR on copper phthalocyanine catalysts.!*”) However, high
crystallinity alone is not sufficient for improved CO3RR catalysis, based on the
significant differences in COsRR performance between PG and BDD, which are
both highly crystalline.
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Figure 6.4 (a) Linear sweep voltammetry on immobilized InPP on different substrates
in 0.1 M phosphate buffer of pH 9.6 under argon and CO2 atmosphere, scan rate: 20
mV s~ ! and (b) Online Electrochemical Mass Spectrometry measurement of hydrogen
evolution on InPP immobilized on different substrates

Apart from the substrate morphology and surface structure, a plausible explana-
tion for the enhanced selectivity and activity on PG may be related to a difference
in the effective amount of the porphyrin on the three substrates. As can be seen in
Figure 6.3c, a difference in the amount of immobilized InPP on the substrate leads
to a difference in activity and selectivity (details of the corresponding experiments
are provided in Figures C.1-C.3). In case of PG this concentration effect is more
pronounced, and in case of GC almost completely absent, which can be interpreted
as a "InPP saturation limit” that is reached earlier for GC compared with PG. In
other words, PG substrate can accommodate more catalyst compared to GC and
BDD. These conclusions are in agreement with quantitative information obtained
from XPS spectra of InPP immobilized on the different substrates (Figure C.12).
We also varied the amount of InPP dropcasted on the different substrates and
plotted the indium content as estimated by XPS vs. the amount dropcasted in
Figure 6.3d. The vertical dashed lines indicate the InPP amounts used for the
qualitative study shown in Figure 6.3c and C.1-C.3. It can be seen that the indium
content is the highest for PG and the lowest for GC, which is in agreement with
our conclusion that a PG substrate can accommodate more catalyst compared to
GC. Furthermore, we used the indium content of InPP immobilized on different
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substrates (PG, GC, BDD = 0.65, 0.49, 0.58) to normalize the activity to real
amount of adsorbed InPP (Figure 6.1b-d).

Another cause of the improved CO3RR selectivity may be a difference in HER
activity between the substrates instead of solely an intrinsic substrate effect specif-
ically related to CO3RR. In Figure 6.4a, a comparison between the substrates
for HER and COsRR is shown. The high overpotential for HER on the BDD
substrate does not favor CO3RR, since the CO3RR onset potential is shifted toward
more negative potentials, and the current is suppressed on InPP-BDD with CO»
in solution. The HPLC results (Figure 6.2b) confirm the formation of HCOOH at
more negative potentials on BDD compared to GC and PG. Under argon, where
only hydrogen evolution takes place, the current density on InPP-GC is smaller
compared to InPP-PG. However, as shown by OLEMS measurements in Figure
6.4b, more Hy is produced on GC. Moreover, in the presence of COs, the onset
potential is shifted positively for InPP-PG, but is almost unchanged for InPP-GC,
which indicates a more efficient catalysis of CO3RR on PG with respect to GC,
in agreement with the online experiments in Figure 6.2. Consequently, the GC
substrate is more active toward HER compared to PG. These results indicate that
the competition between CO3RR and HER strongly depends on the nature of the
substrate, which in turn affects HCOOH selectivity.

In order to increase the impact and generality of our findings, we studied the
substrate effect on protoporphyrins with Rh and Sn metal centers, which previously
were found to produce HCOOH.'? Although the HCOOH selectivity for these
porphyrins is much lower than for InPP (which is an intrinsic catalytic effect), a
similar trend can be observed for the different substrates as found for InPP (Figure
C.5). Pyrolytic graphite substrate leads to the highest FE, while glassy carbon
substrate is the least selective toward HCOOH.

The above results demonstrate the important influence of the substrate, which is
believed to be the result of an interplay of several factors influencing the selectivity
and reactivity of COsRR, such as morphology/mesostructure (and thereby optimized
mass transport effects), crystallinity, electrostatic interaction with the molecular
catalyst, and activity for HER.

6.3.2 Effect of substrate pretreatment

Besides the nature of the substrate, modification or treatment of the substrate
surface offers a means to influence the COs selectivity, reactivity, and stability. We
investigated the influence of a cathodic and anodic electrochemical pretreatment
(?Cat-PG” and "An-PG”), and a Hy and O3 plasma treatment ("Hy-PG” and
"02-PG”) of the PG substrate. In Figure 6.5, it is shown that Oz plasma treatment
increases the FE and jgcoon. These effects can be attributed to a change in
chemical functionality as discussed later, instead of an increased surface area as
evidenced by similar Cg before and after Og plasma treatment (Figure C.8b).
Furthermore, the exposure time of O plasma seems to play a role as shown in
Figure C.6, since a mild Os plasma treatment (3 and 6 min. exposure) slightly
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Figure 6.5 (a) Faradaic efficiency toward HCOOH, (b) absolute total current density,
(c) absolute partial current density for HCOOH, (d) absolute partial current density
for Ha, (e) stability during CO2 reduction on immobilized InPP on different pretreated
PG substrates. Electrolyte: 0.1 M phosphate buffer of pH 9.6. Lines to guide the eye.

improves CO3RR, while a harsh Oy plasma treatment (12 min exposure) worsens
CO3RR performance. In Figure 6.5e, it is shown that Oy plasma treatment has
negligible influence on the stability. Anodization of PG leads to lower initial FE,
but improves the stability dramatically. Moreover, both hydrogen treatments,
cathodic and Hy plasma, decrease the selectivity, reactivity and stability of COsRR
significantly. Since Ho-PG has a lower Cy and thus a smaller surface area (Figure
C.8b), but a higher jio1q1, the observed changes in selectivity and reactivity do not
result from a change in surface area of PG after Hy plasma treatment.

The observed differences for the investigated pretreated PG substrates, highlight
the role of oxygenated and hydrogenated functional groups of the substrate’s surface
on the immobilization of InPP and subsequently on the CO2RR. Our results imply
that hydrogen functional groups on the PG surface strongly decrease CO2RR
selectivity, reactivity and stability, and oxygen functionalities increase CO;RR
performance. Hs plasma consists of a large amount of H atoms, which reacts with
surface oxides leading to C-H bonds and a decreased O/C ratio on the surface.[?448]
The chemisorbed hydrogen on the surface promotes HER with respect to CO2RR,
which is reflected in a decrease in FE and jgcoom, and increase in jg,. On the
other hand, Oy plasma treatment increases the amount of oxygen functional groups
(e.g. hydroxyl, carbonyl, carboxylate) on the surface, which generally leads to a
more polar and hydrophilic surface and stronger adsorbate-substrate interaction.
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O; plasma treated PG shows an improvement in COsRR selectivity. A similar
influence of Oy plasma treatment of the substrate has been reported before for the
oxygen reduction reaction. 49!

On anodically treated PG we expected similar behavior as after Oy plasma
treatment, due to the introduction of oxygenated species, but no improvement in
activity or selectivity has been observed. However, a remarkable increase in the
stability is observed. Based on blank voltammograms of the pretreated PG (Figure
C.7), there is a significant difference in An-PG compared to the untreated and
other pretreated PG electrodes. Application of strong anodic pretreatment causes
a destruction of the carbon surface, and formation of a thick graphite oxide layer,
which contains a high amount of anionic sites and interior void volume, leading to
high surface area, in agreement with the dramatic increase in Cy for An-PG in
Figure C.8b.1245% Complementary information was obtained by x-ray diffractometry,
Raman spectroscopy, and x-ray photoelectron spectroscopy. As shown in Figure
C.9Db, the crystalline nature of PG remains intact upon electrochemical pretreatment.
However, anodization of PG leads to a significant increase in the Raman peak at
~ 1352 cm™!, and a slight increase in the D’ peak around 1620 cm~! (Figure
C.10b). The peak at 1352 cm ™! is attributed to the presence of graphitic edges,
which increases in intensity upon anodic treatment as observed in our spectra, and
the peak at 1620 cm ™! indicates delamination of graphitic planes. Formation of
graphite oxide increases the strain on the PG lattice, leading to fracturization.®!]
In Figure C.11 the ratio of the D- and G band intensity for the different substrates
and pretreated PG is depicted, which clearly shows a high ratio of Ip /I in case of
An-PG. Anodization of PG leads to an increase in the edge plane density. Note that
GC also exhibits a relatively high I /I, but showed a poor stability as seen before.
Therefore, we believe a high edge plane density in combination with high crystallinity
to be the reason for the strongly improved stability. The XPS spectra of the plasma-
and electrochemically treated pyrolytic graphite electrodes, shown in Figure C.13,
provide a quantitative basis for our conclusions about chemical functionality on
CO2RR performance. The oxygen content is significantly higher on An-PG and
05-PG compared to untreated PG. Moreover, the Hy plasma- and cathodically
treated PG exhibit less surface oxygenated species compared to untreated PG.
These results are in agreement with our interpretation of the CO3RR results and
our Raman spectroscopy experiments.

6.3.3 Effect of polymer encapsulation

In addition to pretreating the substrate, another strategy aimed at improving
CO2RR selectivity, reactivity and stability, is by incorporation of the porphyrin in
polymeric matrices. In this work, we compare the influence of didodecyldimethylam-
monium bromide (DDAB), nafion®, poly(4-vinylpyridine) (P4VP), and poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS). Details about the
immobilization in these polymeric matrices are given in the SI. The concentration of
InPP in the polymer films, and the amount of polymer dropcasted per cm? surface
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Figure 6.6 (a) Faradaic efficiency toward HCOOH, (b) absolute total current density,
(c) absolute partial current density for HCOOH (d) absolute partial current density
for Ha, (e) stability during CO2 reduction on immobilized InPP in different polymer
membranes. Electrolyte: 0.1 M phosphate buffer of pH 9.6. Lines to guide the eye.

were always kept the same. As depicted in Figure 6.6, interesting differences are
observed between the polymer membranes. Compared with polymer-free InPP
(InPP-PG), encapsulation in DDAB, P4VP, and PEDOT:PSS shows enhanced se-
lectivity and activity, whereas nafion negatively impacts the selectivity and activity.
From Figure 6.6d it can be seen that the HER activity with P4VP is drastically
decreased. A striking observation in Figure 6.6e is the enhanced stability when using
P4VP or PEDOT:PSS compared to the other polymers. These results underscore
the importance of the nature of the polymer as seen before for a modified bulk
silver electrode.[®? Enhanced CO;RR performance by P4VP has been reported
before for cobalt phthalocyanine, where the authors explain the observed effects by
the presence of pyridine residues in the polymer, which influences the coordination
to the catalyst.[?536] Although nafion coated catalysts are widely used for various
electrocatalytic systems, negative effects of nafion on the catalytic activity have
been observed previously.[?3:54)

Differences in polymer-dispersed catalysts are generally associated with the
introduction of a hydrophobic environment, leading to the suppression of the
HER.[28:3455] However, the differences in COsRR performance in our investigation
are likely to be explained by the different chemical structures of the polymers
(Figure C.14), leading to different substrate/adsorbate interactions. As can be
seen in the blank CVs in Figure C.15, the typical InPP peaks are masked or
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shifted for nafion, PAVP and PEDOT:PSS. Changes in the voltammetric behavior
after immobilization of porphyrins in DDAB have been reported before, in which
the authors also suggest the possibility of porphyrin dimer formation in DDAB
vesicles.[®] The absence of InPP redox peaks in the investigated potential window
indicates a change in electrochemical behavior, but does not rule out the presence
of InPP on the surface since reasonable amounts of HCOOH are produced. The
CV of PEDOT:PSS coated PG shows a much larger double layer, which indicates
the strong influence of the polymer on the chemical environment near the electrode
surface. The polymers without InPP exhibit reasonable CO3RR activity as can be
seen in Figure C.17b, where the same trend is observed as for InPP encapsulated
in the different polymers. A detailed investigation of the electrocatalytic activity
of polymers for CO3RR is beyond the aim of this work. Nonetheless, it can be
concluded that the observed effects are partly due to the activity of the polymer
for CO2RR, which is higher with PAVP and PEDOT:PSS. The pyridine group in
P4VP and aromatic moieties in PEDOT:PSS are assumed to play an important role
in this respect, since Dunwell et al. very recently reported CO3RR toward HCOOH
mediated by pyridine.!®®! The porphyrin exhibits a planar macrocycle with large
m-conjugation, which facilitates electrostatic interactions with the polymer. We
believe that the increased stability is a result of the presence of aromatic building
blocks as present in PAVP and PEDOT:PSS, which facilitates axial coordination to
the indium metal center by electron donation. This effect is known for pyridine or
imidazole ligands which are used for (covalently) anchoring catalysts to electrodes,
and are found to stabilize the coordination of CO5.34 This interaction is absent in
case of Nafion and DDAB, leading to a inferior stability compared to the polymer-
free InPP, PAVP and PEDOT:PSS. DDAB shows an increase in selectivity and
activity, which is associated with the suppression of the HER similar to previous
work.52) The poor CORR performance with nafion is tentatively ascribed to the
low mobility of the porphyrin in the polymer, and a disordered structure of the
nafion layer.[3%4 We performed electrochemical impedance spectroscopy on the
different polymer dispersed catalysts to investigate the kinetics of electron-transfer
processes (Figure C.16). As discussed in the SI, the charge transfer resistance
between the polymer films is in agreement with the observed activity in Figure 6.6b.
We conclude that the nature of the polymer affects the rate of electron transfer
during CO2RR rather than mass transport of active species, leading to different
activity amongst the polymer films.

The results in the present work demonstrate that the hydrophobic environment,
induced by the polymer membrane in general, not always leads to suppression
of the HER activity and subsequent improvement of COsRR. Additional effects
related to the chemical structure, allowing for electrostatic interactions with the
porphyrin or activity towards CO3RR by the polymer itself, play an important role.
Note that the current findings strongly depend on the (molecular) catalyst under
study, and one should be careful to generalize the observed polymer effects for other
electrocatalytic systems. Nonetheless, we emphasize the possible negative influence
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of nafion on CO3RR, as nafion is very often used to immobilize catalysts, or as
binder in the preparation of ink containing nanoparticulate electrocatalysts.

6.4 Conclusions

This work has shown the importance of the nature of the substrate for immobilized
indium (IIT) protoporphyrin IX for COoRR toward formic acid. For this particular
system, a pyrolytic graphite substrate outperforms glassy carbon and boron doped
diamond in terms of CO3RR selectivity and reactivity, while boron doped diamond
shows the best stability. The enhanced activity and selectivity of PG are assigned
to a combination of different factors. First, to a more porous surface structure,
leading to efficient mass transport. Furthermore, to an optimal interaction between
substrate and InPP, and a favorably low HER activity.

We have investigated two strategies to improve or alter the selectivity, reactivity,
and stability of CO2RR. Pretreatment of the substrate before catalyst immobi-
lization, and immobilization in polymeric matrices have shown to be practical
tools to fine-tune COs reduction performance. Hydrogenated functional groups
on the surface decrease the selectivity, activity, and stability, while (mild) oxygen
functionalization positively influences the COs reduction performance. Anodization
of the graphite surface substantially increases the stability, which is believed to be
related to the thick graphite oxide layer containing high edge plane density. Both
P4VP and PEDOT:PSS, increase the stability, which is believed to be due to axial
coordination of their aromatic moieties to the indium metal center. DDAB, P4VP
and PEDOT:PSS improve the performance of CO3;RR, while nafion impacts COsRR,
negatively. These strategies are assumed to be applicable to similar macrocyclic
catalysts immobilized on carbon materials.

It should be noted that the COsRR performance is often a trade-off between
selectivity, activity, and stability, each of which can be modified by substrate pre-
treatment and catalyst encapsulation in polymers. Although complete mechanistic
insight in the pretreatment- and polymer effects is still missing, the results ob-
tained here, may help to design heterogenized molecular catalytic systems for COq
reduction with specifically optimized properties. Other molecular catalysts may
behave differently, hence one should be careful generalizing the results obtained
in this study. However, it is very likely that the substrate, its pretreatment, and
catalyst dispersion in polymers will have an influence on CO3RR performance, and
the insight obtained herein may be used as starting point for further optimization
of the system.
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Chapter 7. Optimization of Electrolyte Composition for
Electrocatalytic CO; Reduction on Immobilized Indium (III)
protoporphyrin

Abstract

In this work, we investigate the performance of CO4 electroreduction on indium(IIT)
protoporphyrin IX immobilized on pyrolytic graphite in different electrolyte solutions.
We demonstrate the importance of the electrolyte composition and buffer capacity
for high selectivity and reactivity toward formic acid. A significant enhancement
of the faradaic efficiency in unbuffered electrolytes is obtained, reaching values of
FE =~ 96 + 3 % toward formic acid, which is the result of a combined effect of
the electrolyte pH and buffering strength. A cation- or anion effect as has been
observed for heterogeneous electrocatalysts or homogeneous molecular catalysts in
aprotic solvents, is absent, which indicates the relevance of the nature of the solvent,
type of catalysis and reaction path for the impact of electrolyte composition on the
selectivity and activity of electrochemical CO4 reduction. Moreover, we found that
the destabilization of the immobilized indium(III) protoporphyrin IX may be more
pronounced depending on the electrolyte composition and buffering strength.
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7.1. Introduction

7.1 Introduction

Electrocatalytic CO5 reduction (CO3RR) is an attractive way toward a sustainable
carbon cycle, utilizing renewable energy sources. Decarbonization and electrification
of the current energy systems, and intermittency of renewable energy sources can
be addressed simultaneously.l2 In the last couple of decades, research activity has
focused primarily on the design, synthesis and optimization of various electrocat-
alysts aimed at high selectivity, reactivity and stability of CO.RR. Additionally,
reaction- and process parameters such as the nature of the solvent, ionic species
in the electrolyte, buffering strength of the electrolyte, and CO; partial pressure,
have been identified to play an important role on CO2RR performance, but have
received little systematic attention.

In the late ’80s, the electrolyte was shown to impact COs reduction on metal
electrodes.>¥ However, the exact cause of this influence is still not clear, since
the effects cannot conclusively be ascribed to pH changes, buffering effects, or
cationic/anionic species in solution. Recently, systematic studies have been initiated
on these specific factors.® 14 Kas et al. and Varela et al. demonstrated the
change in product selectivity of COoRR on copper electrodes by changing the buffer
strength.[57) Although ionic species also have been shown to influence CO,RR, there
is no consensus yet in the literature about the actual cause of these effects.® 13l
Moreover, we recently found that liquid COsRR products can be observed from
Cannizzaro-type reactions instead of from direct CO2RR, due to a local alkaline pH
in the vicinity of the electrode, manifested in weakly- or unbuffered electrolytes. ']
Studies regarding the aforementioned parameters have mainly been performed on
heterogeneous electrocatalysts.

Savéant and coworkers reported improved catalyst stabilization and a promoting
effect by specific ionic species on COsRR by iron porphyrins under homogeneous
conditions in DMF.[':17] Heterogenized molecular catalysts have gained in popu-
larity due to the small amount of catalyst needed, the absence of solubility issues
in aqueous media, and the more attractive prospects for industrial scale up of
the CO3RR process compared to dissolved catalysts.['819 The influence of the
electrolyte composition, ionic species, buffer strength has not been studied sys-
tematically for heterogenized molecular catalysts to date. Recently, we found
that metalloprotoporphyrins immobilized on pyrolytic graphite (PG) are able to
efficiently reduce CO5 to CO or HCOOH depending on the metal center, applied
potential and electrolyte pH.[2921 Moreover, we found that the selectivity, activity
and stability are strongly affected by the nature of the substrate, its pretreatment
and the catalyst chemical environment.[2?!

In this work, we study the effects of electrolyte composition on the selectivity and
reactivity of CO3RR on heterogenized molecular catalysts. As a model system we
use indium(III) protoporphyrin IX (InPP) immobilized on PG, which previously has
been found to produce formic acid with high faradaic efficiency. In this comparative
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study, we demonstrate the influence of the electrolyte, ionic species, and buffering
effects on the CO3RR performance.

7.2 Experimental

For the electrochemical experiments, we used a conventional two-compartment cell
("H-cell”) in a three-electrode configuration, where a nafion membrane (Nafion 115)
separated the working electrode (WE) and counter electrode (CE) compartments.
Pyrolytic graphite was used as WE on which indium(III) protoporphyrin IX was
immobilized. Details can be found in the SI and in our previous work.[?!] A platinum
gauze and reversible hydrogen electrode were used as CE and reference electrode
respectively. Current densities reported in this work are normalized by the geometric
surface area of the WE, and potentials are corrected for ohmic drop. Generally,
potentiostatic bulk electrolysis was performed at E = -1.5 V vs. RHE for 90 minutes,
with analysis of collected samples at specific times by High Performance Liquid
Chromatography. In this work we distinguish between initial and final pH, which
refer to the bulk pH measured respectively before and after CO5 saturation.

7.3 Results and Discussion

We compare the selectivity and activity of COsRR on immobilized InPP on PG in
four electrolyte solutions with different anions and buffer capacities, viz. phosphate
buffer, bicarbonate buffer, borate buffer and potassium chloride electrolyte, each
with an initial pH = 8.7 and similar concentration of 0.1 M. As shown in Figure 7.1a,
very significant differences in faradaic efficiency (FE) can be observed. Bicarbonate
buffer and borate buffer solutions lead to respectively the most and least selective
HCOOH formation. Although the initial pH was kept the same, the bulk pH after
COs saturation is slightly different between the electrolyte solutions as shown in
Figure D.1a. Interestingly, the trend in the final pH between the three electrolytes
(PHporate < PHphosphate < PHpicarbonate) is similar to the trend in faradaic efficiency
between these eleCtrOb’teS (FEborate < FEphosphate < FEbicarbonate)a which would
indicate a possible pH effect, where higher FE is favored by more alkaline final
pH. However, the KCI electrolyte does not follow this trend, since the final pH
is much lower than that of the remaining electrolytes (Figure D.1b), while the
HCOOH selectivity in KCI is higher compared to phosphate and borate buffers.
The lower final pH for the KCI electrolyte is obvious, since KCI is not a buffer. For
comparison of the stability, we looked at the FE normalized by the initial value, as
shown in Figure 7.1e. Besides lowest selectivity, borate buffer also has the lowest
stability, while the stability is similar in the other electrolytes. Furthermore, we
observe in Figure 7.1b-d that the COsRR activity also depends on the electrolyte
composition. The bicarbonate electrolyte facilitates the highest activity, while
borate buffer leads to very low activity for CO3;RR. Moreover, the HER current
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Figure 7.1 (a) Faradaic efficiency toward HCOOH, (b) absolute total current density,
(c) absolute partial current density for HCOOH, (d) absolute partial current density

for Ha, (e) stability during CO2 reduction on immobilized InPP in different electrolytes
of initial pH = 8.7. Lines to guide the eye.

is suppressed in KHCOg3, which suggests an additional influence of bicarbonate
as reported before.?324 Dunwell et al. argued that bicarbonate increases the
concentration of COs dissolved in the electrolyte by forming a so-called bicarbonate-
CO4 equilibrium complex.[?3! Note that they do not imply that bicarbonate is the
active species. Experiments and simulations performed by Hashiba et al., showed
an improvement in the limiting CO4 flux to the electrode surface in bicarbonate
buffer compared to KCI and phosphate buffer.?) Wuttig et al. reported on the
sluggish buffering capability of bicarbonate, which acts as a proton donor past the
rate-limiting step of CO3RR on gold.!??l Since borate buffer also performs much
worse compared to the unbuffered KCI electrolyte, it is unlikely that the buffering
capability of the electrolyte is a necessity for high COsRR selectivity.

Due to the interesting performance in KCI electrolytes, and the possible influence
of the pH on the performance, we investigated CO2RR in different KCI electrolytes,
where the initial pH was varied by addition of KOH to the solution. As shown
in Figure 7.2a, a similar possible correlation is observed as for the three buffer
electrolytes, where a more alkaline final pH leads to higher HCOOH selectivity.
Figure 7.2b shows that the activity also follows a similar pH dependence as the
faradaic efficiency. However, it is clear that a highly alkaline pH is not the key
to high selectivity, since a 0.1 M KOH solution leads to lower HCOOH selectivity.
Therefore we believe that the pH is an important, but not the only factor influencing
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Figure 7.2 Faradaic efficiency toward HCOOH during 10 minute CO2 reduction on
immobilized InPP in (a) 0.1 M KCI electrolyte of different initial pH by addition
of KOH and (c) KCI electrolytes of different concentrations. Corresponding total
current density and partial current densities for HCOOH and Hs in (b) and (d).

the selectivity toward HCOOH. Moreover, we studied the influence of different KC1
concentrations on the selectivity and activity of CO3RR as shown in Figure 7.2¢-d.
These different concentrations of KCI affect the pH of the electrolyte, and it can be
seen that the FE again follows the trend of final pH of these electrolytes, which is in
agreement with the KCl electrolytes as shown in Figure 7.2a. Interestingly, when 0.1
M KHCOj3 is added to 0.1 M KCI (shown in green in Figures 7.2c-d), the selectivity
and activity are significantly increased, in agreement with the presumed promoting
effect of bicarbonate as discussed before. It is noteworthy that in principle, after CO4
saturation, a bicarbonate buffer is formed regardless of the electrolyte composition,
albeit with different buffering strength or pH.

In our previous work, we observed a difference in the amount of HCOOH formed
in phosphate buffers depending on the concentration of the phosphate buffer.[2!]
In Figure 7.3, we look more closely at the influence of the buffer capacity on
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Figure 7.3 Faradaic efficiency toward HCOOH during 10 minute CO2 reduction
on immobilized InPP in (a) phosphate buffer and (c) bicarbonate buffer electrolytes
with different buffering strenghts. Corresponding total current density and partial
current densities for HCOOH and Hy in (b) and (d).

the selectivity and activity of CO;RR. We observe that an intermediate buffer
capacity of 0.1 - 0.2 M leads to the highest CO3RR selectivity in phosphate and
bicarbonate buffers. This observation is different compared to the buffer capacity
effect reported for copper electrodes,®7 which can be explained by the relatively
simple product spectrum of our immobilized InPP compared to the product spectrum
of copper, since the path toward either CHy or CoHy on copper is known to be
pH dependent.?! Note that addition of 0.1 M KCl (in green in Figure 7.3c-d)
does not lead to an improvement of the selectivity or activity. When studying
the selectivity and activity as a function of time (Figure D.2), we find that a low
buffer strength leads to an initial increase and eventually stable FE, while a high
buffer strength is accompanied with a monotonic decrease in FE, and increase
of hydrogen partial current (Figure D.2d), indicating the important role of local
concentrations of protons and carbonaceous species. The presence of an optimum
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Figure 7.4 Faradaic efficiency toward HCOOH during CO» reduction on immobilized
InPP in (a) phosphate buffer (pH 9.6) with 25 M alkali cations in solution, and (b)
0.1 M KX electrolyte brought to pH ~ 9.6, where X stands for different anions. Lines
to guide the eye.

buffer capacity suggests at least two factors with opposite effects on the FE toward
HCOOH. Moreover, these effects are likely to be time dependent, such as a stability
issue or the settling of a new (local) equilibrium. A high buffer capacity reflects
small local pH changes. The results indicate that small local pH changes negatively
influence the stability and promote HER, while large pH changes suppress the HER,
and improve the stability. We believe that the enhanced rate of hydrogen evolution
may affect the stability of the system, and a higher local pH is beneficial for high
HCOOH selectivity. Differences in bulk pH after CO5 saturation can be observed
for the different buffer capacities shown in Figure 7.3a and ¢ with red symbols.
The trend of final pH between the different buffer solutions is as expected, and
the possible correlation of final pH and FE is not similar to the trend observed
before for the different buffer solution (higher final pH favors higher HCOOH
selectivity). Deviation from this presumed correlation is observed for high final pH,
which is similar to the KOH electrolyte as observed before. Therefore, we conclude
that high selectivity toward HCOOH is not solely determined by the pH nor the
buffer capacity, although both parameters seem to influence the faradaic efficiency
toward HCOOH. Given the differences in selectivity and activity between the buffer
electrolytes (Figure 7.1), we believe that also the pK, of the buffer solution is
important, influencing the CO5 transport through the electrolyte, in agreement
with recent work.[24

In Figure 7.4a, we show that alkali cations do not significantly affect the COs
reduction performance on immobilized InPP, which is in contrast to the recent
literature for heterogeneous electrocatalysts,[® 1912 but in agreement with the
different behavior of buffer capacity on CO3RR for our system compared with
heterogeneous electrocatalysts. Again, this could be due to the formation of only
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HCOOH instead of C; and Csy products, which is believed to be insensitive to
differences in hydration number or pK, value of the different cations as reported
before.'112 Although Lewis acids such as Mg2t were reported to positively impact
CO3RR under homogeneous conditions in DMF, we found that Mg?* and AI3*
significantly worsen the selectivity toward HCOOH (Figure D.3). The promoting
effect under homogeneous conditions in DMF is explained by electrophilic assistance,
which helps the cleavage of C-O bonds.['517] Hence, it is reasonable that a similar
effect is absent in our system, since the formation of HCOOH does not require
C-O bond cleavage. Additionally, we observed a decrease in the electrolyte pH
after addition of Al** ions, leading to promotion of HER and low FE toward
HCOOH. These observations indicate the importance of the solvent, the reaction
path (dominant product), and type of catalysis (homogeneous or heterogeneous)
for the investigation of reaction- or process parameters on the CO2RR selectivity
and activity.

It was found in Figure 7.1 that KCI leads to higher FE compared to phosphate
or borate buffer of similar pH. This enhancement could possibly be related to
the presence of Cl™ ions in solution, since low buffer capacity does not lead to
higher FE (Figure 7.3 and D.2a). Therefore, we systematically studied the influence
of halide ions in solution. In Figure 7.4b, we compare the FE in electrolytes
containing different anionic species brought to an initial pH of 9.6 by addition
of KOH. Although no significant difference in selectivity is observed between the
various anions, the FE is generally much higher compared to those observed earlier.
An initial faradaic efficiency of 96 + 3 % is even obtained in KBr electrolyte. Note,
that there is no significant difference in the HCOOH selectivity between the typical
adsorbing (halide and SO3;~) and non-adsorbing anions (ClO; ), which excludes an
active site blockage effect.

7.4 Conclusions and Outlook

It can be concluded that the impact of electrolyte composition strongly depends on
the type of catalysis, nature of the solvent and product distribution, and variations
in the electrolyte composition can significantly affect the selectivity and activity of
the CO3RR. Although a cation or anion effect is absent, slight differences in the
concentration or nature of ionic species in the electrolyte can affect the final pH, and
consequently the performance of COoRR. The impact on the CO3;RR performance
is believed to be a synergistic effect of various parameters such as pH after COq
saturation, buffering strength and pK, of the electrolyte, which makes it difficult
or even impossible to predict a priori the influence of a specific parameter on the
CO3RR performance.

The investigated system in this work, indium(IIT) protoporphyrin IX immo-
bilized on pyrolytic graphite, behaves differently compared to homogeneous and
heterogeneous electrocatalysts, since it does not show a typical cation nor anion
effect for CO2RR selectivity or reactivity. However, we show a strong influence of
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the electrolyte composition and buffer strength on the selectivity of CO3RR, where
even the highest HCOOH selectivity for this system measured so far (FE ~ 96 +
3 %), is obtained in unbuffered electrolytes. Furthermore, the detachment of the
porphyrin, leading to instability of the catalyst, is most likely associated to the low
local pH and high hydrogen evolution activity.
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Summary

Global energy challenges have received unprecedented attention and recognition in
recent decades, which is associated with the increase in carbon dioxide emissions
from fossil fuel combustion, global warming, climate change, and consequently the
aim to decarbonize the current energy system. Electrification and renewable energy
utilization are acknowledged to play an important role in future energy systems.
In this respect, electrocatalysis is of paramount importance, since it facilitates the
incorporation of renewable electricity in future energy systems. Renewable electricity
is then stored in chemical bonds as fuels or commodity chemicals by sustainable
processes. An additional advantage is the ability to tackle the intermittency problem
of renewable energy sources. The production of energy carriers from COs is a
promising strategy to aid in the aforementioned energy and COs related issues. Since
the current energy infrastructure is optimized for liquid fuels, which are easier to
handle and to store compared to gaseous fuels, the production of liquid products from
COg is preferred. This thesis focuses on the use of heterogeneous electrocatalysts
and heterogenized molecular catalysts for the electrocatalytic conversion of CO9
toward liquid products.

First, we give the conspectus from a broad perspective, briefly discussing the
current status of the carbon cycle, and the role and relevance of electrocatalytic
CO5 reduction herein.

In chapter 2, we review recent breakthroughs and remaining obstacles in the
research field of electrocatalytic CO5 reduction. We highlight progress on important
mechanistic topics such as the initial activation of COs, and carbon-carbon bond
formation. Moreover, we discuss the influence of the electrode morphology and
process- and reaction conditions such as mass transport, local pH gradients and
cationic/anionic species on COs electroreduction. Lastly, we discuss two important
techniques often employed in electrochemical COs reduction research: in situ
spectroelectrochemistry and computational techniques.

In chapter 3, we shed light on local phenomena in the vicinity of the electrode
surface, which influence the product spectrum of electrocatalytic CO5 reduction.
We demonstrate the involvement of disproportionation reactions, promoted by
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the local alkaline environment near the electrode surface during electrocatalytic
COs reduction, caused by the concomitant hydrogen evolution reaction. These
Cannizzaro-type reactions are found to be independent of the electrode material,
and lead to disproportionation of aldehydes into acids and alcohols, which should
be distinguished from those formed by direct COs reduction. Especially for the
formation of liquid products such as methanol and ethanol, where the corresponding
aldehyde is often proposed as a reaction intermediate, one should keep the presence
of these phenomena in mind, and be careful with the attribution of alcohols or acids
observed. Lastly, we show that the occurrence of these disproportionation reactions
is strongly influenced by the electrolyte pH and buffering strength.

We shift to electrochemical COy reduction on molecular catalysts, which is
introduced in chapter 4. First we give an overview of molecular catalysts often
used for electrochemical CO4 reduction. Next we briefly review the work done on
metalloporphyrins for CO5 reduction. We conclude this chapter with a discussion
of heterogenized systems of molecular catalysts, since the remainder of this thesis is
devoted to electrochemical CO2 reduction on heterogenized metalloporphyrins.

In chapter 5, we study the electrocatalytic reduction of COs toward formic acid
on different metalloprotoporphyrins immobilized on pyrolytic graphite. We reveal
the formic acid selectivity dependence on the metal center of metalloprotoporphyrins.
Based on their metal center, we show that the investigated metalloprotoporphyrins
can be divided in active (Rh, Sn, In centers), poorly active (Ni, Cu, Ga, Pd
centers) and inactive (Cr, Mn, Fe, Co centers) porphyrins for formic acid formation.
Moreover, we investigate the influence of the overpotential and electrolyte pH, which
strongly affects the selectivity toward formic acid. Sn- and In-protoporphyrins
are shown to be weakly coupled to the hydrogen evolution reaction, while Rh-
protoporphyrin is strongly coupled to the hydrogen evolution reaction, leading to
lower faradaic efficiency toward formic acid for rhodium protoporphyrin. Indium
protoporphyrin was found to be the most active, the most stable, and most selective
toward formic acid (faradaic efficiency up to ~ 70 %). Finally, an attempt was
made to qualitatively study the influence of bicarbonate in formic acid formation.

Chapter 6 builds upon the findings of chapter 5, by studying immobilized indium
protoporphyrins in more detail. Although heterogenized molecular catalysts have
gained more attention recently, experimental procedures and choices are often still
based on empirical considerations, without underlying mechanistic rationale. In this
chapter, we made an attempt to gain insight into factors related to heterogenization
of molecular catalysts. We investigate the influence of the nature of the substrate,
its chemical functionality, and the catalyst chemical environment on the electrocat-
alytic COs reduction performance. We show that there is a significant effect of the
substrate, where pyrolytic graphite outperforms glassy carbon and boron doped
diamond substrates with respect to the selectivity and activity of COs electroreduc-
tion. This superior performance is ascribed to a combination of factors such as a
more porous surface structure, leading to more efficient mass transport, an optimal
interaction between substrate and catalyst, and a favorably low hydrogen evolution
activity. Moreover, we modify the surface chemical functionality by plasma- and
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electrochemical pretreatment of the pyrolytic graphite substrate. We show that
hydrogenated functional groups negatively influence the selectivity, activity and
stability of CO4 electroreduction, while oxygen functionalization slightly improves
the CO5 reduction performance. Anodization of the pyrolytic graphite surface leads
to a substantial enhancement in stability, which is associated with the formation of
a thick graphite oxide layer with high edge plane density. Lastly, we immobilize
the indium protoporphyrin in polymeric membranes. We show that encapsulation
of the catalyst in polymeric membranes cannot be described simply by introduc-
ing a hydrophobic environment, which suppresses the hydrogen evolution. We
found that dispersion in poly(4-vinylpyridine) and poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate improve the selectivity, activity and stability of COs reduction,
while encapsulation in nafion negatively impacts the COs reduction. Although
other molecular catalysts may behave differently, we strongly believe that there
will be an influence of the substrate, its pretreatment, and catalyst encapsulation
in polymers on the selectivity, reactivity and stability of COs electroreduction.
The insights obtained here, can be used to fine-tune and optimize heterogenized
molecular systems for the electrocatalytic CO5 reduction beyond the empirical level.

In chapter 7, we continue with the study of indium protoporphyrins immobilized
on pyrolytic graphite for the electrochemical reduction of COs toward formic acid.
Herein, we investigate extrinsic factors to the porphyrin catalyst, which affect the
COg4 reduction performance. We focus on the effects of electrolyte composition
on the activity and selectivity of COs reduction, such as the influence of ionic
species in solution, buffering strength and initial (bulk) pH of the electrolyte.
Moreover, we look into the cause of instability observed for the heterogenized
indium protoporphyrin system.

Future Perspectives

Electrochemical reduction of carbon dioxide will play a prominent role in future
energy systems. However, in order to ultimately contribute to a more sustainable
carbon cycle, simultaneous implementation of various processes is required. Most
importantly, we need to move from laboratory scale to industrial scale, which leads
to additional research topics that need to be addressed, not only from a fundamental
point of view, but from an engineering perspective as well e.g. integration with a
COg4 capture system, large-scale production and regeneration of catalysts, product
separation, and economic viability of the whole industrial system.

Zooming in on the electrocatalytic COs reduction itself, to date, research has
mostly focused on the fundamental and mechanistic aspects of electrochemical COq
reduction. Firstly, attention should also be given to the anode side of the system,
since this can significantly affect the efficiency of the complete system. Moreover,
instead of merely finding or improving highly active/selective electrocatalysts, COq
reduction research should be directed toward the inclusion of extrinsic factors
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such as mass transport phenomena, fluid flow, electrode morphology, process- and
reaction conditions, and catalyst stability.
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Samenvatting

Wereldwijde energiegerelateerde uitdagingen hebben in de afgelopen decennia onge-
kende aandacht en erkenning gekregen, wat geassocieerd wordt met onder andere
de toename in kooldioxide uitstoot door verbranding van fossiele brandstoffen,
opwarming van de aarde, klimaatverandering en hieruit voortvloeiend het streven
om het huidige energiesysteem koolstofvrij te maken. Men is het erover eens dat
elektrificatie en het gebruik van hernieuwbare energie een belangrijke rol zullen
spelen in toekomstige energiesystemen. Hierbij is elektrokatalyse uitermate be-
langrijk, aangezien zij de integratie van hernieuwbare elektriciteit in toekomstige
energiesystemen mogelijk maakt. Hernieuwbare elektriciteit wordt dan door du-
urzame processen opgeslagen in chemische bindingen als brandstoffen of grondstoffen.
Een bijkomend voordeel is de mogelijkheid om het probleem van onbalans tussen
productie en afname van hernieuwbare elektriciteit aan te pakken. De productie
van energiedragers uit CO4 is een veelbelovende strategie om bij te dragen aan de
oplossing van bovengenoemde energie en COs gerelateerde problemen. Aangezien
de huidige energie infrastructuur geoptimaliseerd is voor vloeibare brandstoffen,
welke makkelijker zijn voor gebruik en opslag dan gasvormige brandstoffen, geniet
de productie van vloeibare producten uit CO3 de voorkeur. In dit proefschrift
ligt de focus op heterogene elektrokatalysatoren en geheterogeniseerde moleculaire
katalysatoren voor de elektrokatalytische omzetting van COs in vloeibare producten.

Eerst geven wij de synopsis vanuit een breed perspectief, waarin we kort de
huidige status van de koolstofcyclus bespreken, evenals de rol en relevantie van
elektrokatalytische CO2 reductie hierin.

In hoofdstuk 2 laten we recente doorbraken en resterende obstakels in het on-
derzoeksgebied van elektrokatalytische CO4 reductie de revue passeren. Hierbij
benadrukken we de vooruitgang in belangrijke mechanistische onderwerpen zoals de
initiéle activering van COg en de vorming van de koolstof-koolstof binding. Verder
bespreken we de invloed van de elektrode morfologie en proces- en reactie om-
standigheden waaronder massa transport, lokale pH gradiénten en kationen/anionen
op de elektroreductie van COs. Ten slotte bediscussiéren we twee belangrijke
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technieken die vaak toegepast worden in onderzoek binnen de elektrochemische CO4
reductie: in situ spectroelektrochemie en computationele technieken.

In hoofdstuk 3 belichten we lokale verschijnselen in de nabijheid van het elek-
trode oppervlak, die het product spectrum van de elektrokatalytische CO5 reductie
beinvloeden. We tonen de betrokkenheid van disproportioneringsreacties aan, welke
bevorderd worden door het lokale alkalisch milieu nabij het elektrode oppervlak
tijdens de elektrokatalytische COq reductie, wat veroorzaakt wordt door de gelijktij-
dige waterstof evolutie reactie. Deze Cannizzaro-type reacties blijken onafhankelijk
te zijn van het elektrode materiaal en leiden tot de disproportionering van aldehy-
den in zuren en alcoholen, wat onderscheiden moet worden van zuren en alcoholen
gevormd door directe COs reductie. Vooral bij de vorming van vloeibare pro-
ducten zoals methanol en ethanol, waar het corresponderende aldehyde vaak als
tussenproduct wordt voorgesteld, moet men terdege rekening houden met deze
verschijnselen en voorzichtigheid betrachten bij het toeschrijven van de vorming van
waargenomen alcoholen en zuren. Ten slotte laten wij zien dat het voorkomen van
deze disproportioneringsreacties sterk wordt beinvloed door de pH en buffersterkte
van het elektrolyt.

Vervolgens wordt er overgeschakeld op de elektrochemische CO2 reductie aan
moleculaire katalysatoren, wat ingeleid wordt in hoofdstuk 4. Allereerst geven we
een overzicht van de moleculaire katalysatoren die vaak gebruikt worden voor de
elektrochemische CO5 reductie. Vervolgens bediscussiéren we de studies uitgevoerd
aan metalloporfyrines voor de COs reductie. We sluiten dit hoofdstuk af met een
discussie over geheterogeniseerde systemen van moleculaire katalysatoren, aangezien
het vervolg van dit proefschrift gewijd is aan de elektrochemische CO5 reductie aan
geheterogeniseerde metalloporfyrines.

In hoofdstuk 5 bestuderen we de elektrokatalytische reductie van CO5 tot mieren-
zuur aan verschillende metalloprotoporfyrines geimmobiliseerd aan pyrolytisch
grafiet. We onthullen dat de selectiviteit van mierenzuur afhankelijk is van het
metaal centrum van de metalloprotoporfyrine en dat op basis van het metaal cen-
trum, de onderzochte metalloprotoporfyrines in te delen zijn in actieve (Rh, Sn, In
centra), weinig actieve (Ni, Cu, Ga, Pd centra) en inactieve (Cr, Mn, Fe, Co centra)
porfyrines voor de vorming van mierenzuur. Verder onderzoeken we de invloed van
de overpotentiaal en de pH van het elektrolyt, wat de selectiviteit naar mierenzuur
sterk beinvloedt. Er wordt aangetoond dat Sn- en In-protoporfyrines zwak gekop-
peld zijn aan de waterstof evolutie reactie, terwijl Rh-protoporfyrine sterk gekoppeld
is aan de waterstof evolutie reactie, wat leidt tot een lagere faraday efficiéntie voor
mierenzuur aan rhodium protoporfyrine. Indium protoporfyrine bleek de meest
actieve, meest stabiele en meest selectieve van de onderzochte porfyrines te zijn
met betrekking tot de vorming van mierenzuur (faraday efficiéntie tot wel ~ 70
%). Uiteindelijk is ook een begin gemaakt om de invloed van bicarbonaat op de
mierenzuur vorming kwalitatief te onderzoeken.

Hoofdstuk 6 borduurt voort op de bevindingen van hoofdstuk 5 door de
geimmobiliseerde indium protoporfyrines in meer detail te onderzoeken. Hoewel
geheterogeniseerde moleculaire katalysatoren recent steeds meer aandacht krijgen,
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zijn experimentele procedures en keuzes vaak nog gebaseerd op empirische overweg-
ingen zonder onderliggende mechanistische redeneringen. In dit hoofdstuk proberen
wij inzicht te krijgen in factoren betrokken bij de heterogenisering van moleculaire
katalysatoren. Wij onderzoeken de invloed van het soort substraat, zijn chemische
functionaliteit en het chemische milieu van de katalysator op de prestaties van
de elektrokatalytische COy reductie. Wij tonen een significant effect van het sub-
straat aan, waarbij pyrolytisch grafiet beter presteert in termen van selectiviteit
en activiteit van COq elektroreductie, vergeleken met glasachtig koolstof ("glassy
carbon”) en boor-gedoteerd diamant ("boron doped diamond”) substraten. Deze
betere prestatie wordt toegeschreven aan een combinatie van factoren zoals een
poreuzere oppervlaktestructuur wat een beter massa transport tot gevolg heeft, een
optimale interactie tussen substraat en katalysator, en een gunstige lage waterstof
evolutie activiteit. Bovendien modificeren we de chemische functionaliteit van het
substraat door plasma- en elektrochemische voorbehandelingen van het pyrolytisch
grafiet substraat. We tonen aan dat gehydrogeneerde functionele groepen een
negatieve invloed hebben op de selectiviteit, activiteit en stabiliteit van COs elek-
troreductie, terwijl zuurstof functionalisering de COs reductie prestaties enigszins
verbetert. Anodisatie van het pyrolytisch grafiet oppervlak leidt tot een substantiéle
verbetering van de stabiliteit, wat gerelateerd is aan de vorming van een dikke
grafiet oxidelaag met hoge randvlakdichtheid (”edge-plane density”). Ten slotte
immobiliseren we de indium protoporfyrine in polymere membranen. We laten
zien dat het inkapselen van de katalysator in polymere membranen niet simpel-
weg beschreven kan worden als het introduceren van een hydrofobe omgeving wat
de waterstof evolutie onderdrukt. Dispersie in poly(4-vinylpyridine) en poly(3,4-
ethyleendioxythiopheen) polystyreen sulfonaat bleek de selectiviteit, activiteit en
stabiliteit van CO5 reductie te verbeteren, terwijl inkapseling in nafion een negatieve
invloed heeft op de COs reductie. Hoewel andere moleculaire katalysatoren zich
anders kunnen gedragen, geloven we er sterk in dat er een invloed zal zijn van het
substraat, zijn voorbehandeling en inkapseling van de katalysator in polymeren op
de selectiviteit, reactiviteit en stabiliteit van COs elektroreductie. De inzichten die
hier zijn verkregen, kunnen worden gebruikt voor het verfijnen en optimaliseren van
geheterogeniseerde moleculaire systemen voor de elektrokatalytische CO4 reductie
op basis van meer dan alleen het empirisch niveau.

In hoofdstuk 7 vervolgen we de studie van indium protoporfyrines, geimmobiliseerd
aan pyrolytisch grafiet, voor de elektrochemische reductie van COy naar mierenzuur.
Hierin onderzoeken we extrinsieke factoren ten opzichte van de porfyrine katalysator,
die de prestatie van COs reductie beinvloeden. We concentreren ons op de effecten
van de samenstelling van het elektrolyt op de activiteit en selectiviteit van COq
reductie, zoals de invloed van ionen in de oplossing, buffersterkte en initiéle (bulk)
pH van het elektrolyt. Verder richten wij ons ook op oorzaken van de waargenomen
instabiliteit van het geheterogeniseerde indium protoporfyrine systeem.
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Toekomstperspectieven

Elektrochemische reductie van kooldioxide zal een prominente rol vervullen in
toekomstige energiesystemen. Echter, om uiteindelijk bij te dragen aan een duurza-
mere koolstofcyclus, is een gelijktijdige implementatie van verschillende processen
noodzakelijk. Het belangrijkste is de overgang van laboratoriumschaal naar indus-
triéle schaal, wat leidt tot aanvullende onderzoeksthema’s die niet alleen vanuit
fundamenteel oogpunt, maar ook vanuit een technisch oogpunt benaderd moeten
worden. Voorbeelden zijn de integratie met een CO, opvangsysteem, grootschalige
productie en regeneratie van katalysatoren, scheiding van producten en economische
haalbaarheid van het complete industriéel systeem.

Als wordt ingezoomd op de elektrokatalytische CO4 reductie, blijkt dat het
onderzoek zich heden ten dage vooral heeft geconcentreerd op fundamentele en
mechanistische aspecten van de elektrochemische COs reductie. Allereerst moet
ook aandacht besteed worden aan de kant van de anode, aangezien dit de efficiéntie
van het totale systeem aanzienlijk kan beinvloeden. Verder moet COs reductie
onderzoek meer gericht worden op het betrekken van extrinsieke factoren zoals
massa transportverschijnselen, vloeistofstroming, elektrode morfologie, proces- en
reactie omstandigheden en stabiliteit van de katalysator in plaats van alleen te
zoeken naar of verbeteren van zeer actieve/selectieve elektrokatalysatoren.
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A.1 Characterization of the BDD electrode

Figure A.1 displays the spectra of the Boron Doped Diamond and Pyrolytic Graphite
(PG) electrodes, indicating the sp® and sp? bonded carbon atoms. In Figure A.2
(a) the blank voltammograms and (b) CO2 reduction and hydrogen evolution on
the BDD electrode are shown in 0.001 M HCIO4 + 0.099M NaClO4 electrolyte.
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Figure A.1 Raman spectra of the BDD electrode and the PG electrode
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Figure A.2 (a) Blank voltammograms on BDD in 0.001 M HC1O4 + 0.099M NaClO4
electrolyte. Scan rate: 500 mV s~ ! and (b) CO2 reduction & hydrogen evolution on
BDD in 0.001 M HCIO4 + 0.099M NaClOy4 electrolyte. Scan rate: 5 mV s~ L

A.2 Faradaic efficiency liquid products

Potentiostatic bulk electrolysis experiments are performed for 90 minutes to de-
termine the faradaic efficiency of the major liquid products from CO5 reduction,
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A.2. Faradaic efficiency liquid products

HCHO and HCOOH. 100 pl samples are taken at specific times and analyzed with
HPLC. The faradaic efficiency is calculated using equation A.1, where z; is the
number of electrons needed for the formation of product i, n; the amount of product
i formed (in moles), F' the Faraday constant and @ the total charge calculated by
the integration of the measured (IR corrected) current with respect to time.

zin; F

Q

The faradaic efficiency towards HCHO and HCOOH are shown in Figure A.3 for E =
-0.95 V and E = -2.1 V. These values are lower compared to the results of Nakata et
al.,l'! which is ascribed to the use of an electrolyte with higher proton concentration
in our experiments. The total faradaic efficiency of HCHO and HCOOH is less than
100 %, where the remaining charge is assumed to be used for the production of
Hs and CO as detected by OLEMS. As described in chapter 3, the concomitant
hydrogen evolution leads to a local alkaline environment and since the aim of this
paper is to elucidate the effects of this local pH gradient and not on optimizing
catalyst efficiency, we have not determined the faradaic efficiency at other reaction
conditions (pH, potential etc.). At E = -2.1 V, HCHO was not detected, which
is in agreement with our online HPLC measurement (Figure 3.1C). Moreover, the
faradaic efficiency for HCHO decreases with time, while the faradaic efficiency
towards HCOOH increases in time. This could be due to disproportionation of
formaldehyde as discussed in chapter 3.

FE; = -100% (A.1)

50 T T T T T 10 T T T T T T
45 (A) Formaldehyde | (B) Formic acid
X 401 sl E=-095V,_, - X 8 [l E=-095V
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3 35 u 3- : RHE
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0 304 . 2 64
L L
= 254 E b=
w w
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] S
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5 4
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Figure A.3 Faradaic efficiency towards (A) formaldehyde and (B) formic acid at E
=-0.95 Vryg and E = -2.1 Vrgg on BDD in 0.001 M HCIO4 + 0.099M NaClO4
electrolyte
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A.3 Methanol formation during formaldehyde
reduction

In addition to the online HPLC measurements, Online Electrochemical Mass Spec-
trometry has been utilized to investigate the products formed by reduction of
formaldehyde on BDD in 0.001 M HCIO4 + 0.099M NaClOy electrolyte. As seen in
Figure A.4a, m/z = 31 is observed with an onset potential similar to Hy. This mass
fragment is associated with methanol (CH,OH™). The reason why no methanol
was detected with HPLC (Figure 3.2A) is due to the very low concentrations of
methanol formed. In order to prove this, a higher concentration of formaldehyde
was reduced and methanol was detected as shown in Figure A.4b. Now formic
acid is not observed which is due to overlap in the chromatograms of the large
formaldehyde peak with that of formic acid.
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0.0 o
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Figure A.4 (a) Formation of Hy and methanol during 100 mM formaldehyde
reduction and (b) formation of methanol during 1 M formaldehyde reduction in
0.001 M HC1O4 + 0.099M NaClOy4 electrolyte. Scan rate: 1 mV s~ L.

A.4 Formation of Cannizzaro products from
C;-C; aldehydes and NaOH

Experiments were performed to investigate the products formed by the C;-Cg
aldehydes treated with OH™. 50 mM of the aldehydes was mixed with different
concentrations of NaOH and analyzed with HPLC. In all cases the carboxylic
acids and primary alcohols were detected as shown in Figure A.5. The higher
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the hydroxide concentration,
primary alcohol.

the higher the concentration of carboxylic acid and

NaOH conc /M
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Figure A.5 Formation of carboxylic acids and alcohols during reduction of (A)
Formaldehyde, (B) Acetaldehyde and (C) Propionaldehyde as function of OH™
concentration

A.5 Liquid product formation on other electrodes

The formation of the carboxylic acids and primary alcohols during reduction of the
C1-C3 aldehydes on a Pyrolytic Graphite electrode in perchloric acid of pH 3 is
shown in Figure A.6. Figure A.7 displays the reduction of formaldehyde on gold
and copper in 0.001 M HC1O4 + 0.099M NaClO, electrolyte, leading to formic acid
and methanol. In both figures the onset of the carboxylic acid and alcohol is similar
to the HER onset potential.
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Figure A.6 Liquid products detected during reduction of (A) 50 mM Formaldehyde,
(B) 100 mM Acetaldehyde and (C) 100 mM Propionaldehyde on pyrolytic graphite in
0.001 M HCIO4 + 0.099M NaClOy electrolyte. Scan rate: 1 mV s~ !
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Figure A.7 Liquid products detected during reduction of 50 mM Formaldehyde on
(A) gold and (B) copper in 0.001 M HCIO4 + 0.099M NaClOy electrolyte. Scan rate:
1 mV st
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B.1 Blank voltammograms

Before each experiment, the immobilization of the MPP is qualitatively verified
by measuring a cyclic voltammogram in the potential range of -0.5 and 1.3 Vryg
before and after immobilization. The presence of additional redox waves ensures
the immobilization of the MPP. In Figure B.1 the voltammograms for RhPP,
InPP and SnPP are shown. It can be seen that PG itself already shows redox
peaks (between 0.5-0.7 V) and a reduction peak (around -0.3 V). These peaks are
ascribed to electron transfer processes of surface functional groups on PG as studied
extensively by Compton and coworkers.' 4 The extra peaks which become visible
after immobilization of the MPP are associated to redox transitions of the metal
center itself. The exact nature of the redox transition is not investigated herein as
only a qualitative proof of immobilization is desired.

In Figure B.2a the formation of volatile products on pristine PG in HCIOy4, pH
= 3 is depicted. As can be seen only Hs is produced on PG. In Figure B.2b the CO5
reduction on pristine PG is measured and again only significant amounts of Hy are
observed. As the m/z = 44 and m/z = 28 signals decrease at negative potentials it
is assumed that COg is consumed at these potentials (CO follows the COs signal,
unless the signal is much higher compared to CO2). As no other mass signals were
found to increase it is likely that COs reduction on PG does not produce significant
amounts of products and the current is mainly due to HER. The CO5 consumption
at negative potentials is ascribed to an increase in local pH at the electrode surface,
converting COy into HCOj3 .

0-4 L v L v L M L}
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o 0.0 -
5
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-0.4- e -
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Scan rate: 500 mVs'1 <
05 0.0 0.5 1.0 1.5
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Figure B.1 Blank CV’s on (immobilized MPPs on) PG in 0.001 M HCIO4 + 0.099
M NaClOy4. Scan rate: 500 mV s~ 1.
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Figure B.2 HER (a) and CO; reduction (b) on pristine pyrolytic graphite in 0.001
M HCIO4 + 0.099 M NaClOy4. Scan rate 1 mV s~ '.
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B.2 IR compensation

In this work the electrolysis experiments were IR corrected by the potentiostat’s IR
compensation function, while voltammetric experiments on the 10 mm diameter
PG electrode were corrected mathematically afterwards. For the latter experiments,
the voltammograms sometimes show unrealistic behavior (more than one datapoint
corresponding to a single potential) which is caused by the combination of current
fluctuations at negative potentials (Hy bubbles) and IR correction after the mea-
surement. Before each electrolysis experiment the uncompensated resistance was
determined by potentiostatic electrochemical impedance spectroscopy (Iviumstat
or Compactstat, Ivium Technologies) on the pristine PG electrode in the blank
electrolyte at E = 0.2 Vry g which is a potential within the doublelayer region.
The frequency range was usually between 20 kHz and 10 Hz. In a ideal system the
limiting case of inifinite frequency would lead to the uncompensated resistance. In
the Nyquist plot, a line is fitted through the datapoints corresponding to higher
frequencies and the intercept with the real axis is obtained. To avoid overcompen-
sation and instabilities in the potentiostat control, 85% of this value is used in the
potentiostat’s IR compensation function. An example of a typical Nyquist plot for
a PG electrode is shown in Figure B.3. In table B.1 the used electrolytes are shown
together with their solution resistance in the one-compartment electrochemical cell.
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Figure B.3 Example of Nyguist plot from which the cell resistance is derived
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Table B.1 Composition of the used electrolytes and their solution resistance

pH Electrolyte solution Resistance
1 0.1 M HC1Oy4 ~ 19.8 Q
3 0.001 M HCIO4 + 0.099M NaClO4 ~T71.1Q
4.0-41 0.001 M HsPOs4 + 0.1 M KH3PO4 ~ 82.2 Q)
5.8 0.1 M KH,PO4s + 0.01 M KoHPOy4 ~ 59.7 Q
6.8 0.1 M KH.PO;, + 0.1 M KoHPO, ~27.20Q
7.8 0.01 M KH,PO4, + 0.1 M KoHPO4 ~ 379 Q
9.6-9.8 0.1 M KoHPO4 + 0.001 M K3POy ~ 38.7Q
11.6 0.1 M KoHPO, + 0.1 M K3PO, ~ 179 Q

B.3 OLEMS on different MPPs

In this section the OLEMS results for CO5 reduction on the different MPPs are
shown, indicating the volatile products that have been formed. Formation of CO
is hard to see, since the CO signal (m/z = 28) follows the COy (m/z = 44) signal
due to fragmentation of CO4 in the mass chamber. CO can be detected when large
amounts are produced as seen for NiPP. For the HCOOH producing porphyrins
(RhPP, SuPP and InPP), we confirmed the absence of CO production with gas
chromatography.
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Figure B.4 OLEMS results during CO3 reduction on different MPPs in 0.001 M
HCIO4 + 0.099 M NaClO4. Scan rate: 1 mV s .
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Figure B.5 OLEMS results during CO2 reduction on different MPPs in 0.001 M
HCIO4 + 0.099 M NaClO4. Scan rate: 1 mV s™'.
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B.4 Normalized concentration profiles

The graphs shown in Figures 5.7a, 5.8a and 5.9a are normalized by the maximum
concentration and shown in Figure B.6 to show the shift of the concentration profiles
of RhPP with pH. This shift is less prominent for InPP and SnPP.
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Figure B.6 CO: reduction on formic acid producing MPP at different pH’s
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B.5 Comparison definition of onset potential

As the definition of the onset potential is somewhat arbitrary, a different definition
could lead to different results. However, in Figure B.7 it is shown that for both, the
concentration profile and the current profile, the trend of the onset potential as a
function of pH is the same irrespective of the method used. The onset potentials
shown in Figure 5.10 are based on an average of different definitions.
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Figure B.7 Comparison of different definitions of the onset potentials
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B.6 Faradaic efficiency

The faradaic efficiencies determined for RhPP, InPP and SnPP in different elec-
trolytes at a potential of E = -1.5 Vgyp.

204 T T T T ] 80 . . : ;
—_ RhPP ——pH 3 (HCIO,)
S ——pH 3 (HCIO,) 3 709 PP 41 )
>154 ——pH 4.1 1 < 60 pH 5.8 ]
e 15 1\1\ pH 5.8 2 ——pH78
g I A\ ——pH7.8 o 504 pH 9.6 4
& pH 9.6 2 ] pH11.5 ]
E10 1) \4 1.5 {1 E 4
(%) 4 j
‘s .% 30
B 5 1 B 2] o ]
s Sl T
— . ] I/’/H‘\ U — ]
0 T T 1 T T 0 T T T T
0 30 60 90 120 150 0 30 60 90 120
Time (min) Time (min)
(a) RhPP (b) InPP
30 T T T T
——pH 3 (HCIO,)
251 1 SnPP ___phao
N—F pH 5.8
_ ——pH78 ]
20 pH 9.6

pH 11.5

Faradaic Efficiency (%)
-
(3, ]

0 30 60 90 120
Time (min)

(c) SnPP

Figure B.8 Faradaic efficiencies in different electrolytes at E = -1.5V versus time
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B.7 Deactivation of the catalyst

The deactivation of the catalyst is looked into by comparing the blank voltammo-
grams of the immobilized porphyrins before and after the HER or CO; reduction
as shown in Figure B.9. It can be seen that the porphyrin-specific redox peaks have
disappeared after HER and CO5 reduction. As this observation is found for all the
different MPPs and for both, HER and COs reduction, the deactivation is believed
to be associated to the destruction of the porphyrin structure or immobilization of
the porphyrin on PG as a result of the very negative potentials.
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Figure B.9 Blank voltammograms before and after (a) HER on immobilized RhPP
in different phosphate buffers and (b) CO2 reduction on immobilized CrPP in 0.001
M HClO4 + 0.099 M NaClOy4

B.8 Influence of the buffer capacity

The buffer capacity may have an influence on the catalytic activity as it affects the
local pH during CO5 reduction. As shown in Figure B.10, a higher buffer capacity
leads to a higher current. The formation of formic acid is also dependent on the
buffer capacity. These results may indicate that the local pH may play a role in the
catalytic activity of the immobilized porphyrins.
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C.1 DMaterials and Experimental procedures

Materials

Pyrolytic graphite (PY001009, Graphite Store, USA), cut in 5 mm diameter discs
such that the basal planes are exposed, glassy carbon (5 mm diameter) and boron
doped diamond (10 mm diameter, Windsor Scientific Ltd., UK) were used as working
electrode.

Potassium phosphate dibasic TraceSELECT >99.999% (Honeywell) and potas-
sium phosphate tribasic (Sigma Aldrich) were used for the preparation of the
phosphate buffer solution of pH = 9.6 + 0.1. The pH was measured with a SI
Analytics Lab 855 pH meter. The Indium (III) protoporphyrin IX was purchased
from Frontier Scientific and used without further purification.

The chemicals used for immobilization in polymer membranes were didode-
cyldimethylammonium bromide (98 %, Sigma Aldrich), Nafion® perfluorinated
resin solution (5 wt. % in lower aliphatic alcohols and water, contains 15-20%
water, Sigma Aldrich), poly(4-vinylpyridine) (average Mw =2 60,000, Sigma Aldrich)
and poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (0.54% in HoO, high-
conductivity grade, Sigma Aldrich).

Electrochemical experiments

Glassware was cleaned as in our previous work.l!) Prior to each experiment, the
PG and GC electrodes were polished and ultrasonicated in water for approximately
5 min in water. PG was polished with sandpaper (first P600 and then P1000),
and GC with alumina slurry (1pm, 0.3um and 0.05um particle size). BDD was
first ultrasonicated in concentrated nitric acid for 5 min and then in water. The
subsequent procedures (deaeration of the cell, voltammetric procedures before and
after InPP immobilization) are akin to the procedures reported previously.!!

Product analysis

High Performance Liquid Chromatography (Prominence HPLC, Shimadzu) was
utilized for the analysis of non-volatile reaction products. The samples were placed
in an auto-sampler (SIL-20A) which injects 20 ul of the sample into the column. An
Aminex HPX 87-H (Bio-Rad) column with a Micro-Guard Cation H Cartridge (Bio-
Rad) in front were used. The eluent was 5 mM H2SO4 and the eluent flow rate 0.6 ml
min~!. The column and the refractive index detector (RID-10A) were maintained
at a temperature of 45 °C. The setup utilized for online HPLC experiments has
been described before.!?

OnLine Electrochemical Mass Spectrometry (OLEMS) was utilized for the
detection of volatile reaction products. A tip, containing a hydrophobic membrane
is placed close (=10 pm) to the electrode surface, and continuously collects volatile
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reaction products from the electrode interface. The setup has been described
previously.®]

Immobilization of InPP

The immobilization of InPP onto the substrate was performed by dropcasting
2.5 ul 0.25 mM InPP solution per 0.196 cm? geometric surface area, followed
by evaporation of the solvent under an argon stream. The preparation of the
InPP solution has been described by de Groot et al.l¥! For the experiments on
the substrate effect and pretreatment effect the immobilization was consistently
carried out with InPP in DDAB layers, as this resulted in higher activity. For
investigation of the polymer effect, InPP was also dropcasted without polymer
from the solution reported by de Groot et al. The immobilization using Nafion,
P4VP and PEDOT:PSS were carried out similarly with minor modifications. The
InPP-Nafion and InPP-PEDOT:PSS solutions were prepared by mixing equivolumes
of 0.5 mM InPP stock solution with respectively 2 wt.% Nafion solution or 0.54
wt.% PEDOT:PSS solution. Due to the insolubility of P4VP in the InPP stock
solution, we first dropcasted 0.5 mM InPP solution on PG, followed by an equal
volume of 2 wt.% P4VP solution (in 0.1 M acetic acid). For a correct comparison,
it was made sure that the amount of dropcasted InPP per cm? is always the same.

Pretreatment of pyrolytic graphite

The electrochemical pretreatments of the pyrolytic graphite surface were carried
out in a conventional one-compartment three electrode cell with 0.1 M perchloric
acid (Merck Suprapure) electrolyte. A platinum wire was used as counter elec-
trode and reversible hydrogen electrode as reference. For the anodic pretreatment,
chronoamperometry at E = 2.25 V vs. RHE for t = 5 minutes was performed, and
for the cathodic pretreatment, chronoamperometry at E =-1.8 V vs. RHE for t =
5 minutes.

For the plasma treatment of the pyrolytic graphite electrodes a capacitively
coupled plasma system with the Radio-Frequency (RF) of 40 kHz and 200W power
from Diener electronic was employed at room temperature. The base pressure of
this system is less than 0.02 mbar. The parameters were 10 W power/1.0 mbar
pressure for Hy plasma and 30 W power/0.5 mbar pressure for Oy plasma. For Hy
the exposure time was 3 minutes, and for the Oy plasma we varied the exposure
time (3, 6 and 12 minutes) to achieve mild and harsh plasma treated PG.

Apparatus

X-ray diffraction data were collected on a Philips X'Pert diffractometer, equipped
with the X’Celerator, using Cu-Ka radiation in steps of 0.02° (20) with 10 s counting
time in the range from 10° to 80° (26).
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Raman spectra were recorded with a WITEC alpha300 R 4AS Confocal Raman
Imaging spectrometer with a laser wavelength of 532 nm at ambient conditions and
room temperature.

X-ray photoelectron spectroscopy (XPS) measurements were performed on a
K-alpha Thermo Fisher Scientific spectrometer using a monochromated Al Ka X-ray
source. The measurements were carried out using point analysis with auto-height
signal optimization, with each point having a spot size of 300 micron at ambient
temperature and chamber pressure of about 107% mbar. A flood gun was used
for charge compensation. All the measured spectra were corrected by setting the
reference binding energy of C1s at 284.8 eV. The electron energy analyzer was
operated with pass energy of 200 eV and 0.25 eV energy spacing for the survey
spectrum, and pass energy of 50 eV and 0.1 eV energy spacing for the high-resolution
spectrum. Each reported spectrum is the statistic average of 10 measured scans.
To ensure homogeneity of the immobilized InPP, different spots of the samples were
analyzed. The spectra were analyzed and processed using Thermo Avantage v5.903
software (Thermo Fisher Scientific). Smart background subtraction, derived from
the Shirley background, was used over the peak width. By applying full width
integration over the core-level signals and using tabulated atomic sensitivity factors,
relative atomic contributions on the surface were calculated.

C.2 Substrate effect

In the Figures C.1-C.3 we compare the influence of different amounts of InPP
on PG, GC, and BDD on the selectivity and activity of CO2RR. The amount
InPP per cm? is kept the same for all the substrates. For PG we observe that a
higher amount of InPP on the surface leads to a significant increase in FE and
Jjucoom, and decrease in jp,, while jiotq; remains unchanged. These observations
are associated with the higher amount of active sites available, where even an initial
FE of approximately 100 % can be obtained. Conversely, as can be seen in Figure
C.2, on GC a higher amount of InPP has negligible influence on CO3RR selectivity
and activity. In terms of FE, BDD is somewhat in between PG and GC, but the
HCOOH activity seems to be inhibited for higher InPP concentrations. These
results show the different behavior of the substrates with increasing amounts of
dropcasted InPP, which is interpreted as the capacity of PG to accommodate more
InPP compared to GC and BDD. In order to draw more quantitative conclusions,
we performed XPS measurements on the different substrates with immobilized InPP.
XPS is a very useful and sensitive technique to study the surface species. In Figure
C.12, the XPS spectra of the different substrates with and without InPP are shown.
As reference for the indium protoporphyrin, the spectrum of Ing(SO4)3 is included
as well. Analysis of the XPS spectra of InPP containing substrates and Iny(SOy4)3
indicate a clear In(IIT) contribution with peak broadening of In3d core level binding
energy. No loss of features at higher binding energy is observed, indicative of absent
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metallic In species. The indium content extracted from the XPS spectra is used as
a quantitative measure for the real amount of adsorbed InPP on the substrates.
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Figure C.1 (a) Faradaic efficiency toward HCOOH, (b) absolute total current density,
(c) absolute partial current density for HCOOH, (d) absolute partial current density
for Hy during CO2 reduction on different amounts of immobilized InPP on PG in 0.1
M phosphate buffer of pH 9.6. Lines to guide the eye.
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Figure C.2 (a) Faradaic efficiency toward HCOOH, (b) absolute total current density,
(c) absolute partial current density for HCOOH, (d) absolute partial current density
for Ha during COz2 reduction on different amounts of immobilized InPP on GC in 0.1
M phosphate buffer of pH 9.6. Lines to guide the eye.
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Figure C.3 (a) Faradaic efficiency toward HCOOH, (b) absolute total current density,
(c) absolute partial current density for HCOOH, (d) absolute partial current density
for Ha during CO2 reduction on different amounts of immobilized InPP on BDD in
0.1 M phosphate buffer of pH 9.6. Lines to guide the eye.
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Figure C.4 Faradaic efficiency toward HCOOH during CO2 reduction on PG in
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Figure C.5 Faradaic efficiency toward HCOOH during CO2 reduction at E = -1.5
V vs. RHE in 0.1 M phosphate buffer of pH 9.6 on (a) immobilized SnPP after 10
minutes, and (b) immobilized RhPP after 30 minutes on different substrates.
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C.3 Pretreatment effect

In Figure C.6 the COsRR performance of Os plasma treated PG with different
exposure time is compared. The FE decreases, and jg, increases for 12 minutes
O5 plasma treatment. J;.:q; does not show a clear trend as a function of exposure
time. In Figure C.7 we characterize the PG surface before and after pretreatment,
by means of cyclic voltammetry. Significant difference is observed with the anodic
treatment, whereas the other treatments lead to similar voltammograms. This
observation is in agreement with the increased double layer capacitance shown in

Figure C.8(b).
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Figure C.6 (a) Faradaic efficiency toward HCOOH, (b) Absolute total current
density, (¢) Absolute partial current density for HCOOH (d) Absolute partial current
density for CO2 reduction on immobilized InPP on PG with different exposure times
of Oz plasma in 0.1 M phosphate buffer of pH 9.6. Lines to guide the eye.

143



Appendix C. Supporting Information to Chapter 6

0.54 (a) ] 20 () ]
N ! N .
§ 0.0 - § 01 T
< | < ] e ]
E ] E 201 :ﬁpc'
= -0.5- —pPG ] = ] o 1
- —0,#6 | o Ho—
_1 .o . . . . . . . . h . . . . 41.5' 0.0 . a.sl 1.0 . 15
05 00 05 1.0 1.5 05 00 05 1.0 15
E/V vs. RHE E/V vs. RHE
0.4 T v T L L]
. (d) .
o~ o 0.2 - _
1] E J J
5 © 0.0- -
< E ] ]
€
= 0.24 | PG = 0.2 _ oG .
H,-PG 1 -0.4 - Cat-PG
0.4 +—1——F—v—7———
05 00 05 1.0 1.5 05 00 05 1.0 1.5
E/V vs. RHE E/V vs. RHE

Figure C.7 Blank voltammograms before and after pretreatment of PG: (a) Oq
plasma treatment (6 min), (b) Anodic treatment, (c) Hz plasma treatment, (d)
Cathodic treatment. Electrolyte: 0.1 M phosphate buffer of pH 9.6. Scan rate: 500
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C.4 Characterization

In Figure C.8, the double layer capacitance (Cg) in uF cm~=2 is shown for the
investigated substrates, and pretreated PG. Cgy; is derived from voltammograms
measured in the double layer region at different scan rates. The slope of I vs. scan
rate at a fixed potential is the capacity, which is normalized by the geometric area
of the electrode. Cy; is proportional to the electrochemical active surface area or
roughness of the electrode (C= %). The ratio between Cq; of the investigated
substrates is different from the ratio between j;otq; of the investigated substrates
(Figure 6.1(b)), which indicates that the difference in activity observed between the
substrates is not the result of a difference in active surface area.

The XRD patterns for the investigated substrates, electrochemical pretreated PG,
and polymer coated PG are shown in Figure C.9. The electrochemical pretreatments
and InPP encapsulation in polymers do not affect the crystallinity of the PG.

In Figure C.10a, the Raman spectra are depicted for the investigated substrates
PG, GC, and BDD revealing the peaks related to the sp? (D, G, 2D) and sp?
carbon atoms. The peak at 1330 cm ™! observed in BDD is associated to the o
bonds between the C atoms. Graphite shows the G-band at 1580 cm ™!, which is
characteristic for crystalline graphite (hence GC exhibits a weak and broad G-band),
and the D-band at 1352 cm ™!, which is typically assigned to disorder of the graphite
lattice by edge planes. It should be noted that discrimination of the D-band with
the sp? carbon peak is difficult in case a laser with a wavelength of 632 nm is used.
Hence we used a laser with a wavelength of 532 nm. The peaks between 2400
and 3300 cm ™! are second order features attributed to overtones of fundamental
modes.!”! Figure C.10b shows the Raman spectra for PG and after the various
pretreatments. Based on the intensities obtained here for the D and G peaks, the
ratios of Ip /I are depicted in Figure C.11.

As discussed before, XPS measurements were carried out to obtain more quanti-
tative information about the surface species. The indium content is used to compare
the real amount of indium adsorbed on the various substrates, and to compare the
stability between the different substrates. Additionally, the oxygen content is used
to provide a quantitative basis for the conclusions related to the pretreatment effect.
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C.5 Effect of polymer encapsulation

In Figure C.14, the chemical structures of the investigated polymers are depicted. In
Figure C.15, we compare the blank cyclic voltammograms of InPP immobilized on
PG using different polymers. The typical peaks observed after InPP immobilization
without polymer or with DDAB (denoted by the arrows) are not always visible
(P4VP and Nafion), possibly due to a shift of the redox peaks as observed before.[
In case of PEDOT:PSS a larger double layer and additional peaks are observed,
which is assumed to be related with the polymer chemical structure. The differences
in the CVs are believed to be the result of a different chemical environment in
vicinity of the electrode as observed before.*!

7 ISONANANANS H;C

(d) Nafion

Figure C.14 Chemical structures of the investigated polymers for InPP immobiliza-
tion: (a) DDAB, (b) P4VP, (¢) PEDOT:PSS and (d) Nafion

We performed Electrochemical Impedance Spectroscopy experiments on the
different polymer dispersed catalysts to investigate the kinetics of electron-transfer
processes. The Nyquist plots were obtained in COs-saturated and blank (argon
saturated) 0.1 M phosphate buffer solution of pH 9.6 in a frequency range from 10
kHz to 1 Hz with an amplitude of 10 mV at a potential of -1.5 V vs. RHE, similar
to the potential at which we performed the CO3RR electrolysis experiments. From
the Nyquist plots (Figure C.16a-b), we observe only one semicircle, and the absence
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Figure C.15 Blank voltammograms InPP immobilized on PG using different poly-
mers. Electrolyte: 0.1 M phosphate buffer of pH 9.6. Scan rate: 500 mV s~ !

of a mass transfer controlled regime, which generally indicates that the impedance
is determined by slow electron transfer kinetics. The diameter of the semicircle is a
measure of the charge transfer resistance (R.:), which is different for the various
polymer films and different in the blank vs. CO5 saturated electrolyte. The data
is fitted with typical Randles equivalent circuits in series, modified by replacing
the capacitor with a constant phase element and omitting the diffusion element
(Figure C.16¢), which leads to a better fit for our data, and which has been used for
polymer-modified electrodes.!® 7 Fitting was performed with the software provided
by potentiostat manufacturer (IviumSoft). We also tried more complex equivalent
circuits reported in the literature, which turned out to be incompatible with our
Nyquist plots due to the absence of a diffusion controlled region.®%!

The relevant fitting parameters obtained, are the ohmic bulk solution resistance
(Rs), charge transfer resistance (R ), and double layer capacitance (Cy;). Cy; values
were not included in the analysis, since EIS was measured at potentials much more
negative than the double layer region. Hence, the Cy; values obtained in Figure C.8
are more accurate. In Figure C.16 d-e, we plotted the obtained values of R, (left
panels) and R.; (right panels) in blank and COs-purged electrolyte for the different
polymer films.
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Figure C.16 Nyquist impedance plots of polymer encapsulated InPP on PG in (a)
argon-purged, and (b) CO2-purged electrolyte in a frequency range of 10 kHz to 1
Hz with 10 mV amplitude at E = -1.5 V vs. RHE. (¢) a single (modified) Randles
equivalent circuit. Parameters of the fitted equivalent circuit in (d) argon-purged,
and (e) COz-purged solution: solution resistance (Rs) in the left panels and charge
transfer resistance (Rct) in the right panels.

R; is found to be similar between the different polymers, which is expected
since the electrolyte composition is unchanged. Furthermore, the difference in Ry
between the polymers does not affect the CO3RR performance, since we corrected
for Ohmic drop during electrolysis. The relevant parameter is the charge transfer
resistance (R.). It can be seen from the right panels in Figures C.16¢c-d, that
R is increased under COs atmosphere for all polymers, which indicates a lower
rate of electron transfer for CO3;RR compared to HER. Additionally, we observe a
relatively high R.; for PAVP under CO5 atmosphere, indicating a lower electron
transfer rate, which is in agreement with the lower current density observed for
P4VP in Figure 6.6b. The trend of R, between the polymers is in line with the
current density for the different polymers, but given the single semicircle nature of
the EIS data, the additional information obtained from the EIS with respect to the
CV data is unfortunately very limited. From these results, we conclude that the
nature of the polymer affects the rate of electron transfer during COoRR rather
than mass transport of active species, leading to different activity. Note that this
EIS analysis does not allow us to draw conclusions about the difference in COoRR
selectivity between the different polymers used for encapsulation of InPP.
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C.6 Control experiments

For a correct ascription of the observed substrate effects and influence of polymer
encapsulation, control experiments were performed. COs reduction was investigated
under the same conditions, but without InPP present. The faradaic efficiency after
20 minutes is shown in Figure C.17. As can be seen in Figure C.17a, PG exhibit
little activity for COoRR (FE < 4%), while GC and BDD are not active for COsRR
(FE < 0.5%).

In Figure C.17b, it can be seen that the polymer itself is active for CO3RR.
This trend is comparable with the mutual differences in FE observed in Figure
6.6. Therefore we believe that the influence of the polymer is partly caused by the
intrinsic activity of the polymer towards HCOOH.
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Figure C.17 Control experiments for (a) the substrate effect and (b) the effect of
polymer encapsulation
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D.1 Materials and Experimental procedures

The experimental procedures are similar to those reported before.:? High purity
chemicals were used for the preparation of the electrolyte solutions: KHyPOy,
KoHPO4, KHCO3, KI (TraceSELECT, Honeywell), KoSO4, KC104, KCl, KBr
(EMSURE, Merck), KOH (semiconductor grade, Honeywell) and NaB,O7 (trace
metal basis, Sigma Aldrich). The pH was measured with a SI Analytics Lab 855
pH meter. Indium(III) protoporphyrin IX was purchased from Frontier Scientific
and used without further purification.

High Performance Liquid Chromatography (Prominence HPLC, Shimadzu)
was utilized for the analysis of non-volatile reaction products. The samples were
placed in an auto-sampler (SIL-20A) which injects 20 ul of the sample into the
column. An Aminex HPX 87-H (Bio-Rad) column with a Micro-Guard Cation
H Cartridge (Bio-Rad) in front were used. The eluent was 5 mM H,SO, and
the eluent flow rate 0.6 ml min—'. The column and the refractive index detector
(RID-10A) were maintained at a temperature of 45 °C. The setup utilized for online
HPLC experiments has been described before.l3] The reported concentrations of
liquid products or subsequently calculated faradaic efficiency (FE) are an average
of at least two independent experiments. Additionally, the data points for each
experiment were obtained by the average of three injections of the same sample.
The dominant contribution of the uncertainty in concentration/FE resulted from
the different experiments.

D.2 Electrolyte effect

It can be seen in Figure D.1a, that the bulk pH of the different buffer electrolytes
after COy saturation is as follows: pHporate < PHphosphate < PHpicarbonate- The
pH after CO4 saturation for the KCI electrolytes is higher for the electrolytes with
higher initial pH, as shown in Figure D.1b.
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Figure D.1 (a) pH of the different buffer electrolytes as a function of CO2 purging
time and (b) pH of KCI electrolytes with different initial pH as a function of CO»

purging time.
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D.3 Buffer capacity effect

In addition to the experiments in Figure D.2, we previously performed online
HPLC experiments in phosphate buffers with three different buffer capacities for
CO2RR on immobilized InPP. As shown in Figure B.10 in Appendix B, higher
buffer capacity leads to higher current density throughout the whole potential range,
but not necessarily to higher HCOOH formation. The increase in current density is
therefore mainly the result of enhanced HER, in agreement with Figure D.2d.
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Figure D.2 (a) Faradaic efficiency toward HCOOH, (b) absolute total current density,
(c) absolute partial current density for HCOOH, (d) absolute partial current density
for Ha, (e) stability during CO2 reduction on immobilized InPP on PG in phosphate
buffers (initial pH ~ 9.6) with different buffer capacity. Lines to guide the eye.
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D.4 Effect

of Ionic species
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Figure D.3 (a) Faradaic efficiency toward HCOOH, (b) absolute total current density,
(c) absolute partial current density for HCOOH, (d) absolute partial current density
for Ha, (e) stability during CO» reduction on immobilized InPP on PG in 0.001 M
HC104 (pH = 3) with 0.099 M KT, Mg*" and AI*". Lines to guide the eye.

To investigate the influence of Mg?t and Al*t, a HClO, electrolyte was used.
It can be seen that these cations in solution worsen the selectivity, reactivity and
stability of CO3RR. The total and partial current densities corresponding to the
experiments in Figure 7.4a and Figure 7.4b are given in respectively Figures D.4

and Figure D.5.
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Figure D.4 (a) absolute total current density, (b) absolute partial current density
for HCOOH, (c) absolute partial current density for Hy during CO2 reduction on

immobilized InPP on PG in phosphate buffer (pH 9.6) with 25 uM alkali cations in
solution. Lines to guide the eye.
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Figure D.5 (a) absolute total current density, (b) absolute partial current density
for HCOOH, (c) absolute partial current density for He during COs reduction on

immobilized InPP on PG in 0.1 M KX electrolyte brought to pH ~ 9.6, where X
stands for different anions. Lines to guide the eye.
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