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Abstract

The electrocatalytic hydrogenation of aldehydes on transition metal catalysts in water was
investigated. By combining electrochemical investigations with physicochemical
characterization of catalysts, the adsorption of hydrogen on Pt is found to be affected by external
electric potential and electrolyte composition. Thus, hydrogenation rates and selectivity of
reactions can be tuned. Increasing the destabilization of hydrogen bound to the metal surface

leads to higher reaction rates, but also a decreased current efficiency.

Die elektrokatalytische Hydrierung von Aldehyden an Ubergangsmetallkatalysatoren in
Wasser wurde untersucht. Durch Kombination elektrochemischer Messungen mit
physikochemischer Charakterisierung der Katalysatoren wurde festgestellt, dass die Adsorption
von Wasserstoff auf Pt durch elektrisches Potential und die Elektrolytmischung beeinflusst
wird. So konnen Hydrierraten und Selektivitdten von Reaktionen verandert werden. Eine
zunehmende Schwaéchung der Pt-H Bindung fiihrt zu héheren Raten, aber auch zu einer

geringeren Stromausbeute.
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Chapter 1

1. Introduction

1.1 Energy consumption — current situation and future perspectives

In 2020, world’s primary energy consumption was more than 550 EJ leading to a total carbon
dioxide emission of more than 32 Gt.*! More than 80% of the energy that is used in the
transportation sector, in industry and private households is still supplied from fossil resources,
e.g., crude oil, coal, natural gas (Figure 1).121 Especially, wealthy nations as well as countries
with a growing industry and population show the highest consumption of primary energy
whereas in large parts of the African continent energy production and usage is still rather low
and based on traditional biomass resources.[*  Therefore, it is in particular the countries of the
northern hemisphere that have to fight climate changes, e.g., global warming, flooding that are
caused by anthropogenic emissions of greenhouse gases.

In order to meet that goal many governments around the world like USA and EU have
implemented policies and regulations that shall lead to a more efficient use of resources and an
enhanced development of renewable energies.# According to the Paris agreement from 2015
the increase in global average temperature shall be kept below 1.5 °C in order to prevent further
climate changes.?! In order to achieve this goal, the global greenhouse gas emissions have to
be reduced to net-zero by the mid of the century. The European Union aims for a 80% reduction
of total greenhouse gas emissions by 2050 compared to 1990; greenhouse gas emissions arising
from transportation sector shall be diminished by 60% in the same period.[! In terms of this,
hydrogen produced via water electrolysis driven by renewable energies is supposed to play a
key role in the transformation from a carbon-based economy towards a green society.l’l Recent
studies have shown that the electric grid of the USA could be decarbonized by up to 80% on
the basis of renewable energies.®!
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Figure 1: World primary energy consumption from 1995-2020 by resources, adapted from ref. [1].
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One major drawback of non-fossil resources arises from their discontinuity. In contrast to
nuclear power plants or power plants based on the combustion of fossil resources, solar and
wind power demand certain climate conditions in order to be fully operational. Depending on
the amount of wind and sun the energy generated from these kinds of resources varies a lot and
the excess part needs to be stored, transitionally. The surplus energy can either be stored in
batteries or it can be converted into potential energy via pumped storage hydropower.
Alternatively, it can be saved in chemicals. The additional amount of energy can be used either
for generating green hydrogen via water electrolysis or for upgrading of biomass-derived
molecules towards value-added chemicals and synthetic fuels (Figure 2). When the amount of
wind or sun is low these chemicals are combusted in order to reach a continuously stable energy
supply. Even though, the combustion of synthetic fuels leads to the emission of carbon dioxide
the process can still be considered carbon-neutral as carbon dioxide is withdrawn from the
atmosphere during biomass growth.

All these processes of chemical energy conversion require the development of new
heterogeneous (electro)catalysts and reactor systems that are tolerant against a fluctuating
supply of energy and raw materials.l®! Only this will allow to cope with the dynamic operating
conditions coming along with the transformation towards a sustainable future that is based on

renewable energy resources.
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Figure 2: Schematic representation of future conversion and storage of (excess) renewable energy via
heterogeneous (electro)catalysis, adapted from ref. [9].
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1.2 Biomass as renewable feedstock

Due to climate changes and the envisaged energy transformation towards renewable and
sustainable processes the use of biomass and biomass-derived feedstock in energy-related fields
is of growing interest.*® Unlike fossil fuels like crude oil and natural gas, biomass is vastly
abundant around the globe and its harvesting is less complicated and environmentally
harmful.[*Y Furthermore, upgrading of biomass feedstock in biorefineries can be implemented
together with renewable energy supplies, e.g., solar, wind in smaller, decentralized units with
less infrastructure costs and efforts.[*?) In this context, the term biomass feedstock covers a large
variety of raw materials like ocean and fresh water, forest material, annual crop production and
vegetables and algae.[**¢ 13 Depending on the scenario and the used type of raw material the
potential energy supply from biomass can reach up to 1200 EJ per year, which would mean
more than twice the world’s primary energy consumption of 2020.1 1 However, the
application of biomass feedstock in energy-related processes also bears the risk of burning
edible portions and endangering food safety around the world, which is the basis of the
food-versus-fuel debate.[*% 181 Furthermore, the transformation of natural ecosystems to crop
plantations for power generation means the formation of monocultures.[**e 61 These
monocultures are most often less biodiverse and suffer from land degradation due to
dehydration and soil erosion.[2¢ 1. 171 Hence, efforts are needed to combine the use of biomass

feedstock as renewable energy resource with safe food supply and environmental conservation.

Figure 3: Composition of lignocellulosic biomass feedstock with excerpts of chemical structures of
lignin, cellulose and hemicellulose, reprinted from ref. [18b].
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The main component of biomass feedstock is lignocellulose, a polymer consisting of lignin,
cellulose and hemicellulose (Figure 3).1200 110181 AJ| three of them show polymeric structures
with the major component of lignocellulosic raw materials, lignin, being made up of highly
branched and substituted phenol chains. Cellulose and hemicellulose are formed by
polymerization of Cs- and Ce-sugars glucose and xylose whereby cellulose only consists of
glucose and hemicellulose of glucose and xylose.

Further upgrading of biomass requires pretreatment of the lignocellulosic raw material. There
are several chemical and mechanical methods that all aim at the reduction of biomass in size
and the decomposition of the different polymer chains into oligomers and monomers.[%! Most
of these first upgrading steps are performed at 100-200 °C and elevated pressures in steam.
Sometimes acids are added. In the following, the pretreated raw material undergoes further
thermo-chemical conversion steps.[1%: 1 Combustion of biomass at up to 1000 °C generates
heat and electricity. Alternatively, the depolymerized feedstock can undergo gasification, which
produces syngas (H2 + CO) and nitrogen, a mixture that is sometimes referred to as fuel gas.
This can be either used to generate electricity or in petrochemical refineries for the production
of base chemicals such as methanol and ammonia. A third way of upgrading biomass feedstock
is pyrolysis at 400-600 °C in the absence of air.?" Fast pyrolysis leads to the generation of
charcoal as well as a liquid product fraction that is called pyrolysis or bi-oil. This is a mixture
of unsaturated aliphatic and aromatic, oxygen-rich molecules that can be further converted to
bio-fuels, base and fine chemicals. Figure 4 shows a schematic representation of various

biomass upgrading steps.
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Figure 4: Schematic of different biomass upgrading processes after initial depolymerization of
lignocellulosic raw material, adapted from ref. [19].
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As depicted in Figure 4 it is especially the bio-oil from pyrolysis which is further upgraded to
base chemicals and fuel-range products. However, as mentioned above this oil is a pool of
unsaturated, aliphatic or aromatic compounds that contain large amounts of oxygen
(Figure 5).12%1 Therefore, the production of chemicals and fuels from this kind of feedstock
requires further intermediate treatment steps, that is hydrodeoxygenation and
hydrogenation.[8 21 The degree of unsaturation as well as the oxygen-content need to be
reduced in order to make these molecules potential high-value chemicals that can be used in the
transportation sector or the production of pharmaceuticals and fine chemicals.l?l Most often,
this is done via thermal processes, e.g., thermo-chemical hydrogenation (TCH) at high pressures
and several hundred degree Celsius, in which the reacting hydrogen is still supplied from
reforming of non-sustainable fossil resources.?'3 These drawbacks make the hydrogenation of
oxygen-containing intermediates one of the most energy- and capital-intensive steps during
biomass conversion.[!

Electrocatalytic processes like electrocatalytic hydrogenation (ECH), in contrast, are
promising, sustainable alternatives for the ambient conversion of unsaturated and oxygen-rich
compounds. The required hydrogen can be produced in situ from reduction of hydronium ions

or electrolysis of water driven by renewable resources, e.g., solar, wind.[?4
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Figure 5: Overview of unsaturated, oxygen-rich molecules contained in bio-oil generated via pyrolysis
of lignocellulosic feedstock.
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1.3 Electrochemical cells and electrocatalytic hydrogenation

Electrocatalytic hydrogenation of oxygenated compounds is a promising and sustainable
alternative to common and widely applied thermo-chemical processes. Due to in-situ formation
of reduction equivalents, i.e., activated hydrogen on the catalyst surface ECH does not require
the additional supply of gas-phase hydrogen that is produced from fossil resources, e.g., steam
reforming.[?®! Together with reaction conditions that are close to ambient pressure and room
temperature and the possibility to drive ECH via renewable energies electrocatalytic
technologies can play a crucial role in reducing the anthropogenic carbon footprint as well as
the safety-issues arising from thermo-chemical conversion steps. 21 261

Figure 7a depicts a typical two-compartment electrochemical cell that is used for running
electrocatalytic hydrogenation in either batch or flow mode. The two compartments, which are
referred to as cathodic and anodic half-cell, are separated by a proton-conducting polymer
membrane.?** 271 Most often, a Nafion membrane is used for this purpose. Nafion is a sulfonated
tetrafluoroethylene-based fluoropolymer-copolymer that was first developed by DuPont.?®! |ts
unique ion-conducting properties, which are closely related to the membrane’s degree of
hydration, arise from sulfonated perfluoro vinyl ether groups that are attached to a
tetrafluoroethylene backbone (Figure 7b).12! Increasing the water content within the polymer
network leads to an enhanced migration of positively charged ions, e.g., alkali metal cations,
hydronium ions across the established network of hydrogen bonds.*°! Each of the cell
compartments is filled with an aqueous electrolyte containing electrolyte ions that
counterbalance the movement of hydronium ions within the membrane and the liquid phase.
The working and reference electrodes (WE, RE) are typically placed in the cathode
compartment whereas the counter electrode (CE) is located in the anode compartment. Most
typically a large surface area platinum wire or mesh serves as counter or auxiliary electrode
supplying the required electrons for the reduction on the cathode side.®!] The working electrode
consists of an electrocatalyst that is immobilized on any kind of carbon material, e.g., felt, paper
that is attached to a titanium or carbon rod. In terms of RE, there are two types of electrodes.
The standard hydrogen electrode (SHE) is a primary reference electrode while any other RE
whose potential is determined with respect to SHE, e.g., the reversible hydrogen electrode
(RHE) or a Ag/AgClI electrode are secondary reference electrodes.*? The unique property of
each reference electrode is its stability with respect to potential changes across its interface with
the surrounding electrolyte.¥ The potential difference that is applied between WE and CE
causes a flow of electrons, i.e., a current flow. Hence, due to charge transfer processes the

electrode/electrolyte interfaces at anode and cathode are changed upon application of an
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external electric bias.[** This however, makes the measurement of the potential of only one of
the electrodes, which is essentially the potential difference across the corresponding solid/liquid
interface, with respect to the second electrode physically impossible as both interfaces change

over time (Equation 1).

oE=E; —E; = S(MAP) + R+ S (CA ) )

Here, Ej) and E=0) stand for the measured potential at a given current (density) j and at zero

current (density), respectively. The jRs represents the potential drop arising from the
uncompensated solution resistance Rs and the “A°s and °A°¢ stand for the potential

differences across the solid/liquid interfaces at WE and CE, respectively.

Hence, a third electrode with a stable electrode/electrolyte interface throughout time is needed.
There is no current passed through RE, which is why the potential difference across its
solid/liquid interface does not change (® A%¢ = const.) and it can be used to monitor only the
potential of WE during electrocatalytic hydrogenation reactions.%! This bias can then be
correlated to a changing interface at only the working electrode that is not superimposed by any
reactions happening at the auxiliary electrode. It has to be noted that the reference electrode in
the cathode compartment has to be placed in close proximity to the working electrode in order
to keep the jR-drop arising from uncompensated solution resistance as low as possible
(Figure 6).5%%

WE RE CE

Figure 6: Schematic representation of jR-induced potential drop between WE and RE or CE,
respectively arising from uncompensated solution resistance.

When an electric circuit is established between WE and CE and a potential is applied to the
working electrode the external flow of electrons from anode to cathode is counterbalanced by
the movement of ions within the electrolyte solution and through the membrane.®! While in
the anodic half-cell oxygen is formed via water electrolysis the generated electrons are used for
reduction of protons and organic molecules at the cathode that is accompanied by hydrogen

formation.[?"]
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Figure 7: a) Two-compartment batch cell used for electrocatalytic hydrogenation and water electrolysis
and b) structure of Nafion polymer with hydrogen bonding between sulfonate side groups and water.

Concerning the applied or measured potential at working electrode it can be differentiated
between reversible or open circuit potential and overpotential. Consider the equilibrium
between hydrogen evolution (HER) and hydrogen oxidation (HOR) reaction (Reaction 1).

H, (Rxn. 1)

2H" +  2e

Without application of an external electric bias, which is also referred to as open circuit
potential (OCP), the reaction is in equilibrium resulting in a net-zero current.*¥ The reversible
electrode potential of the Ho/H" redox couple that is measured can be correlated to the standard
Gibbs free energy of reaction (Equation 2).%% As AG? of HER/HOR equilibrium is zero the

(o]

reversible electrode potential (EHZIH*

) of the respective redox couple, H2/H*, equals

0V vs. SHE.B This holds for a hydrogen partial pressure (p,,) of 1 bar and an activity of

hydronium ions (a, . ) of 1 M.

] AG?
EHz/H+ == nFR (2)

The n and F are the number of electrons transferred in the reaction and the Faraday constant.
Depending on the activity of protons and the hydrogen pressure this reversible electrode
potential can be shifted according to Nernst equation (Equation 3).O1 This allows for

recalculating potentials from SHE to RHE scale.

RT a‘H ot RT 1 pH
E L =E°  + 0 |n| M _p0 T In(a )——ln 2 3)
H, M HoHo T 0 F (pH HH T F { HO ) 9 [pg

The R refers to the universal gas constant and T to the electrolyte temperature. The p;, stands

for the H> partial pressure at standard conditions.
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Any measured or applied potential that lies beyond this threshold value is called overpotential.
Depending on whether it is more positive or more negative the cell is referred to as galvanic or
electrolytic cell that either requires or supplies energy during the course of reaction.!]

Benzaldehyde acts as a model compound for the pool of aromatic aldehydes that is generated
via decomposition of lignocellulosic feedstock.*? It can be further hydrogenated towards
benzyl alcohol, which is an important chemical for the production of flavors, cosmetics and
paints.[*® This conversion can be used as a model reaction to investigate different reaction
parameters and setups and their influence on performance in (electrocatalytic) hydrogenation

of oxygenated compounds (Reaction 2).

Ha
or

2H* + 2e”
Qe 5 Ulon (Rxn- 2

On metals with a low onset overpotential for HER, e.g., Pt group metals electrocatalytic
hydrogenation of benzaldehyde proceeds via a proton-coupled electron transfer.*4 The direct
reduction of benzaldehyde in liquid phase requires a negative overpotential of at least
— 2V vs. RHE.[*I Hence, this is only possible on metals with an onset overpotential for HER
that is more negative than this threshold value.

Depending on external electric potential, noble metal and support properties the turnover
frequency (TOF) and Faradaic efficiency (FE) of electrocatalytic benzaldehyde hydrogenation
can be tuned. Song et al. as well as Sanyal and coworker showed that amongst Pt, Pd and Rh
supported on carbon Pd/C was the most active one for ECH of benzaldehyde in aqueous
phase.l?3241 The TOF of benzyl alcohol formation at a given overpotential decreased in order
Pd > Rh > Pt while it increased with an increasing cathodic external electric potential on all
metals. The current efficiency on the different metals followed the same trend like TOF with
FE on Pd and Rh being constant throughout the investigated potential window. On Pt the
Faradaic efficiency decreased with increasing negative overpotential. Similar results were also
found by Lopez-Ruiz et al. who also investigated Ru.[*®! They attributed the different activities
for benzaldehyde ECH on various metals to different binding energies of the organic molecule
on the metal surface, which seems to be optimum on Pd. Andrews and coworker found that it
is in general more difficult to hydrogenate aliphatic aldehydes on noble metals compared to
aromatic ones.l?'®l Concerning the electrolyte composition, it was Sanyal who revealed that the
addition of phenol during benzaldehyde ECH can help to improve the overall catalyst activity
due to formation of a hydrogen-bonded complex between phenol and the carbonyl

compound.’*” Lopez-Ruiz, again, found that adding an organic cosolvent, e.g., ethanol,
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isopropanol to the aqueous electrolyte leads to a decreased ECH activity due to competitive
adsorption of the solvent molecules on the metal surface.[*®! In terms of carbon support, Koh
and coworker showed that increasing the concentration of acid surface sites, just like rising the
overall electrolyte acidity, leads to increased turnover frequencies in benzaldehyde ECH.!

In contrast to benzaldehyde ECH, there has only been performed little research on
electrocatalytic hydrogenation of a,f-unsaturated aldehydes like trans-2-penten-1-al
(Reaction 3). So far, researchers have mainly focused on thermo-chemical hydrogenation of
such compounds. In general, on noble metal catalysts hydrogenation of the double bond is
thermodynamically favored over conversion of the CO group leading to low selectivity towards
o, f-unsaturated alcohols. The selective hydrogenation of o, 8-unsaturated aldehydes towards
their corresponding allylic alcohols, however is a significant reaction in academia and in
industry due to the application of «,f-unsaturated alcohols in the production of fine chemicals,

fragrances and pharmaceuticals.!

oI itk HO >N (Rxn. 3)

Therefore, during past decades researches have put lots of efforts in developing new catalyst
materials for selectively activating the carbonyl group.’? The application of bimetallic
catalysts with a second oxophilic and electropositive metal species forming Lewis acid sites in
close proximity to noble metal particles has proven beneficial for selective CO group
hydrogenation.®®l Dai et al. as well as Mahata and coworker showed that the addition of Fe or
Zn to Pt supported on carbon materials increased the selectivity of cinnamaldehyde
hydrogenation towards cinnamyl alcohol by almost a factor of two.[>* Similar results were
found by Bachiller-Baeza who investigated the selective hydrogenation of citral over
carbon-supported Ru-Fe catalysts.®® Tamura et al. found an outstandingly high selectivity for
formation of allylic alcohols on Ir-ReOx materials, in which metal oxide particles were proposed
to act as anchoring sites activating the carbonyl group.! Investigating cinnamaldehyde
hydrogenation Giroir-Fendler and coworker revealed that increasing the metal particle size
leads to an increased steric repulsion of C=C bond resulting in an improved selectivity for
carbonyl group hydrogenation.°”1 Concerning support modifications, Solhy et al. showed that
heat treatment of multi-walled carbon nanotubes (MWCNT) prior to catalyst synthesis leads to

a decreased concentration of acid surface sites and consequently to larger metal particles.8
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1.4 Electrocatalytic activation of hydrogen and hydrogen evolution
Electrocatalytic activation and formation of hydrogen via proton reduction from aqueous
phase proceeds via a two-step consecutive mechanism, that is either Volmer-Heyrovsky or
Volmer-Tafel sequence.® In the first step, hydronium ions are reductively adsorbed on the
metal electrode surface according to Volmer equilibrium (Reaction4). In Heyrovsky
equilibrium, the adsorbed H atom reacts with another hydronium ion from bulk electrolyte,
which is being electrocatalytically reduced, to from H: (Reaction 5). Alternatively, two
adsorbed H atoms recombine on the metal electrode surface in a pure thermo-chemical reaction,
the Tafel step, and desorb as H> (Reaction 6). Depending on ECH conditions, e.g., used metal,
applied overpotential, organic compound to be reduced hydrogen evolution reaction is an

inevitable side reaction that decreases the Faradaic efficiency of ECH.

HO* + e + M == M-H + H0 (Volmer) (Rxn. 4)

M-H + H30" + & == M + HO + H (Heyrovsky) (Rxn. 5)

2M-H

2M  + Hy (Tafel) (Rxn. 6)

As stated earlier, the theoretical reversible onset potential for hydrogen evolution reaction

(HER) should be zero, i.e., E} . =0V vs.SHE .[®% However, each metal electrode shows an

additional negative onset overpotential for HER that needs to be applied to the electrode surface
in order to drive the reaction.[*?) This additional energy input that is required to start Ha
formation is determined by the hydrogen binding energy, i.e., the Gibbs free energy of adsorbed
H on the respective metal surface.[Y] As is shown in Figure 8 HER activity of different

transition metals follows a volcano-type shape with respect to E(M-H) and AG,,.. Platinum

group metals that typically show a very low onset overpotential for hydrogen evolution reaction,
that is only a few millivolts, are located at the peak of the volcano plot, which is the reason why
especially these metals are most applied in hydrogen-related electrochemistry.?l The Gibbs
free energy of hydrogen atoms that are adsorbed on these type of electrodes is close to zero.
Metals on the left branch of the volcano in Figure 8b bind H too strongly, which leads to a
blocking of active sites and an increased activation barrier for HER. Consequently, the energy
input that is required to drive the reaction, i.e., the onset overpotential raises. Contrarily, metals
on the right branch bind hydrogen not strong enough to stabilize the intermediate state, which

gradually prevents hydrogen evolution reaction from taking place.
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Figure 8: Volcano plots of exchange current density of transition metals as function of a) M-H bond
strength, and b) Gibbs free energy of adsorbed H on metal surface, adapted from refs. [61a] and [61b].

Depending on the applied overpotential HER on Pt group metals proceeds via either a
Volmer-Tafel or a Volmer-Heyrovsky mechanism with different rate-determining steps
(r.d.s.).®%l At low overpotentials hydrogen formation proceeds via a Volmer-Tafel mechanism
with the Tafel step being r.d.s.. All active sites are fully covered with H from proton reduction
and H. desorption from electrode surface limits the reaction. This results in Tafel slopes below
30 mV dec™' (Figure 9). At medium overpotentials the HER mechanism changes to a
Volmer-Heyrovsky sequence with the Heyrovsky step being rate-limiting and a Tafel slope of
30-120 mV dec ™. At very high overpotentials the high electrochemical rate of HER leads to a
depletion of hydronium ions close to electrode surface.*® Due to transport limitations the
Volmer reaction with a Tafel slope larger than 120 mV dec™' becomes r.d.s. of hydrogen
evolution reaction. The Tafel slope (bc) of each sector can be derived from Tafel equation with
n being the applied overpotential, j standing for the measured current density and a being an

empirical constant, i.e., the respective onset overpotential for HER (Equations 4-5).[5

n=a-Dbclog(}j) 4)
b, = & (5)
slog(i) ), .
< a) ‘ b) be = 156.1 mV/dec
Q
\
I = be = 20.5 mV/dec
T
x
E / b = 85.1 mV/dec
1

+~———— - Evs.RHE [V] LOG(/] [LA I cm?]) ———

Figure 9: a) Linear polarization (LP) curve of HER on Pt in aqueous phase, and b) resulting Tafel plot
with different Tafel slopes bc.
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Tafel analysis of linear polarization (LP) measurements is based on Butler-Volmer kinetics
that describes the current-potential relation of a simple unimolecular redox reaction happening
at a metal electrode.[®*! Consider a simple reaction of species A to B equivalent to proton
reduction towards adsorbed H (Reaction 7).

A—> X' —— B (Rxn. 7)

Using transition state theory, the reaction rate (r) can be written according to Equation 6.

KT KT AG

The ks is the forward rate constant, the ca and cx; stand for the concentration of species A and
transition state X’, respectively. The k, T and h are Boltzmann constant, temperature and Planck
constant. The R is the universal gas constant and the AG®” is the standard Gibbs free energy of

activation. Hence, the forward rate constant can be written as (Equation 7):

of
3 =k—Texp(— AS ] U

h RT

In order to take into account the influence of an external electric potential on reaction rate the
standard Gibbs free energy of activation needs to be related to the potential difference across

the electrode/electrolyte interface, that is the applied overpotential # (Equation 8).

AG°™ = AG°" £ aFp (8)

Here, AG®" is the standard Gibbs free energy of activation influenced by an applied
overpotential. The F and a denote Faraday constant and the charge transfer coefficient of the
reaction. This factor, which usually has a value between zero and one, describes how much of
the electric potential is used to lower the energetic barrier of reaction.[®® The larger it is the
more AG®” is reduced leading to a pronounced raise of reaction rate with increasing
overpotential. In that sense, charge transfer coefficient is similar to symmetry factor in
transition state theory that differentiates between early and late transition states.[®®! The + sign
in Equation 8 is applicable to either cathodic or anodic reactions. Hence, for a cathodic reaction
the electrochemical rate, i.e., the measured current (density) with respect to applied

overpotential can be defined according to Equation 9.

of
jo=Fr=—F&Tc, [AG jexp(——“F”] =—Fkc, exp[——“F") ©)

h RT RT

The jc is the measured cathodic current (density).
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If Reaction 7 is an equilibrium reaction as is the case for hydrogen evolution reaction, the
anodic current (density), ja, has the same expression like jc. However, with a plus sign in the

exponent, a backward rate constant (ko) and a charge transfer coefficient of (1-«), that is
a+(1-a)=1. Therefore, the overall current (density), j, of an equilibrium reaction can be

written as a superposition of jc and ja (Equation 10).

j=1J.— ). =FkyC, eXp(%j —Fk¢Ca EXp(—R—Tnj (10)

If totally in equilibrium, i.e., at reversible or open circuit potential the applied overpotential as
well as the net reaction rate are zero. The rate, at which the electrochemical reaction proceeds
back and forth at equilibrium, is called exchange current (density), jo, and is determined by the
preexponential factors (Equation 11).

J. = J. © Fkyc, =Fkic, = ], (11)

This leads to Butler-Volmer equation (Equation 12).

i=, exp[M]_ i exp(— “F"j (12)

RT RT

There are two limiting cases for Butler-Volmer equation. Close to reversible electrode
potential it is close to linear (Equation 13). This behavior can be used to determine the
polarization resistance of an electrochemical reaction. At large overpotential one of the
exponential terms becomes negligible. For a cathodic process like HER only the cathodic part
of current (density) remains and vice versa (Equation 14). When written in logarithmic form
Equation 14 can be used together with Equation 5 in order to determine the Tafel slope and the
corresponding charge transfer coefficient (Equations 15-16).
Fr

j=j,— 13
J=Jopr (13)

. . aFn
=].=—] exp| ——— 14
I1=1 Jo p( RT j (14)

j aF

2.3log| — [=—— 15
g( J ) (15)
b, = on _ 2.3RT (16)

olog [JJ] aF

Figure 10 depicts the measured current density as a function of applied overpotential. The

anodic and cathodic current densities are shown as ja and jc, respectively for o= 0.5 and
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jo=1mA cm™2 The z in the equations represents the number of electrons transferred during

the reaction.

-z b '
se= = e (s )
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o

Overpotential n [V]

Figure 10: Development of measured current density with applied overpotential according to
Butler-Volmer model.

Application of an external electric potential to a metal electrode surface not just leads to the
adsorption and formation of hydrogen or ECH of an organic molecule but also to the
accumulation of ionic species within the electrochemical double-layer. The structure of this
interfacial layer between electrode surface and bulk electrolyte will be discussed in the next

section.
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1.5 Electrochemical double-layer

Immersing a charged particle, e.g., a metal electrode into an aqueous electrolyte leads to the
formation of an interfacial layer between particle surface and bulk electrolyte, that is
electrochemical double-layer (EDL).!1 Within this layer, which typically has a thickness of
only a few nanometer, electrolyte ions, e.g., hydronium ions and electrolyte cations and anions
are accumulated and prone to adsorption on the solid surface.[%8. There are different physical
models to describe the structure of this interfacial layer as well as the distribution of charge

within it.[64a

1.5.1 Parallel plate model

The earliest model, the parallel plate or Helmholtz model, was developed by Hermann von
Helmholtz in 1879.1%° This model treats both boundaries of EDL, the particle surface as well as
the bulk electrolyte, as rigid layers with fixed charges of opposite sign on either side. The
electrolyte layer that points towards the solid surface is referred to as outer Helmholtz plane
(OHP). The distance between metal surface (MS) and OHP is assumed to be constant and the
potential drop across the interface is supposed to be linear. Hence, the electrochemical
double-layer behaves like a parallel plate capacitor with a constant capacity Cn (Equation 17,
Figure 11).

¢
4rd

The ¢ and d are the dielectric constant of the electrolyte as well as the distance between solid

C, 17)

and liquid phase.

MS OHP MS OHP
c
o - -
3| - 5| - %
= | - 2 _ %
5 | _ S| _ ¢
S| _ = %
(V]
5| - |
Distance from metal surface Distance from metal surface

Figure 11: Schematic representation of parallel plate model (left) and corresponding potential drop
across EDL (right).

However, the assumption of a constant capacity even at changing charge densities on one of
the layers is disproved by experiment. The capacity of EDL changes with electrode potential.
This questions the model of fixed charges on either side of the interface and leads to a second
model, that is the diffuse double-layer model.
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1.5.2 Diffuse double-layer model

The diffuse double-layer model, which is also referred to as Gouy-Chapman model, was first
introduced by Louis Georges Gouy and David Leonard Chapman in 1909 and 1913,
respectively.[® In their model, they assumed that a rigid layer of charges on the solid surface
is surrounded by a cloud of oppositely charged ions in liquid phase, with the concentration of
theses ions decreasing with distance from the metal surface, that is the diffuse double-layer
(Figure 12). The ions within this region of solution are acted upon by two forces, electrostatic
interaction with the charged metal surface and thermal interaction with surrounding ions that
aims to reduce their concentration gradient. Hence, the distribution and concentration of ions
with respect to their distance from the solid surface can be explained by Maxwell-Boltzmann
statistics and Boltzmann equation (Equation 18).["!1

¢, (X) =y, eXp[‘%j (18)

The ci(x) and ¢y, are the concentration of ion i at a distance x from the metal surface and in
bulk solution, respectively. The z; refers to the charge of the ion, the F is Faraday constant and

R equals the universal gas constant. The T represents the temperature and (¢, —¢) is the

potential difference between metal surface and bulk solution. So, numerator and denominator
of the exponent determine the electrostatic and thermal energies that act on the ion within the
diffuse double-layer. Using the Gauss Theorem (Equation 19) that describes the excess surface
charge density of metal (qm) as a function of the potential gradient along the interface, for a
1-1 electrolyte the excess surface charge can be calculated according to Equation 20.[2

Qu = —&é; (%J (19)

0y = /8RT g,,C, sinh [@%J (20)

The & and &r are the dielectric constant in vacuum and of the used electrolyte, respectively.
The ¢, is the potential within EDL at a certain distance x from the metal surface.

Consequently, the diffuse double-layer capacitance (Cc.c) is derived by differentiating the
excess surface charge with respect to potential (Equation 21). The capacitance within EDL
follows a parabolic profile with a minimum at the potential of zero charge, where gu = 0. There

it is proportional to the square root of the ion concentration in bulk electrolyte (Equation 22).
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Figure 12: Schematic representation of diffuse double-layer model (left) and respective potential drop
across EDL (right).

However, also this model has drawbacks, which cast doubt on its practical applicability. First
of all, it is only valid in very dilute solutions and within a certain range of potential that is close
to the point of zero charge. Furthermore, it completely excludes ion-ion interactions that play a
role at high concentrations. Finally, the assumption of a constant dielectric constant throughout
the whole diffuse double-layer might also not be true in all cases.

Therefore, a third model that combines the theories of both the Helmholtz and the

Gouy-Chapman model was developed for describing the electrochemical double-layer.

1.5.3 Stern model

In 1924, Otto Stern developed a model for determining the potential and capacity across
electrode/electrolyte interfaces that is based on the assumptions of Helmholtz and
Gouy-Chapman.l”®! According to this model the interface at a charged metal surface consists of
a rigid layer of counter ions, the outer Helmholtz plane or Stern layer, followed by a diffuse
layer of ions that is equivalent to the diffuse double-layer (Figure 13). The charge within the
interfacial layer (gs) still has to equal the charge on the metal surface (gm) however, it splits up
into two parts arising from the Helmholtz layer (qn) and the Gouy-Chapman layer (gec.c),
respectively (Equation 23). In that sense, EDL behaves like two capacitors in series
(Equation 24).

Ov =0s =04 t Q. (23)
11,1 o
CDL CH CG.C
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At low concentrations the term arising from Ci gets negligible and EDL behaves like a
H

diffuse double-layer according to Gouy-Chapman. Contrarily, at high concentrations most of
the charge is concentrated at the metal surface making —— insignificant. The electrochemical
G.C.
double-layer can be treated as in parallel plate model.
Figure 13 also shows the potential across the interface as a function of distance from metal
surface. In Stern model, the potential is split into a linear part within Helmholtz layer and a
semi-exponential one in the diffuse layer. The potential at the boundary between rigid and

diffuse layer, i.e., the Stern potential ( 4., ) is most often set equal the potential at the electrode

surface that is used for deriving the Gouy-Chapman part of the model.
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Figure 13: Schematic representation of Stern model (left) and respective potential drop across EDL
with Stern potential (right).

Even this model has some deficits. For example, it doesn’t take into account specific
adsorption of electrolyte anions. Furthermore, it is not able to explain the influence of solvent
molecules, e.g., H20 in terms of ion solvation and its influence on EDL structure.

It has to be noted that in any of the models discussed it is assumed that a rigid layer of solvent
molecules exists at the electrode surface, even below the first layer of counterions.*3 This layer,
which is sometimes referred to as inner Helmholtz layer, consists of oriented dipoles that are
adsorbed on the solid surface via electrostatic interactions.

The properties of an electrochemical double-layer, e.g., its capacity, its charge transfer
resistance or the accumulation and adsorption of electrolyte ions can be investigated via
different electroanalytic techniques, that is impedance spectroscopy, cyclic voltammetry and

linear polarization measurements.
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1.6 Electroanalytic techniques for probing EDL
1.6.1 Linear polarization

Linear polarization (LP) measurements can be used to investigate the onset overpotential as
well as the activity of an electrode for a certain electrochemical reaction, e.g., hydrogen
evolution reaction.®? Therefore, the potential is swept with a constant scanning rate from an
initial to a final value and the current response of the electrode/electrolyte interface is recorded
(Figure 14).

EV¢

scanning
rate [V/s]

t [min]
Figure 14: Development of applied potential with time during linear polarization measurements.

In Tafel analysis, the applied overpotential is plotted against the logarithm of the measured
current density and the linear regions of the resulting graph are extrapolated into their
intersection.’® The slopes of the linear parts give the respective Tafel slopes for oxidation and
reduction, respectively. The onset overpotential as well as the exchange current density of the
investigated catalyst/reaction system are derived from the intersection of linear regions

(Figure 15).
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Figure 15: a) Linear polarization curve of HER/HOR and b) resulting Tafel plot for a catalyst with an
onset overpotential of n = 0.01 V and an exchange current of |io] = 10 mA.["]

The lower the onset overpotential and the smaller the Tafel slope are the more active the used
electrocatalyst is in the analyzed electrochemical redox reaction. Tafel analysis is based on

Butler-Volmer model discussed above.
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1.6.2 Cyclic voltammetry

In cyclovoltammetry, the applied potential is cycled with a constant scanning rate between an
initial and a final potential (Figure 16).[

EMV

Emax T

E, 4

scanning

Epmin 1 rate [V/s]

t [min]
Figure 16: Change of electrode potential over time during cyclic voltammetry.

The resulting current signal can be used to investigate redox processes that are accompanied
or driven by heterogeneous electron-transfer steps.[’®! As discussed above the electrochemical
double-layer behaves like a capacitor with the electrode surface and the electrolyte representing
the negative and positive plates, respectively. The layer of adsorbed water molecules within the
inner Helmholtz plane acts as molecular dielectric.[’1 At a given external electric potential E,
the ratio of measured current density j to scanning rate v stands for the capacity of EDL at that
point (Equation 25).

Cop =4 =S (25)
v E

Hence, the CV curve represents the charge Qpv that is stored in between the plates of the
capacitor.[”® Usually, this charge is separated into two contributions. The inner Helmholtz layer
mainly comprises water molecules that are adsorbed on the negatively charged electrode with
their dipole moments directing towards bulk electrolyte.[”®1 This accumulation of dipole
moments within EDL causes a minimum charge stored in between the plates of the capacitor,
that is the double-layer capacitance.l® In CV, this double-layer capacitance is represented by
the area between the constant minima of the anodic and cathodic branch of the CV curve
(Figure 17).[Y Depending on external electric potential the curve shows additional features that
lie on top of the capacitive area.’? This pseudo-capacitance arises from additional
accumulation of charge within the double-layer, which is caused by electrochemical adsorption
of electrolyte species on the electrode surface.> &l Integrating the on top area allows for
quantification of the adsorbed species and calculation of the electrode surface coverage.l®! The
CV curve in Figure 17 can be divided into three sections being (1) the hydrogen region up to a
potential of E =0.40 V vs. RHE, (Il) the potential region between 0.40 and 0.80 V vs. RHE
where adsorption of electrolyte anions takes place and (111) the oxide region at potentials larger
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than E = 0.80 V vs. RHE.[® Each section can be expressed via characteristic equations of the
potential-driven adsorption and desorption of electrolyte species on Pt surface.

anodic sweep
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Figure 17: Cyclic voltammetry of Pt supported on carbon nanotubes in agueous phase.

The reason for the current to peak is the fact that charge transfer across the interface is much
faster than the scanning rate during CV. Therefore, the concentration of electrochemically
active species at the electrode surface gradually declines with increasing reaction rate and
consequently, the current starts to drop. ]

It has to be noted that the potential region investigated in CV is typically the window in which
no water electrolysis occurs, i.e., no hydrogen or oxygen formation. As soon as HER or OER
start the current drastically increases. This makes a deconvolution of features arising from
electrocatalytic adsorption or desorption on the metal electrode surface impossible.

Furthermore, the peaks shown in Figure 17 are a unigque property of Pt group metals.!

1.6.3 Electrochemical impedance spectroscopy
The capacity as well as the charge transfer resistance of EDL can also be determined via
electrochemical impedance spectroscopy (EIS).[ In EIS, a sinusoidal potential of increasing
frequency is applied to the electrode/electrolyte interface and the resulting current response is
recorded.®] Due to the resistance of the system this current signal is phase-shifted with respect
to the initial potential signal (Figure 18).%1 The overall resistance (|Z|) behaves like a complex
number that is split into a real (Re(Z)) and an imaginary part (Im(Z)), which can be derived
from Equations 26-28.1
E(t) = E,sin(wt) = E exp(iat) (26)

1(t) =l sin(ot+p)=1,exp(iot—p) (27)

E_E sin(et) E, exp(iot) E, . _ :
n 0W—IW—I(COS(/O)+ISIH(,0))—Re(Z)+IIm(Z)(28)
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The E(t) and Eo are the applied potentials over time and the amplitude of the sinusoidal signal,
respectively. The I(t) and lo stand for the current over time and its amplitude, o refers to the

frequency of sinusoidal potential and p is the phase shift of sinusoidal current response.

E[V]
1A]

t [min]
Figure 18: Schematic representation of applied potential and current response during EIS.

Plotting of imaginary against real part results in the Nyquist plot, from which the
uncompensated solution resistance (Rs), the charge transfer resistance of EDL (Rct) as well as
the double-layer capacitance (CpL) are extracted (Figure 19a,b).[°®! This allows for setting up
the Randles circuit depicting how these quantities are connected in parallel or in series within
EDL (Figure 19¢).°Y At very low frequencies of the initial potential signal diffusion limitation
of the electroactive species through the electrochemical double-layer might occur. This gives
rise to a linear region in Nyquist plot that is referred to as Warburg impedance (Zw), which is

most often connected in series to charge transfer resistance (Equation 29).[40]
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Figure 19: a), b) Nyquist plot for determination of real and imaginary part of impedance and its
phase-shift as well as Rs, Ret, CoL and Zw, and ¢) resulting Randles circuit.

1-i RT2

Zw =(1_i)\/5 ~Jo (zF )’ c,/D

The ¢y, refers to the concentration of electroactive species in bulk solution and D stands for its

(29)

diffusion coefficient. The R, T, F and z are the universal gas constant, the temperature, Faraday

constant and the number of electrons transferred. The o denotes the Warburg coefficient.
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1.7 (Electro)chemical potential

The chemical potential p of a species equals its molar Gibbs free energy Gm and is a
consequence of the second law of thermodynamics.t% In equilibrium, the chemical potential
of a species in a sample is constant, no matter how many phases coexist. Hence, the p describes
the probability of this species for changing its chemical or physical state in a surrounding
system, i.e., the higher the chemical potential of a species is the more likely a phase transition
or chemical reaction of this species gets.[*? It is the energy that can be absorbed or released by
the system upon changing the amount of a given species in a chemical reaction or phase
transition.®®1 As particles always tend to move from higher to lower chemical potential
spontaneous processes are accompanied by a release of energy.®*! Assume diffusion of
molecules in a closed container with areas of different concentration. At constant temperature
and pressure molecules in a high-concentration area have a higher chemical potential than those
in low-concentration areas. Consequently, molecules will start to diffuse from areas of higher
chemical potential to regions of lower chemical potential until the concentration is equal
throughout the whole container and the system is in equilibrium, i.e., at its energetic minimum.
During this process molecules moving from higher to lower concentration loose part of their
free energy to the environment.

The internal energy of a thermodynamic system in thermal equilibrium is influenced by the

chemical potentials pi of its species according to Equation 30.

dU =TdS - pdV + > pdN, (30)
i=1

The dU, dS, dV and dN; are the infinitesimal changes of internal energy U, entropy S, volume
V and particle number N; of species i. The T refers to the temperature of the system and p stands
for its pressure. The chemical potential of a species i that is added or subtracted is defined by
M.

So, the chemical potential of a species i at constant entropy and volume is defined via

ouU
“F(mlm Gy

Equation 31.

In practice however, it is difficult to keep the entropy and volume of a system constant,
especially when particles are added or withdrawn. Therefore, Legendre transformation of the
internal energy yields a more applicable quantity, that is the Gibbs free energy (G) of the system
(Equation 32).%4 Inserting Equation 30 into the differential dG (Equation 33) leads to
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Equation 34 and hence, the correlation between chemical potential and Gibbs free energy of a
system (Equation 35).
du du

G=U-—V-——S=U+pV-TS (32)
dv = dS
dG =dU + pdV +Vdp—TdS — SdT (33)
dG =Vdp—SdT + > pdN, (34)
i=1
5G
M= (_] (35)
5Ni P. TN

At constant pressure and temperature, the change in Gibbs free energy of a system equals the
change of chemical potentials of the involved species that are added or subtracted. In
equilibrium, the Gibbs free energy of the system is at its minimum (dG = 0) and the increase
and decrease of chemical potentials of species that are exchanged with the environment cancel

each other out (Equation 36).

n

(dG),, => wdN, =0 (36)

i=1

For spontaneous processes (dG)p,t is negative. Consider the above transport process of a
species from a high-concentration area to a region of low concentration. At high concentration
the chemical potential is p1 and at low concentration it is po, with p1 > po. Assuming that N1
and N2 are equal in size but have opposite signs the change in Gibbs free energy at constant

pressure and temperature is given by Equation 37.

(dG), ; =—HdN, + p,dN, = (p, —p )dN <0 (37)

The chemical potential of a species i in liquid phase comprises of an ideal part and a non-ideal
term (Equation 38). The ideal fraction of chemical potential consists of the chemical potential

of pure species i (p’) and an activity-related term arising from, e.g., its partial pressure,

concentration activity or coverage on a surface (Equation 39). As the ideal term of chemical
potential excludes interactions of species i with itself and other species a non-ideal part of
chemical potential, i.e., an excess potential taking into account this interplay is introduced
(Equation 40).

p'i = ui,ideal + ui,excess = H'IO +RTlIn (Zl ) +RTIn (7,) (38)
Miideal = Uio +RT In(li) (39)
p’i,excess =RTIn (7I) (40)
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When the system is in an electric field and the analyzed species has ionic character a third
contribution to the chemical potential has to be considered.*¥ The electrochemical potential ﬁi

of an ionic species i in an electric field is given in Equation 41. It consists of the species’
chemical potential defined in Equation 38 and a term arising from the local electric potential,
e.g., the potential across the electrode/electrolyte interface. Depending on charge and sign the
electric field will cause the ionic species to move to regions where it has lower electrochemical

potential and where the Gibbs free energy of the system is at a minimum.

W=W+zFg=W +RTIn(x)+RTIn(y)+zF¢ (41)

The zj and F are the species’ charge and the Faraday constant. The ¢ denotes the local electric

potential.
Apart from Gibbs free energy the (electro)chemical potential can also be related to other

thermodynamic properties like the enthalpy change during a reaction (Equation 42).
(AH), 5, = 2 HaN, 42)
i=1

Consider a unimolecular reaction, e.g., electrocatalytic H adsorption on metal electrode
surface according to Volmer reaction (Reaction 4). Changing the electrode potential leads to a
shift of the electrochemical potential of adsorbed state while the chemical potential of
non-adsorbed state remains constant. Hence, via tuning the potential across EDL the adsorption
enthalpy of H on metal electrode surface can be changed. The more the adsorbed state is
destabilized, i.e., its electrochemical potential is increased the more the adsorption heat is
reduced (Figure 20).

h

H*+e +M

AHad:s \
M- H
¢

Potential energy p
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Figure 20: Schematic representation of variation of chemical potential of adsorbed state and thus,
changing adsorption enthalpy upon variation of local electric potential.
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1.8 Catalyst characterization

Carbon-supported transition metal catalysts are most often characterized concerning their
metal loading, external surface area and metal dispersion. Therefore, catalysts are examined via
different physicochemical methods of analysis, e.g., N2 physisorption, H. chemisorption,
transmission electron microscopy (TEM) and atomic absorption spectroscopy (AAS). These

are discussed in the following sections.

1.8.1 Nitrogen physisorption
Adsorption is the interaction of an adsorbate with a solid surface. Depending on the bonding
between adsorbate and adsorptive there are two types of adsorption, i.e., chemisorption and
physisorption.[®® In chemisorption, adsorbate molecules are bound to the solid surface via
chemical interactions whereas in physisorption they only weakly interact via van-der-Waals
forces. Both sorption processes need to be exothermic, which results from Gibbs-Helmholtz
equation (Equation 43):
AG = AH —TAS (43)

The AG is the Gibbs free energy of adsorption and the AH and AS stand for the respective
adsorption enthalpy and entropy. The T refers to the temperature.

For a spontaneous process AG is negative. As the entropy change during adsorption is also
negative the corresponding value of AH has to be negative.[3%

Nitrogen physisorption is the most commonly used method to gather information on the
surface area, pore size, and pore size distribution of catalyst materials.l®® The principle of
N2 physisorption is based on the physical adsorption of a gas on the surface of a material.
Therefore, it is assumed that all surface sites are initially populated equally and that there is no
interaction between adsorbed species. Since polar adsorbates tend to chemisorb strongly on
specific adsorption sites, a nonpolar gas is needed to fulfill these assumptions.’’l In
N2 physisorption adsorption and desorption isotherms of a sample are measured at 77 K with
nitrogen as adsorbate.®®! Heavier gases such as krypton would improve the sensitivity however,
these methods suffer from limitations concerning measurement scale and conditions. Before
the measurement, the sample is outgassed to remove any contaminations.[®® By plotting the
adsorbed amount as a function of partial pressure of adsorbate gas at a certain temperature an
adsorption isotherm is recorded. The part of isotherm until completion of a first monolayer

follows Langmuir equation (Equation 44).12°]

Kp
rlUpt. = nl’)/lth. l+ Kp (44)
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The nypt. and nL“,”pﬁ. refer to the uptake of adsorbate on the solid surface and the uptake required

for one monolayer of adsorbate, respectively. The K is the adsorption equilibrium constant and
p stands for the partial pressure of adsorbate gas.

However, in physisorption the first layer of adsorbate can serve as sites for further adsorption.
Therefore, another isotherm for describing multiple layer adsorption on a solid surface is
needed. One of the most well-known isotherms for describing multilayer adsorption, the BET

isotherm, was introduced by Brunauer, Emmet and Teller in 1938 (Equation 45).1*01

n, . =n"- cp (45)

e

The c refers to the BET constant and p° is the vapor pressure of adsorptive in bulk phase. The
BET constant depends on the adsorption heats of first, second and higher adsorption layers.

Linearization of Equation 45 allows for determining the monolayer adsorbed gas quantity vmL

1 kP
(G
p

and the BET constant from the slope and y-intercept of the resulting plot of

(Figure 21, Equations 46-48).

P
pO
Figure 21: BET plot for determining monolayer adsorbed gas quantity and BET constant.
1 c-1 1
M (46)
V(l_pj Ve P VG
p
1
Vg =—— 47
w=—— (47)
m
c=1+ T (48)

The v stands for the adsorbed gas quantity.
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The BET method is used in material science and catalysis to calculate the total surface area

(Stotal) as well as the BET or specific surface area (Sget) of a sample (Equations 49-50).1202

Vi NAS
Stotal = M{_/ : (49)
S
SBET — total (50)
mSampIe

The Na, Vm and s represent the Avogadro number, the molar volume of adsorbate gas as well
as the adsorbate cross section, respectively. The msampie is the adsorbent or sample mass.

Depending on the pore diameters of a sample hysteresis phenomena have to be considered. A
hysteresis during adsorption/desorption process means a difference in the adsorption and
desorption branches of an isotherm. This phenomenon can be explained by the fact that
mesoporous materials allow capillary condensation.!*%! The condensate is showing a different
partial pressure than the adsorbate leading to different behavior during desorption. The

hysteresis is depending on multiple parameters and can be interpreted by the different types of
isotherms defined by IUPAC (Figure 22).1104

I(a) I(b) IV(a) IV(b)
-— -— ‘
- = r = / )1
]
8
o1 v Vi
3 1] 1]
@
' ”
=
g = N =
B P
X P

Relative pressure —————— m—
Figure 22: BET isotherms classified according to IUPAC, adapted from ref. [104].

It has to be noted that the part of the isotherm used for calculating the total and specific surface
area is the region of monolayer adsorption, which usually doesn’t show hysteresis

phenomena.l'®! Figure 23 shows a schematic representation of an instrument for BET analysis.
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Figure 23: Schematic of a generic N2 physisorption setup, reprinted from Naderi.[1%!

1.8.2 Hydrogen chemisorption

Hydrogen chemisorption is used to determine the number of exposed active metal sites on the
surface of the examined sample.'%1 After sample activation in vacuum known amounts of
probing gas, i.e., Hz are dosed into the sample cell and the equilibrium pressure established
between sample and gas phase is measured for each dose.[*®®! By plotting the adsorbed volume
against equilibrium pressure, this results in an adsorption isotherm for monolayer uptake of
hydrogen on all metal surface sites (isotherm A). However, in catalysis it can be distinguished
between weakly binding surface sites and strongly binding sites.[*%! It is the latter ones that are
interesting in terms of reaction kinetics and thermodynamics. Hence, via back-sorption method
the fully covered sample is evacuated again at room temperature. This allows for removal of
only the weakly bound hydrogen from the catalyst surface. In a second adsorption
measurement, only these sites are covered again with hydrogen, which results in a second
isotherm for H adsorption on weakly binding metal surface sites (isotherm B).[% Subtracting
isotherm B from isotherm A gives the hydrogen adsorption isotherm on strongly binding metal
surface sites, that is the active surface sites of the sample (isotherm C). Figure 24 shows

different isotherms of hydrogen adsorption on a metal surface determined via H> chemisorption.

nML

Upt. A

C irreversible

Uptake ny

""""""""""""""""""""""" B  reversible

Equilibrium pressure p

Figure 24: Schematic representation of H adsorption isotherms on different metal surface sites with
extrapolated monolayer uptake.
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By extrapolating the linear part of isotherm C to zero pressure the monolayer uptake of H on

active surface sites Vj can be determined.!*™!! Using this value, the active metal surface area

(Sm) and the metal dispersion (D) of the catalyst can be calculated according to

Equations 51-52. The average particle diameter (dp) is derived from Equation 53.

V ML
Sy = 2 N,vs (51)
mol
D = SuMuw (52)
N,s
do=g (53)
mP

The v is the adsorption stochiometric coefficient, e.g., for Hon Pt v = 1. The Na and Vo refer
to Avogadro constant and molar volume; the s stands for the adsorbate cross-sectional area. The
Mw and p are the metal’s molecular weight and density, respectively. The g is a geometric
factor depending on the metal particle shape, e.g., g = 6 for spherical particles.*'? Figure 25

gives a diagram of a typical apparatus for H, chemisorption measurements.
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Figure 25: Schematic overview of a H2 chemisorption setup, reprinted from Fadoni and Lucarelli.}!

1.8.3 Transmission electron microscopy
Transmission electron microscopy (TEM) is a widely applied technique in material science
for imaging nanoscale structures that are below 100 nm in size.[*** In a common transmission
electron microscope, a beam of electrons is generated via application of high voltage to an
emission source or cathode made of either tungsten or lanthanum hexaboride.[*** Given a
sufficient current, electrons are emitted into vacuum via thermionic or field electron emission.
According to Louis de Broglie electrons generated with a high acceleration voltage have a very
small wavelength (1) leading to a significantly higher resolution of TEM compared to light
microscopy (Equation 54).[362 116]
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p myv 2m.e¢
The h and p refer to Planck constant and the electron’s momentum, respectively. The me and

v are its mass and speed. The e and ¢ stand for the elemental charge and the acceleration voltage

that is applied to the cathode.

Obijective lenses and slits in the column only allow for transmission of electrons within a very
small energy range leading to a well-defined electron beam.!**"] The focused beam is applied to
the specimen prepared on a sample holder or grid, the thickness of which has to be less than
100 nm for electrons to pass through.[**®! The transmitted electrons are refocused and magnified
onto an imaging device, e.g., a fluorescent screen that allows for converting the electronic
information into a visible form.[''° Depending on the density of the sample the incoming
electrons are scattered at different angles, which leads to variation of the transmitted
intensity.[*?%1 High-density areas scatter electrons more strongly leading to a decreased intensity
of electrons passing through the sample. Consequently, metal particles on a low-density
support, e.g., carbon, alumina or silica appear as dark spots in bright-field TEM images.
Therefore, TEM images can be used to determine the mean particle size (dp) and dispersion (D)

of supported transition metal catalysts (Equations 55-56).
s
>4

d, =

(55)

p=9Vu (56)
d.S
The dj refers to the particle diameters measured from TEM images. The g is a geometric factor
depending on the metal particle shape, e.g., g = 6 for spherical particles. The Vi and S are the
volume of metal atom and its cross-sectional area, respectively.

Figure 26 shows a model of a common transmission electron microscope.
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Figure 26: Schematic representation of a transmission electron microscope, reprinted from ref. [118].

1.8.4 Atomic absorption spectroscopy

Atomic absorption spectroscopy (AAS) is a powerful technique for quantitative analysis of
chemical elements in an unknown sample that is based on the absorption of light by atoms in
gaseous state.[*?!] Based on the atomic absorption spectrum of a sample the concentration of
specific analytes, e.g., chemical elements can be determined.[*??! Therefore, the calibration with
standard solutions of known analyte concentration is required in order to establish the relation
between measured absorbance (A) and analyte concentration (c) according to Beer-Lambert law
(Equation 57).[t2

A=log (II—OJ =log(T )= ecd (57)

The | and lo represent the intensity of light after having passed through the sample and its
initial intensity, respectively. The T stands for the ratio between | and lo, which is the
transmittance of the sample. The ¢ and d are the absorption coefficient of the sample and the
light’s pass length through the sample.

In common AAS setups a flame atomizer is used to bring the sample in the gaseous state and
to nebulize it into the atomization chamber.[?*] Afterwards, the analyte is radiated with light of
element-specific wavelength, which is emitted by a hollow cathode lamp.!*?51 Hollow cathode
lamps are line sources as they emit only the characteristic wavelength spectrum of the element
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that is to be analyzed.'?®! This is possible because these types of line sources contain the
element of interest as cathode. Once, a high voltage is applied between anode and cathode of
the lamp the inert filling gas is ionized and accelerated towards the cathode. There, the
impacting ions cause excitation of the element atoms that emit their characteristic spectrum
upon relaxation.r% In double beam instruments, the emitted light is split into a sample beam
that passes through the atomization chamber and a reference beam that bypasses the sample. "]
After the sample chamber the beams are unified and their ratio of intensities is formed using
photomultiplier tubes as detector. This way, fluctuations in the spectral source and the detector
are canceled out, which results in a more stable signal than for single beam spectrometers.

Figure 27 depicts a schematic representation of a double beam AAS instrument.

Reference Beam

Sample Beam
‘ AN
O——y—{ =% )
Source E Monochromator  Detector Readout
Chopper Electronics

Sample Cell
Beam Recombiner

Figure 27: Schematic of a double beam AAS setup reprinted from Beaty and Kerber.[*8]
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1.9 Scope of the thesis

In scope of this work, the electrocatalytic hydrogenation of oxygenated compounds on
CNT-supported transition metal catalysts in water is investigated. A special focus is put on the
elucidation of fundamental steps occurring at the electrode/electrolyte interface, i.e., the
electrochemical double-layer.

The electrocatalytic activation of hydrogen on the metal electrode surface is the first
elementary step in ECH of organic molecules. The first part of this work analyses how the
variation of external electric potential on Pt electrode surface alters the thermodynamic stability
of H adsorbed on the metal surface. The Fermi level of Pt is found to shift upon modification
of applied overpotential. Therefore, the role of Fermi level adjustment on Pt-H bond strength
and catalyst activity in hydrogen evolution reaction is analyzed.

In the second section the impact of electrolyte composition on Pt-H bond strength in aqueous
phase is investigated. Depending on solution pH, ionic strength and containing alkali metal
cations the adsorption heat and entropy of H on electrode surface are evaluated. The results are
correlated to catalyst activity in electrocatalytic hydrogenation of benzaldehyde. The pH of
electrolyte is found to have the largest influence on H adsorption on Pt and reaction kinetics of
ECH.

In contrast to aromatic aldehydes, the (electrocatalytic) hydrogenation of unsaturated aliphatic
aldehydes towards (un)saturated alcohols is more challenging. The last section examines the
electrocatalytic hydrogenation of trans-2-penten-1-al on Pd- and Ru-containing catalysts. The
effect of external electric potential and catalyst composition, e.g., noble metal, support acidity,
particle size on reaction kinetics and selectivity is investigated. Furthermore, the addition of
promotor species as well as changing the electrolyte pH are analyzed. The outcome is correlated
to adsorption properties of different functional groups on the metal electrode surface. The
application of a large cathodic overpotential to a bimetallic Ru-Fe catalyst in less acidic solution
turned out to be most beneficial for selective hydrogenation of the carbonyl group.
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2. Impact of external electric potential on electrocatalytic

adsorption of hydrogen on Pt nanoparticles in aqueous phase

Abstract

Water as solvent tremendously affects hydrogen adsorption on noble metal catalysts like Pt
that are used in hydrogen evolution reaction (HER) and electrocatalytic hydrogenation (ECH)
of oxygenated compounds, e.g., aldehydes, ketones, carboxylic acids.

In water, H adsorbed on Pt that formed via reduction of hydronium ions from bulk solution is
less stabilized than hydrogen adsorbing under vacuum. Depending on externally applied
electric potential (Erne) and electrolyte pH the adsorption enthalpy in liquid phase (AHupd) iS
reduced to — 10 kJ mol™!. The effect of applied overpotential is attributed to a shifting of
electrode Fermi level and a different filling of Pt-H antibonding state (E*). The influence of
solution acidity can be rationalized via an additional energetic contribution that arises when the
electrochemical double-layer (EDL) is moved away from the metal surface. Its strength is

mainly determined by the number of HsO™ accumulated within EDL.

63



Chapter 2

2.1 Introduction

As the first elementary step, dissociative adsorption of Hz plays a significant role in catalytic
hydrogenation reactions. The strength of hydrogen binding on metal is usually evaluated by the
heat of adsorption of H, or hydrogen binding energy (HBE),[! which depends on adsorption
geometry,? reaction phase,”®! etc.. The surface electronic structure of an electrode is considered
as a key point that could establish a correlation between physical properties of a surface and its
chemical reactivity like chemisorption of Hz.*l The reactivity of a metal surface could be
determined by the position of d-bands relative to Fermi level.®! The more degree the
antibonding state being filled by electrons, the weaker the metal-H bond. Thus, the targeting
reactivity of catalyst could be achieved by modulating its surface electronic structure. It is
proved that the d-band center of Pt surface could be lowered by introducing 3d metals like Ni,
Co on subsurface of Pt experimentally and theoretically.®! For gas phase adsorption of H,, the
dissociative adsorption energy on Pt becomes weak with alloyed Cu.[l In aqueous phase,
different metal electrodes were evaluated for hydrogen chemisorption and it was found that the
metal with lower d-band center gives a less activation energy of hydrogen adsorption.[”

Inspired by the mentioned work, the impact of electronic structure at Pt surface on H
adsorption is evaluated in this work by tuning external potential on Pt electrode in water.
Additionally, the impact of electrolyte pH on Pt-H bond strength is investigated. The filling of
Pt-H antibonding state could be modulated by external potential, resulting in a decreased
stabilization of Pt-H at increasing cathodic overpotential. The energy input required for
displacing the electrochemical double-layer from electrode surface alters with solution acidity.
At low pH, a high energetic contribution compensates H adsorption heat more strongly than at
high pH.

Immersing a metal electrode into an aqueous electrolyte leads to formation of an
electrochemical double-layer (EDL). Consisting of inner and outer Helmholtz plane this
interfacial region between electrode surface and bulk electrolyte has a thickness of only a few
nanometer.[®l Electrolyte ions, e.g., hydronium ions and electrolyte cations and anions are
accumulated within this layer and prone to adsorption on electrode surface (Figure 1a).°!
Adsorption and desorption of different electrolyte species can be driven by application of an
external electric potential and for Pt-group metal electrodes it can be monitored by cyclic
voltammetry (CV).['% Figure 1b shows the cyclic voltammogram of Pt/CNT in water in the
potential range of —0.05 to 1.45 V vs. RHE. Beyond this potential window electrochemical
water splitting, e.g., hydrogen and oxygen evolution become the predominant reactions leading

to a rapid current increase that superimposes features arising from adsorption and desorption of
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electrolyte ions. Anodic features in CV arise from oxidation processes whereas the cathodic

part is caused by reduction reactions.

a)

80
60 b) anodic sweep
) 404
204

=204

- 40

Al} ,/‘"\ 60

o +) 80]
~ 1 100 cathodic sweep

H : 00 02 04 06 08 10 12 14

J WA [ cm?)

I Helmholtz p.  ©. Helmholtz p. E vs. RHE [V]

Figure 1: a) Schematic representation of electrochemical double-layer, and b) cyclic voltammogram on
Pt/CNT in aqueous phase (pH 5). The M* and A™ in a) denote metal cations and electrolyte anions.

At E = 0.05-0.40 V vs. RHE, underpotential deposited hydrogen on Pt is formed via reductive
adsorption of hydronium ions from bulk electrolyte according to reversible Volmer reaction
(Reaction 1).

Pt + e + H0* Pt-H + HO (Rxn. 1)

Assuming the above reaction in quasi-equilibrium the free energy of H adsorption on Pt
surface is calculated based on the (electro)chemical potentials of reactants and products
(Equation 1-4).

luel = _F¢Pt (l)

a.,
u =u +RTIn— 4 Fg, 2

a,
4, =, +RTIn O +u 3)

H H 1_9H excess
GH

AGupd + /uexcess = _RT lIl - F?] (4)

H

The p,. is the hydronium ion’s chemical potential and ,, is the chemical potential of

adsorbed H on Pt surface. It should be noted that the electron is also treated as a reactant that

has the chemical potential (p,) as its Fermi level according to IUPAC definition. The p, is
determined by the electric potential on Pt, 4, (Eg. 1). The W, consists of its standard chemical
potential i’ , a thermodynamic activity (&) dependent term and an electrostatic potential
energy term (F¢, ) that arises from the potential (4, ) in bulk electrolyte (Eq. 2). Here, F is

Faraday constant. The p,, comprises the standard chemical potential of Hags (1, ), @ term that
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is determined by the Hupd cOverage (6,,) and an excess chemical potential term p, .. accounting
for the effect from non-ideality (Eq. 3). The variable » is the applied overpotential on RHE
scale. The free energy of Hupa adsorption on metal surface comprises the standard Gibbs free

energy change (AG;,, ) defined by 6, and the excess potential (.. ) arising from the electric

overpotential (Eq. 4). A detailed derivation of Equation 4 is given in Section 3 of supporting

information.
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2.2 Results

The free energy of Hupa adsorption on Pt is derived from CV and is plotted as function of

external electric potential in Figure 2.

80 0
s0] a) 5 s b)
404 E
& 204 g -104
E 0l o Hexcess
< 20 g 15
E] 2
= -404 + 201
604 2
& 254
-804 ]
-100 +— T T r T -30 . r r
00 01 02 03 04 0.0 0.1 0.2 0.3 0.4
Evs. RHE [V] Evs. RHE [V]

Figure 2: a) Features of Hupa On P/CNT in aqueous phase and b) free energy of H adsorption on
electrode surface according to Equation 4.

The charge stored within Helmholtz layers due to Hypa formation is calculated via integrating
the area below the anodic branch of Hupg region. Based on a monolayer charge of 210 uC cm™
the coverage of Pt in water with underpotential deposited hydrogen can be determined
(Figure 3).1Y1 More detailed information are given in Section 2 of SI.

Figure S5b shows the temperature dependence of CV on Pt in the range of T =283-313 K.

Increasing the temperature reduces the intensity of CV features and hence, 6, of electrode

surface.
1.0

0.8

0.6

0.4

H,pq coverage 8y

PITIK

0.04

0.0 0.1 02 03 0.4
E vs. RHE [V]

Figure 3: Hupa coverage of electrode surface with respect to external electric potential and electrolyte
temperature.

At Erne = 0.05-0.35 V, the Hypa coverage on Pt electrode decreases from 0.70 to 0.0 ML. The

adsorption isotherm also indicates that 6, does not exceed 2/3 of a monolayer (ML). This

phenomenon of a sub-monolayer coverage with underpotential deposited hydrogen has been
observed by many researchers in the past.['?l As will be discussed later this is because of a
sudden breakdown of electrode potential due to displacement of water molecules upon
adsorption of Hupa beyond 2/3 ML. The remaining 33% of active surface sites can be covered

via dissociative adsorption of H, from gas phase. If formed electrocatalytically at potentials
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more negative than the onset potential of HER, this type of adsorbed H is sometimes referred

to as overpotential deposited hydrogen (Hopa).**!

If Hupa ON Pt behaves ideally, i.e., p

excess

= 0 the value of Equation 4 would be AG , thus, being

upd
invariant with overpotential » . However, this is excluded by Figure 4 which plots the variation

of AG], +1

excess

with increasing external electric potential. The AG®, + W, increases from

upd

—7to — 22 ki mol™! in the range of 0.05 to — 0.35 V vs. RHE. The standard Gibbs free energy
n=0 — AGO

upd upd

change (AG ) is obtained as the y-intercept in Fig. 4a via extrapolating the

AGj, + Uy 10 7=0 V and is used to determine the adsorption enthalpy and entropy at zero

overpotential. Assuming the excess potential ... to be a function of applied electric potential

excess

it has to be zero at zero overpotential. Figure 4b plots the p that is the difference between

excess !

the free energy of H adsorption at a given external electric potential and its value at =0 V

(AG"?) with respect to applied overpotential. All plots of u

upd overlap and raise from

excess

— 510 — 20 kJ mol™! with increasing anodic overpotential, demonstrating that u hardly

excess

changes with temperature (ou/dT =0). Therefore, the entropic contribution to p is zero

eXcess

(AS,,.. =0), that p .. has only an enthalpic term (Equations 5&6). This rules out the option
of u,... being a function of Hups coverage, as we explain next.
0 0
= a b)
2 S\ _ ]
5 ©
2 -104 £ -104
é -154 2 154
3
+ 01w 28K $ 201" 283K =
ol m 293K = 293K
Q 1 = 303k - 251 = 303K
313K 313K
-30 v T T -30 T T . T .
0.0 0.1 0.2 0.3 0.4 0.0 0.1 02 0.3 0.4
E vs. RHE [V] E vs. RHE [V]

Figure 4: a) Development of AG_, + M. and b) change of W, with external electric potential in
the range of T = 283-313 K.

a/uexcess =0= i (AH —TAS ) = _Asexcess (5)

aT aT excess excess

lLlEXCESS = AHEXCESS (6)

If W, Would be a function of Hupd coverage it should have an entropic term changing AG,,

and AS,, with increasing overpotential. Iglesia and coworker found an increase in entropy loss
upon liquid phase H adsorption on Pt from — 20 to — 60 J mol* K™ in the coverage range of
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20-80%.14! In contrast, Gomez et al. calculated adsorption entropies of H on different Pt single

crystals immersed in water to be constant over the whole Hypd range.[*s! Furthermore, if p

EXCess

would be a function of Hupa coverage the result in Figure 4 would be interpreted to change

AG, + My DY about 25 k] mol™ in the range of 6, = 0-0.7 ML. As the excess potential only

comprises an enthalpic term, the adsorption enthalpy of Hypa 0n Pt would change by roughly
25 kJ mol ™, as well. However, this would contradict to reported H adsorption enthalpies on Pt,
e.g., by Ertl, Norton or Iglesia that only change by 5-10 kJ mol™ in the investigated coverage
range.[4 161

7~ and AS”? are

upd upd

The adsorption enthalpy and entropy at OCP, i.e., zero overpotential AH

o]

calculated via linearizing Gibbs-Helmholtz equation and plotting AG; /T over 1/T

=0 and AS”° were —16.8 kI mol™ and —52 Jmol ! K1,

upd upd

(Equation 7, Figure 5a). The AH

respectively. When applying an overpotential, the adsorption entropy should in principle have

AS”? and AS

upd excess

terms (Equation 8a). However, because the AS is zero the adsorption

excess

entropy for Hupa ON Pt in water stays invariant of — 52 J mol™t K™, This is in good agreement
with data that have been published by Gomez et al. who determined the entropy of hydrogen
adsorption on different Pt facets in aqueous phase:*® —48Jmolt K™ on Pt(111),
—56 J mol™* K™ on Pt(100) and in the range of — 55 to — 70 J mol™* K™* on Pt(110). Iglesia and

coworker found an entropy of liquid phase hydrogen adsorption on Pt of — 45 J mol™* K™.114]

AG™ 1 AH™?

upd = = upd =
Tp - ?(Angdo ~TATY) = : BN )
ASupd (77) = ASL717[):r10 + ASexcess = ASLTp:dO (8a)
AHupd (77) = AH L:]p:[io + AHexcess (77) (8b)

The enthalpy of H adsorption on Pt in aqueous phase is a function of the applied overpotential

n that consists of Aijff and AH terms (Equation 8b). Note that we have shown AH

excess excess

equals p, . With the obtained values of AH”?’ and AH

eXCess upd excess

the adsorption enthalpy (AH,;)

is plotted with respect to » in Figure 5b. At n =0.35-0.05V, the AH, decreases from

— 38 to — 22 kd mol™!. Markovié et al. calculated a change of H adsorption heat on Pt(111) in

aqueous phase from — 42 to — 23 kJ mol ™! at an overpotential of 0.33-0.07 V.[*"! In reports of

Gomez and coworker, the AH,,, decreases from — 40 to — 25 kJ mol ! in the same potential

range.%!
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Figure 5: a) Plot of linearized Gibbs-Helmholtz equation, and b) development of Hupd adsorption heat
on Pt in water with external electric potential.

After showing the Hypa adsorption on Pt changes with external electric potential, we next
investigate how it is influenced by solution pH. Using the same CV method, the coverage of

underpotential deposited hydrogen on Pt at different pH were measured (Figure S6). Following

the same data treatment as previously developed, the adsorption enthalpy AH ,; and free energy
AG[, + M, are shown as a function of overpotential in Figure 6. The detailed data treatment

is given in Section 4 of supporting information. The AH,, and AG[, + .. raise with

increasing positive overpotential. In addition, decreasing the hydronium ion concentration in
bulk electrolyte, i.e., increasing pH shifts values more negative, indicating a strengthened Pt-H
bond (Figure 6). These findings are in line with results from Sheng and Nash who found Huypd
peaks on polycrystalline Pt to be shifted towards more anodic overpotential at high pH,
correlating this to an increased hydrogen binding energy.[* 81 Quantum Mechanics Molecular
Dynamics (QMMD) performed by Goddard et al. also revealed a higher binding strength of H

towards electrode surface in less acidic electrolytes.[**]
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Figure 6: a) Enthalpy and b) free energy of Hupa adsorption on Pt as function of electric potential and
electrolyte pH.

Hydrogen evolution reaction (HER) is facilitated in acidic electrolytes compared to alkaline

solutions. Extrapolating the free energy of Hypa adsorption in Figure 6b to zero allows for

determining the onset overpotential (E° ) of HER. The increase of AH ; with increasing
H, H
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electrolyte pH results in a more negative E° , shifting from —0.008 to — 0.015 V vs. RHE at

pH 2-5 (Figure 7).
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Figure 7: a) Extrapolated plots of AG:’pd + Moyess VS- Erne and b) HER onset overpotential E: . as

function of solution pH.

The effect of pH on hydrogen binding and HER is corroborated by Tafel evaluation of linear

polarization measurements (SI Section 5). With lowering electrolyte acidity, the E° is shifted

to more negative values on RHE scale, revealing almost the same trend as determined by
extrapolating the free energy of Hupa adsorption on Pt surface (Figure 8). This trend is in
accordance with literature results from Koper et al. who found the onset overpotential for HER
to be gradually shifted to more negative values when changing the electrolyte pH
from 1 to 13.2% Chan and coworker provided a similar trend based on DFT calculations and
the assumption of a change from acidic Volmer/Heyrovsky to alkaline Volmer/Heyrovsky steps
at an increasing solution pH.?YI According to their interpretation the proton donor for HER
changes from hydronium ions to water molecules in alkaline media making kinetics of HER

less favorable.
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Figure 8: Linear polarization (LP) curves of HER on Pt/CNT in aqueous electrolyte at different pH.
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2.3 Discussion

2.3.1 Influence of external electric potential on Pt Fermi level

When H is adsorbed on electrode surface a Pt-H bond is formed. For a single Pt atom, the
bond of Pt-H is formed by combination of bonding and antibonding states, which result from
hybridization of its 5d orbital with 1s orbital of H atom.!?? For Pt metal, the 5d atomic orbitals
of all Pt atoms overlap and form the 5d band.[®! This 5d band hybridizes with 1s orbital of H
atom to form bonding (valence band) and antibonding states (conduction band), in which a band
gap exists between antibonding and bonding states. In molecular orbital theory, a chemical bond
has bonding and antibonding states. The more filling of antibonding state by electrons, the
weaker the strength of a chemical bond. For the case of Hypd On electrode surface, the more
probabilities of antibonding state being occupied by electrons, the weaker the strength of Pt-H
bond. The electron energy level can be described by the Fermi level of Pt-H bond. The electron
densities in metal or semiconductor bands are related to the corresponding Fermi levels that
could be determined by the corresponding work function.

As shown in Figure 9, the filling of antibonding state of Pt-H depends on the difference of the
potential energy of antibonding state (E”) and the Fermi level of Pt/CNT (Ef), the two of which
are sometimes assumed to level up at the same energy.[?® The smaller the difference between
these two the higher the probability of antibonding state being occupied by electrons, which
leads to a weakening of Pt-H bond. On the contrary, a large gap between E” and Er strengthens
Pt-H bond.

Potential energy
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Figure 9. Schematic illustration of the difference between the potential energy of Pt-H antibonding state
and Pt Fermi level. At large difference Pt-H bond is strengthened; at small difference it is weakened.

The system of reaction in this work involves Pt electrode, water solution, hydronium ions and
hydrogen formed from HER with external electric potential. The discussion would follow three
steps, (1) immersion of Pt electrode into electrolyte containing Hao/H* redox couple, (2)
formation of adsorbed H according to Volmer equilibrium and (3) modulating Fermi level of Pt

with external electric potential.
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In the first step, Pt electrode is immersed into water in the presence of hydronium ion and
hydrogen. Several studies have found that the work function of Pt would be lowered in the
presence of condensed water. When Pt is immersed in water its work function is reduced to
2.12 eV according to Musumeci et al..’* Yoon reported that in bulk liquid water, the work
function of Pt is reduced by 1.2 eV.15 But all this research only focused on the influence of
water in the absence of redox couple such as hydronium ion and hydrogen. According to Girault
and coworker the Fermi level of a virtual electron in solution (Erelectroyte) Can be defined as
superposition between an ideal term and a non-ideal part. The ideal part being the difference

between the chemical potentials of reduced and oxidized species of that redox couple (Eredox)

and the non-ideality being an outer potential arising from plane solvent (4,,, ) (Equation 9).[2°!
EF,eIectronle = Eredox + ¢bu|k (9)

Depending on the activity of protons in solution, the chemical potential of the oxidized species
is altered, giving rise to a change of the work to bring an electron at rest in vacuum to the
solution to take part in the redox reaction. The work function and hence, the Fermi level of that
virtual electron in solution is shifted. In our case, reduced and oxidized species of the electrolyte
are Pt-H and (Pt* + H" + ) in analogy to bonding and antibonding state of Pt-H bond. The
redox potential of Ho/H" at pH 5 is 4.16 eV, lower than that (5.60 eV) of Pt electrode leading
to electrons flowing from the electrolyte redox couple towards Pt electrode. Depending on
electrolyte pH, Pt work function decreases to up to 4.91 eV, which is in good agreement with
the value of 5.00 eV that was found by Neugebauer et al. from density functional theory
molecular dynamics simulations.[?® At the same time, OCP on Pt electrode decreases from
0.695 VrHE at pH 2 to 0.615 Vrre at pH 5 indicating that the remaining gap between Pt Fermi

level and electrolyte redox couple increases with lowering electrolyte acidity (Figure 10).
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Figure 10: Increase of electrode work function after contact of Pt Fermi level with electrolyte redox
couple and remaining difference with respect to electrolyte acidity.

In the second step, Pt-H bond is generated by reductive adsorption of H* from the electrolyte
solution onto Pt surface. At 0 V vs. SHE only the reduced state of electrolyte redox couple is
filled with electrons and the Volmer equilibrium lies almost completely on the side of Pt-H,
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giving rise to a large adsorption heat of Hypd 0n Pt. Ngrskov and coworker have reported that
Pt-H bond has bonding and antibonding states, with Fermi level of Pt-H lying close to
antibonding state.[* As shown in Fig. 10, the Fermi level of Pt should be around 4.90 eV.

When adding an external electric potential to Pt electrode, the equilibrium junction formed in
the first two steps between Pt-H and electrolyte would be broken with the work function of
Pt-H being altered and of electrolyte remaining constant in the reaction time. When a more
negative (compared to Esne = 0 V) potential is added to Pt electrode, the work function of Pt
would decrease further, meaning an increase of Fermi level in Pt electrode. As a result, the
electron density within the oxidized state of Ho/H" gradually increases and the reverse reaction
of Volmer equilibrium, the oxidative desorption of Pt-H, gets more pronounced until the
reaction is in complete equilibrium at E =0V vs. RHE. Consequently, at a more negative
external electric potential the heat release upon Pt-H formation is gradually compensated by its
oxidative decomposition. In analogy, with increasing Pt Fermi level the filling of antibonding
state of Pt-H bond is rising, leading to a weak binding of Hupg 0N Pt.

Considering the maximum Hypg coverage of 2/3 ML, Neugebauer and coworker showed that
this is cause by the replacement of water molecules from Pt electrode surface.?®! As soon as the
coverage exceeds 2/3 ML the metal surface can essentially be considered water free, again. This
resembles the situation under vacuum where the work function of Pt is 5.60 eV. Hence, an
electrocatalytic formation of underpotential deposited hydrogen beyond 66% coverage of Pt
surface sites would immediately increase the electrode potential by 0.6 eV. So, 2/3 ML of Hypd
mark the threshold coverage for onset of hydrogen evolution reaction and formation of up to
1/3 ML of overpotential deposited hydrogen on sites that had previously been covered by H.O
(Figure 11).
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Figure 11: Displacement of water molecules upon Hupa adsorption on Pt electrode (black), Pt Fermi
level drop and gas phase H adsorption (yellow) on previously H20 covered sites beyond 2/3 ML of Hupgd.
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2.3.2 Influence of electrolyte pH on AHupd on Pt

We hypothesize that the impact of pH on adsorption enthalpy can be explained by the work
that has to be paid for removing the electrochemical double-layer from electrode surface and
that is determined by the electrostatic energy E. stored within EDL (Equation 10, Figure 12).
In a previous work, we have shown that water molecules are shifted away by 0.5 A from Pt(111)

surface upon adsorption of H.?"

W =E,-ad-ni (102)
q2

E =— 10b

© 2eS (10p)

The Ad is the distance that EDL has to be moved away from Pt surface. The n, stands

(H,0)
for the number of hydrated hydronium ions at the electrode surface. The & is the electrolyte

permittivity and S is the Pt surface area. The g, is the charge stored within EDL.

With lowering pH, the number of hydrated hydronium ions that are accumulated close to

electrode surface increases. Hence, the Ee of EDL and the work that is necessary for removing

EDL from Pt surface and that partly compensates AH,,, increase with increasing electrolyte

acidity.
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Figure 12: Displacement of EDL from electrode surface upon adsorption of H on Pt (left), and distance
of first water layer from electrode surface in presence and absence of adsorbed H calculated via DFT
based AIMD simulations according to Yang et al.[27]

Sheng as well as Nash correlated the effect of electrolyte pH on CV curves recorded on Pt to
an increased hydrogen binding energy (HBE) on Pt in less acidic electrolytes (Fig. S6a).[% 8l
However, Janik et al. attributed this pH induced shift of Hypa features to co-adsorption of
hydroxide ions and alkali metal cations.?®] In their view, co-adsorption of OH™ in the Hupd
region is more favored at low pH, disfavoring H adsorption in highly acidic electrolytes. With
increasing pH however, they hypothesize that adsorption of cations gets more dominant

repelling OH™ from electrode surface and making binding of underpotential deposited hydrogen
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more feasible. According to QMMD from Goddard and coworker the increased binding
strength of Hypa at high pH is due to weakened water adsorption in alkaline media.l*®! As they
showed Pt electrode surface got charged more negative by 0.75 V when changing the pH from
0.2 to 12.8, increasing its hydrophobic character and hindering water adsorption.

The generally lower hydrogen adsorption entropy in liquid phase compared to gas phase,
which is around — 125 J mol™! K™%, might be explained by water molecules gaining entropy

upon being displaced from electrode surface upon Hypd formation.[?1
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2.4 Conclusion

Cyclic voltammetry is a facile technic for investigating energetic properties of Pt electrodes
immersed in aqueous electrolytes and how these are influenced by application of an external
electric potential. A typical CV curve acts like a fingerprint of the electrochemical double-layer.
On the scale of applied potential, it reveals the electrolyte species that are accumulated within
the interfacial layer between electrode and electrolyte and that are electrochemically adsorbed
on the metal surface.

The potential region between 0.05 and 0.40 V vs. RHE, that is the Hupg region reflects the
coverage of electrode surface with underpotential deposited hydrogen. The temperature
dependence of Hypa peaks allows for calculating the adsorption heat of Hupa On Pt in aqueous

phase that can be altered by variation of external electric potential and electrolyte pH. The

AH, increases from — 22 to — 38 kJ mol™ in the potential range of 0.05 to 0.35 V vs. RHE.

up
The entropy of Hypg adsorption stays constant at around — 55 J mol™* K™, Increasing the
electrolyte acidity from pH 5 to 2 reduces the adsorption heat at OCP from — 17 to — 9 kJ mol ™.
The adsorption entropy is changed from — 52 to — 22 J mol ™t K™,

The observed trend for AH_ , is explained by the influence of external electric potential on

electrode Fermi level and the semiconductor or metallic behavior of Pt-H bond. An equilibrium
junction between Pt-H and electrolyte is formed when H adsorbs on Pt electrode immersed into
water. This equilibrium junction would be broken when Pt electrode is added with more
negative or positive external potential relative to OCP. At rising anodic potential, the Fermi
level of Pt electrode is decreased leading to less filling of Pt-H antibonding state and a strong
Pt-H bond. In contrast, a rising cathodic potential increases Pt Fermi level, giving more filling
of Pt-H antibonding state by electrons. The Pt-H bond is weakened.

The change of AH_; with electrolyte pH is explained via the work that has to be paid for
partly displacing EDL from electrode surface. Decreasing the solution pH leads to a pronounced
accumulation of H3O™ within EDL and thus, the work that partly compensates AH_ ; increases.

These investigations on underpotential deposited hydrogen adsorption on Pt in agueous phase
can help to understand the effect of electrode potential and electrolyte composition on catalyst

performance in HER and electrocatalytic hydrogenation of organic molecules.
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2.5 Supporting information
2.5.1 Experimental

Materials

Graphitized Multiwalled Carbon Nanotubes (GMWCNT, > 99.9 wt%) with an outer diameter
of 20-30 nm, an inner diameter of 5-10 nm and a length of 10-30 pum, in the following referred
to as CNT, were purchased from Cheap Tubes Inc. Temperature programmed desorption (TPD)
of ammonia and pyridine revealed a low amount of acid surface sites on CNT of only
75.6 and 72.2 umol / genr, respectively (Figure S1). MS-signals during NHs-TPD (500 °C,
10 K min™%, 60 min) were recorded with a Prisma™ mass spectrometer from Pfeiffer Vacuum
and were normalized to H-MFI with a concentration of acid surface sites of 400 umol / gH-mri.
Pyridine-TPD (600 °C, 5 K min~%, 30 min, 50 mL mint N) was performed on a TGA-MS
setup with a SENSYS evo TG-DSC from SETARAM Instrumentation and an OmniStar™ mass
spectrometer from Pfeiffer Vacuum.
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Figure S1: a) NHs-TPD signal of H-MFI, b) NH3-TPD signal of CNT, c-d) TGA- and pyridine MS-signal
during pyridine-TPD on CNT.

Chloroplatinic acid hexahydrate (H2PtCle - 6H20, > 37.5% Pt basis) as well as ethanol
(>99.8%) were bought from Sigma-Aldrich. Sodium phosphate monobasic (NaH2POs,
> 99.0%), sodium phosphate dibasic dihydrate (Na2HPO4 - 2H20 > 98.0%) and phosphoric acid
(H3POa, > 99.0%) were also purchased from Sigma-Aldrich. Aqueous buffer solutions (0.5 M)
were prepared by dissolving the required amounts of salts and phosphoric acid in 1 L ultrapure
water with a resistivity of 18.2 MQ from a Purist system supplied by Rephile (Table S1). All
chemicals were used without further purification. Helium gas (He, 99.996 VVol%) for purging
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the electrolyte solution and hydrogen gas (H2, 99.999 Vol%) for electrode calibration were both

from Westfalen.

Table S1: Amount of NazHPO4 - 2H20, NaH2POa4, and HsPO4 dissolved in 1.0 L ultrapure H20 for
preparation of buffered electrolytes.

pH m(NazHPO, - 2H20) [g] m(NaH2PO4) [g] m(H3PO4) [g]

2.4 ~—- 30.0 24.5

3.1 --- 54.0 4.90

4.2 --- 59.4 0.49

4.9 1.34 59.1 -
Catalyst synthesis

The CNT supported Pt nanoparticle catalyst (Pt/CNT) was prepared by a standard
impregnation method followed by reduction in Hz. In specific, the desired amount of
H2PtCls - 6H20 for a 5 wt% Pt/CNT catalyst (0.14 g) was dissolved in 200 mL ethanol. After
addition of 1.00 g CNT the suspension was stirred and sonicated for 15 minutes. The alternative
treatment of stirring and sonication was repeated three times. The solvent was removed by
evaporation and the solid was dried at 60 °C, overnight. The final catalyst was received after
reduction at 250 °C (0.5 K min™?) for 3 hours in H flow (100 mL min™t). Metal particle size,
metal dispersion and external surface area of the final catalyst were determined via
H> chemisorption and N2 physisorption measurements using a Surfer station from Thermo
Fischer Scientific and by transmission electron microscopy (TEM) (Figure S2). The exact metal
loading of the catalyst was determined by atomic absorption spectroscopy (AAS) using an iCE
3000 SERIES AA Spectrometer from Thermo Fisher Scientific. The results are summarized in
Table S2.

Table S2: Properties of 5 wt% Pt/CNT catalyst.

Metal concentration cp: [Wt%] 4.6
Particle size dp (TEM) [nm] 4.3
Particle size dp (H2 chemisorption) [nm] 4.3
Metal dispersion (TEM) [%] 23

Metal dispersion (H2 chemisorption) [%0] 25.6
External surface area [m?/ gcnr] 120
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Figure S2: TEM image of 5 wt% Pt/CNT (left) and statistical evaluation of particle size (right).
The catalyst dispersion according to TEM was calculated based on the determined mean

particle diameter d, using Equations S1-52.[%°1

>
i=1

d, == (S1)
2. d’
i=1
p=9Ve 109 (S2)
d s

2]

The d, are the particle diameters measured from TEM images. The g refers to the particle
shape correction factor that is 6 for spherical particles. The V,, refers to the volume per Pt atom

calculated with a mean atomic radius of 1.5 A. The S is the Pt average transversal section, which

has a value of 8.9 A2,

Cyclic voltammetry and linear polarization

Cyclic voltammetry (CV) and linear polarization (LP) measurements were performed in a
three-electrode setup using a Modulated Speed Rotator (MSR) rotating disk electrode (RDE)
and an RDE glass cell with water jacket both from PINE research. The electric potential was
controlled with an SP-300 potentiostat from BioLogic. A glassy carbon RDE tip (5.0 mm OD)
coated with catalyst (0.3 mg) was used as working electrode (WE). For catalyst coating 2.0 mg
of P/CNT was suspended in 200 pL ethanol and sonicated for 30 min. 30 puL of suspension
were transferred onto glassy carbon disk and dried before immersion into electrolyte. A
platinum wire served as counter electrode (CE) and an Ag/AgCl electrode was used as reference
electrode (RE). The RDE tip, CE and RE, were purchased from PINE research. Before each
experiment, the Ag/AgCl RE was immersed in H. saturated (p(H2) = 1 bar) 0.5 M phosphate
buffer and calibrated against a platinum wire to adjust the measured external potentials from
the Ag/AgCl scale to the reversible hydrogen electrode (RHE) scale. The RDE glass cell was
immersed into a potassium permanganate solution prior to use in CV/LP to remove any organic

contaminations. Before filling with electrolyte, it was flushed with a 3% H202/1 M H2SO4
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solution followed by rinsing with ultrapure water. The WE, CE and RE were immersed in
100 mL 0.5 M phosphate buffer and the temperature (283-313 K) was adjusted with a FC 600s
chiller from Julabo. During CV and LP, the RDE tip was rotated at 400 rpm and the electric
potential was cycled/scanned between —0.05and 1.45 V vs. RHE and
—0.15 and 0.40 V vs. RHE, respectively with a scanning rate of 50 mV s*. Stable CV curves
were reached after the tenth cycle. A He-stream of 10 mL min? through the electrolyte was
maintained throughout all experiments to assure for complete removal of excess H, and O from
the electrolyte.

The current density measured during CV/LP was calculated by normalizing the measured

current to the Pt surface area using the metal dispersion according to Equations S3-S4.

Mocsur, = mcatMCPt (83)
Pt
~ Mosun (S 4)
ADt»SurfA - 2 '1079

The m., refers to the mass of catalyst, c,, refers to the metal concentration of the catalyst, D

Is its metal dispersion and M,, is the molecular weight of Pt.
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2.5.2 Thermodynamic quantification of CV curve

Cyclic voltammetry is a powerful technique for investigating redox processes that are
accompanied or driven by heterogeneous electron-transfer steps.

Taking the Volmer reaction (Pt + H* + &= — Pt-H) as an example, at Erne = 0.40 V, there
is only the double-layer charging current flowing and the protons near the electrode surface are
uniformly distributed. When the potential is swept to more negative values the current increases
due to Volmer reaction and the establishment of a new equilibrium near the electrode surface.
After reaching its peak value the current starts to drop. This behavior can be explained by the
electron-transfer being much faster than the potential sweep rate. Hence, the concentration of
protons near the electrode surface will gradually decline and thus, the current will start to drop
(Figure S3).B%
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Figure S3: CV peaks associated to Volmer reaction (left) and development of proton concentration near
electrode surface over time (right).

As Figure 1a implies the electrochemical double-layer (EDL) behaves like a capacitor with
the electrode surface and electrolyte representing its negative and positive plates and the layer
of adsorbed water molecules within inner Helmholtz plane acting as molecular dielectric.?H At

a given external electric potential Erne, the ratio of measured current density j to scanning rate

v equals the capacity of EDL (Equation S5).

c, -2 (S5)
v E

RHE

The measured CV curve represents the charge Q,, that is stored in between the plates of the

capacitor. Usually, this charge is separated into two contributions. The inner Helmholtz layer
mainly comprises water molecules that are adsorbed on the negatively charged electrode with
their dipole moments directing towards bulk electrolyte.®?1 This accumulation of dipole
moments within EDL causes a minimum charge stored in between the plates of the capacitor,
that is the double-layer capacitance and that is 350 uF cm2 in our case.®! In CV, this
double-layer capacitance is represented by the area between the constant minima of anodic and

cathodic branches of CV curve (Figure S4). Depending on external electric potential the CV
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curve shows additional features that lie on top of the capacitive area.’*l This
pseudo-capacitance arises from additional accumulation of charge within the double-layer,
which is caused by electrochemical adsorption of electrolyte species on the electrode surface. "
The amount of adsorbed species and hence, the electrode surface coverage are calculated via

integrating the on-top area.
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-0.2 00 02 04 06 08 10 1.2 14 186
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Figure S4: Cyclic voltammogram of Pt/CNT in aqueous electrolyte with double-layer capacitance
marked in green.

The CV curve in Figure 1b can be divided into three sections being (I) the hydrogen region
up to a potential of E=0.40V vs. RHE, (IlI) the potential region between 0.40 and
0.80 V vs. RHE where adsorption of electrolyte anions takes place and (I11) the oxide region at
potentials larger than E = 0.80 V vs. RHE. Each section can be expressed via characteristic
equations of potential-driven adsorption and desorption of electrolyte species on Pt surface
(Scheme S1).
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Section (1)
(1) Hydrogen desorption
Pt-H + H2O —» Pt* + H:O* + e~ (reverse Volmer)
(6) Hydrogen adsorption
Pt* + H:O* + e~ —» Pt-H + H0 (Volmer)
(7) Hydrogen evolution
2Pt-H —» H2+ 2Pt* (Tafel)
Section (Il)
(2) Adsorption of H2PO4~
H2PO4™ + H20 + Pt* — Pt-OHPO3™ + H3O* + e~
(6) Pt-oxide reduction & H2PO4~ desorption
PtO + 2H3O* + 2~ —>» Pt +3H20
Pt-OH + HsO* + e~ —» Pt* + 2H20
Pt-OHPOs™ + H3O* + e —» H2PO4™ + H20 + Pt*
Section (llI)
(3) Pt-oxide formation
Pt+3H:0 —>» PtO +2Hs0* +2e”
Pt* + 2H.O0 —» Pt-OH + HsO* + e~
(4) Oxygen evolution
Pt-OH + 2H.0 —» 2Pt* + Oz + 2H3O"* + 2e”

Scheme S1: Reaction equations for electrochemical adsorption and desorption of electrolyte species
on Pt surface based on CV curve in Figure 1b.

The integration of the on-top area below the anodic branch of CV curve in the potential range
of 0.05-0.40 V vs. RHE gives the additional amount of charge stored within Helmholtz layers
due to electrochemical adsorption of underpotential deposited hydrogen. With a monolayer
charge of 210 pC cm2 the measured charge can be related to Hupa cOverage on Pt in aqueous
phase (Equations S6-S8).1%! The add-area between 0.00 and 0.05 V vs. RHE is omitted for
calculations for two reasons. First, the onset potential for formation of underpotential deposited
hydrogen on Pt group metals is regarded to be 0.05 V vs. RHE.F™ Second, the formation of
molecular hydrogen during cathodic sweep cannot be fully excluded. This hydrogen is oxidized
at E=0.00-0.05V vs. RHE, giving rise to an additional signal in CV that cannot be

deconvolved from the peaks arising from electrochemical H adsorption (Figure S5a).

A, =]]jdE (S6)
1.
QHZ_.IJ.dE (S?)
14
0, =QQ—“ (s8)
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The j denotes the measured current density, and the E stands for the potential on RHE scale.
The v represents the scanning rate, and the Q,,, is the amount of charge that is associated

with the adsorption of Hups monolayer on Pt.
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Figure S5: a) Integrated areas of pseudo-capacitance in CV due to Hz oxidation (red) and Hupda formation

(green) and b) temperature dependence of CV on Pt in water.
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2.5.3 Calculation of free energy of H adsorption on Pt from Hupd peaks

The calculations for deriving the free energy of Hupq adsorption on Pt (AG{, + W, ) are based

on the assumption of Volmer reaction (Rxn. 1) being in quasi-equilibrium. Therefore, the
change of the Gibbs free energy of the reaction has to be zero (AG =0) and the chemical

potentials of reactants and products have to be equal (Equation S9).

luH+ +luel = IuH (Sg)

With the expression ., p, and p, in Equations S10-S12, Equation S9 is reformulated to

Equation S13.

i, =-Fg, (S10)
) aH*
M. =p,. +RT Ina—+ Fd,, (S11)
=
BH
/uH = IUH + RT ln + /uexcess (812)
— gH
a. (7
H = M + Mo + F (f =8, ) = RT IN—=—RT In ¥ (S13)
E-lH+ -0,

The W, is the hydronium ion’s chemical potential, and b, is the chemical potential of

adsorbed H on Pt surface. It should be noted here that the electron is also treated as a reactant,

which has the chemical potential () as its Fermi level according to IUPAC definition. The
b, is determined by the electric potential on Pt, 4, (Eq. S10). The W . consists of its standard
chemical potential . a thermodynamic activity (a,.) dependent term and an electrostatic
potential energy term (F¢, ) that arises from the potential (¢,, ) in bulk electrolyte (Eq. S11).

Here, F is Faraday constant. The p, comprises the standard chemical potential of Hags (1, ), @

term that is determined by the Hupd cOverage (6, ) and an excess chemical potential term

excess

accounting for the effect from non-ideality (Eq. S12).

Under open circuit, the system is essentially the reversible hydrogen electrode, that the electric

potential on Pt and in bulk aqueous phase are ¢, .. and ¢, When applying an overpotential

qRHE *

(7)), the electrode potential has the following relations (Equation S14):

G — ¢aq =n+ (¢PI,RHE - ¢aq,RHE ) (S14a)
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¢Pt,RHE - ¢aq,RHE = ¢Pt,SHE - ¢aq,SHE

CRTIn 2w (S14b)
a

"
Equation S14b is the relation between RHE and SHE (Standard Hydrogen Electrode) based
on Nernst equation. Therefore, substituting the (¢, —¢,,) term in Equation S13 by Equation

S14, we get

0
/uH —(,UH+ + F¢aq,SHE)_(_F¢Pt,SHE)+ luexcess = _RT In 1 Ha - F77 (815)

H

Note that the first three terms on the left side of Equation 15 are the standard Gibbs free energy

change (AG;,) of Hupg adsorption on Pt in water (Rxn 1), defined in Equation S16. Hence,

upd
using this relation Equation S15 can be rearranged to Equation S17 (free energy of H

adsorption).

AG =ty — ('UH +F g sue ) - (_F¢PI,SHE ) (S16)

, (7
AGupd + Iuexcess = _RT 11’1 1 ':9 - FT] (817)

H
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2.5.4 Impact of electrolyte pH on AHupd on Pt

The impact of electrolyte pH on AH_; on Pt electrode was evaluated based on the deviations

shown in Sections 2-3 of SI.

Figure S6 shows CV curves and Hypd CcOverage on Pt at different electrolyte pH, respectively.
With increasing pH the Hupa peaks of CV curve are gradually shifted to more positive potentials
on RHE scale indicating a stronger binding of Hypa 0N electrode surface, which is in line with

findings from Sheng and coworker.[*® The coverage of Pt with hydrogen is less influenced by
electrolyte pH.

80 1.0

a) b) —p:;
o = ] P
40 G R \ & 08 pH 2
= \ o pH 4
& ol ] D 0.6
= o
o 2]
- — 5 0.4
<  -404 v = o
= T [—pHs B
: 2 p g 2]
- 80 / \\/ oH 4 I: 0.2
1/ - pH 3 0o
H2 01
-120 = . . .
01 00 01 02 03 04 0.0 0.1 0.2 03 0.4
Evs. RHE [V] Evs. RHE[V]

Figure S6: a) Shift of Hupa signals on Pt/CNT with respect to solution pH and b) Hupa coverage of
electrode surface as function of applied overpotential.

The free energy of Hupd adsorption on electrode surface at different pH was calculated from

the temperature dependence of 4,, which was determined from CV curves recorded at
T =283-313 K. Applying Equation S17, the AG[, +H,.. IS shown as function of applied

overpotential on RHE scale in Figure S7a,c,e for different electrolyte pH. Figure S7b,d,f plots

the ... at different pH as function of applied overpotential. The standard Gibbs free energy
change AG]J =AG;, is obtained as the y-intercept in Fig. S7ac,e via extrapolating

AG_, + My 10 7=0 V and is used to calculate the adsorption enthalpy and entropy at zero

overpotential.
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T=283-313KatpH 2.4,3.2,4.2and 4.9 and b), d), f), h) course of |, With increasing overpotential.
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The adsorption enthalpy and entropy at OCP, i.e., zero overpotential (AH”?’, AS"7) were

upd ! upd
calculated via linearizing Gibbs-Helmholtz equation and plotting AG;,/T over 1/T

(Equation 16, Figure S8). Table S3 summarizes the values of AH”> and AS”? at different pH.

upd upd
0 0 0 [}
g |® g " g |9 I
-2 .2 S 2 T2
=] ° = °
E 4 E 4 E 4 E 4 \\.
= . = . = =z
> 2 = 2 o
-6 ~ 6 ~ 6 ~
~ AHO = — u,aﬂ = BHE, = — 145 . - Az, = — 1175 ~ 2, = 790
-y upd “mol L] o8 .8 upd mol ) upd mol .5 .8 upd mol
iyl _ ] Q o _ ] Q o ] Q o _ ]
<4 AShy = —520 < o R = " A5Gy = —375—— D o] MEe=-I
0.0030 0.0032 0.0034 0.0036 0.0030 0.0032 0.0034 0.0036 0.0030 00032 0.0034 0.0036 0.0030 0.0032 0.0034 0.0036
1ITIK] 1/ THIK] 1/ T[1/K] 1/T/IK]

Figure S8: Plots of linearized Gibbs-Helmholtz equation for pH 4.9, 4.2, 3.2 and 2.4 (a)-d)).

Table S3: Enthalpy and entropy of Hupa adsorption on Pt at zero overpotential and different electrolyte
pH determined from slopes and y-intercepts in Fig.S8.

pH AH- [kd/mol] AT [J/(mol K)]
2.4 -79 - 22
3.2 -11.7 - 38
4.2 - 145 - 44
4.9 -16.8 - 52
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2.5.5 Tafel evaluation of polarization curves
Polarization curves of Pt/CNT in aqueous electrolytes of different pH were evaluated
according to Tafel analysis via plotting Erne vs. LOG(j| [LA cm2]). Tafel slopes of hydrogen

evolution reaction were determined from linear regions of Tafel plots (Figure S9, Table S4).

-0.30

-0.25
E -0.20
11}
T 0154
x
@ -0.10
>
w -0.051
pH2
0.00 pH3
——pH5
0.05 T r T r P
0.5 1.0 15 2.0 25 3.0

LOG(|]] [LA / cm2])
Figure S9: Tafel plots with Tafel slopes of linear polarization curves of HER on Pt/CNT in aqueous
electrolytes at different pH.

Table S4: Tafel slopes of HER on Pt/CNT in aqueous phase at different pH.

pH Tafel slope be [mV/dec]
5 - 74.0
3 - 103.8
. - 126.5
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3 Electrocatalytic hydrogenation of benzaldehyde in aqueous
phase — Impact of electrolyte composition on catalyst

performance

Abstract

The composition of aqueous phase, e.g., acidity, ionic strength, cations as well the as external
electric potential influence thermodynamic properties of H adsorbed on Pt electrode surface.
Depending on stabilization of Pt-H bond the catalyst performance in electrocatalytic
hydrogenation (ECH) of biomass-derived compounds varies.

Application of an increasing negative overpotential to Pt surface destabilizes
electrocatalytically adsorbed H on Pt surface leading to a rate increase in hydrogen evolution
reaction (HER) and ECH of benzaldehyde (BzHO) . This effect is attributed to a shifting of
electrode Fermi level and a different filling of Pt-H antibonding state (E™) by electrons.

Considering various electrolyte compositions, changing the electrolyte pH has the largest
impact on Pt-H bond strength and entropic changes upon Hypd adsorption. Lowering electrolyte
pH causes a reduction of hydrogen binding strength on metal surface. Additionally, the entropic
loss upon immobilization of hydrogen is decreased. These effects are attributed to an enhanced
amount of H3O* within EDL in highly acidic solutions. The energetic contribution for moving
away EDL from Pt surface increases and hence, compensates hydrogen adsorption heat. At low
pH, hydronium ions in bulk phase have a low configurational entropy already before adsorption,
decreasing only slightly more upon immobilization. Lowering solution pH accelerates rates of
HER and benzaldehyde ECH.

In terms of ionic strength and electrolyte cations the observed changes are rather subtle.
Nevertheless, they follow similar trends like for solution acidity. Destabilization of H on Pt
increases in order 45<3.0<15<0.6 M and Li* < Na* < K*. However, concerning rates of
HER and ECH an opposite trend is received. This might be caused by a different stabilization

of benzaldehyde on electrode surface.
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3.1 Introduction

Due to ongoing climate changes and global warming caused by a continuous pollution and
emission of greenhouse gases, e.g., CO a departure from non-renewable energy and carbon
sources is getting a political objective around the world.™™ Biomass is a green and sustainable
alternative to fossil resources like crude oil for the production of a broad variety of base
chemicals and fuel-range compounds.[?l In fast pyrolysis, the non-edible lignocellulosic
feedstock is first converted towards bio-oil, which is a blend of different oxygen-rich molecules
and aromatics.®! The large amount of oxygen-containing functional groups within these
molecules together with a large degree of unsaturation renders bio-oil a low energy material
that is susceptible to polymerization. Hence, further treatment, e.g., hydrogenation,
hydrodeoxygenation is required in order to remove oxygen and increase the hydrogen content
of the mixture.

Electrocatalytic hydrogenation (ECH) of organic compounds, e.g., aldehydes, ketones,
aromatics is a sustainable alternative to common hydrogenation reactions that are typically run
at elevated temperatures and pressures.®! In ECH of oxygenated compounds, the required
hydrogen is supplied via in situ reduction of protons from the electrolyte solution, i.e., water
electrolysis.[* © In a proton coupled electron transfer (PCET), H-atoms adsorbed on the metal
electrode surface are formed according to Volmer reaction and consecutively transferred to an

organic substrate (Reactions 1-2).["]

H + ¢ +* —— H* (Rxn. 1)
o) OH (Re. 2)
H* + —_— Xn.
R)J\H R)*\H

In contrast to common hydrogenation reactions ECH can be performed under near ambient
conditions, i.e., low temperature and atmospheric pressure.®l Furthermore, the required energy
for generating reduction equivalents (H") can be supplied by renewable resources, e.g., solar,
wind making ECH independent of fossil materials and supplies.[] Hence, electrocatalytic
hydrogenation can help to reduce the anthropogenic carbon footprint as well as parts of the
capital cost associated with thermo-chemical hydrogenation, making it a promising
economically and environmentally friendly technology for biomass-upgrading.[® & 101

The decomposition of lignocellulose yields a pool of unsaturated aldehydes, ketones,
carboxylic acids and aromatics.*'] Benzaldehyde acts as a model compound for these type of
unsaturated and oxygen-rich molecules.™*?! Its hydrogenation towards benzyl alcohol, which is
an important chemical for the production of flavors, cosmetics and paints, can be used as a
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model reaction to investigate different reaction parameters and setups and their influence on

performance in (electrocatalytic) hydrogenation of oxygenated compounds (Reaction 3).1%

2H" +2e” (Rxn. 3)
e M] OH

Agueous phase ECH of benzaldehyde on Pt, however, suffers from a rather poor Faradaic

efficiency (FE) and rate, which can be altered by variation of electrolyte composition and
external electric potential.l”- 1% 141 The dependence of FE and rate on electrolyte composition
) of

and applied potential is related to the heat (AH,,) and free energy (AG;,+H

upd excess

underpotential deposited hydrogen (Hupd) adsorption on Pt. The AH; and AG), +H,,,., are

determined from Huypa Signals in cyclic voltammetry (CV) of Pt in water.

When a metal electrode is immersed into an aqueous electrolyte an electrochemical
double-layer (EDL) consisting of inner and outer Helmholtz plane is formed.*s! Within this
interfacial region between bulk electrolyte and electrode surface electrolyte ions, e.g.,
hydronium ions and electrolyte cations and anions are accumulated and prone to adsorption on
the metal surface.[*®! This process can be driven by an external electric potential and in case of
Pt-group metal electrodes it can be investigated by CV.*1 Figure 1 shows the cyclic
voltammogram of Pt/CNT in aqueous solution in the potential range of
—0.051t0 1.45 V vs. RHE. Beyond this potential window electrochemical water splitting, e.g.,
hydrogen and oxygen evolution become the prevailing reactions leading to a rapid current
increase that superimposes features arising from adsorption and desorption of electrolyte ions.
Anodic features of the curve arise due to oxidation processes whereas the cathodic part is caused

by reduction reactions.

a) AN
G)G[;_-T-;’ +) 80 _
of 4_\._ J 60 b) anodic sweep
© ,\3:—; (:\: 40
G[\T/ :/ "E‘ 20
Boll b 1,0 MO S o
o +) :/ = 2204
(0] l[‘,:.:-:_i+:‘_: A(H;0), g %0
f A / . 1
[©) /? (1) = 0]
oe +) 80 _
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I. Helmholtz p.  O. Helmholtz p. E vs. RHE [V]

Figure 1: a) Schematic representation of electrochemical double-layer and b) cyclic voltammogram on
Pt/CNT in water. The M* and A~ in a) denote metal cations and electrolyte anions, respectively.
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At Erxe = 0.05-0.45 V, the CV curve relates to formation of Hypg 0n Pt according to reversible
Volmer equilibrium (Reaction 4), which is assumed to be quasi-equilibrated.

H+ + e_ + * _— H* (RXH 4)

The free energy of Hypg formation on electrode surface is determined using the

(electro)chemical potentials of reactants and products of Volmer equilibrium (Equations 1-4).

luel = _F¢Pt (1)

a.
p.=p. +RTIn—"—+Fg 2

a.

H

, 6,
IUH = luH + RT In + luexcess (3)

—_ QH
, 0,

AGupd + luexcess = _RT 11’1 1_ 9 - FT] (4)

H

The . is the hydronium ion’s chemical potential, and M, is the chemical potential of
adsorbed H on Pt surface. The electron is also treated as a reactant that has the chemical

potential (1, ) as its Fermi level according to IUPAC definition. The p, is determined by the
electric potential on Pt, ¢, (Eq. 1). The W . comprises its standard chemical potential 1., a
thermodynamic activity (a,.) dependent term and an electrostatic potential energy term (F4,,),
which arises from the potential (¢, ) in bulk electrolyte (Eq. 2). Here, F is Faraday constant.
The M, consists of the standard chemical potential of Hupa (1 ), a term that is determined by

the Hupa coverage (6,) and an excess chemical potential term [, accounting for the effect

excess

from non-ideality (Eq. 3). The variable 7 is the applied overpotential on RHE scale, i.e., ErHE.
The free energy of Hyps formation on metal surface includes the standard Gibbs free energy

change (AG;,) defined by 6, and the excess potential (M

excess

) arising from the electric

overpotential (Eq. 4). A detailed derivation of Equation 4 is given in Section 2 of supporting
information.

The standard free energy of benzaldehyde adsorption on Pt is calculated from the repression
of Hypa signals in CV at increasing benzaldehyde concentration (Figure 2). Parallel adsorption

of benzaldehyde and Hupd is assumed to be quasi-equilibrated (Reaction 5).

H* + BzHO* (Rxn.5)

H* + e + BzHO + 2*
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Figure 2: Cyclovoltammetry of Pt/CNT in aqueous electrolytes containing different concentrations of
benzaldehyde. a)-c) refer to the different electrolyte compositions investigated, i.e., pH 4.9 and
IS=3.0M, pH2.4and IS=3.0M,and pH 4.9 and IS =0.6 M.

Using the electrochemical potential of e and p,. defined above (Equations 1-2) and the

chemical potentials of Hupa Of benzaldehyde in solution and adsorbed on Pt the standard Gibbs

free energy of benzaldehyde adsorption at Erne = 0.05 V is calculated via Equations 5-8.

Hero = Hggo + RT In Cezo (5)
luH = luH +RTn : + :uexcess (6)
1- H ~ “BzHO
U =L *+RT|ngBZ¢ (7
BzHO BzHO 1_ 0H _ QBZHO
AG? . =RTlnc,  —RT (m b 4 Yoo j—Fn—(AG" My ) (8)
BzHO BzHO upd excess
1- 0H - eBzHO 1- QH - eBzHO "

The Hg,,, is the chemical potential of benzaldehyde in aqueous phase that is determined by its

standard chemical potential (M,,,) and its concentration in water (C,,,). The H is the

BzHO"

chemical potential of benzaldehyde adsorbed on Pt surface comprising the standard chemical

potential of adsorbed BzHO (., .) and a term depending on the electrode coverage with

Hupa (6,,) and benzaldehyde (6., ). Benzaldehyde coverage was calculated from the amount of

6, that is suppressed at a given concentration of BzHO.

A detailed derivation of Equation 8 is given in Section 7 of supporting information.
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3.2 Results
The free energy of Hupd adsorption on Pt surface is calculated from Hypq features of CV curve

in the potential range of 0.05-0.40 V vs. RHE (Equation 4, Figure 3). Figure S3a-b in SI shows

the AG;, +H and |, as function of external electric potential at pH 5 and different

temperatures. Formation of underpotential deposited hydrogen on electrode surface leads to
pseudo-capacitance in cyclovoltammetry that relates to the additional charge stored within EDL
due to reductive proton adsorption.[*>* 171 Assuming a monolayer charge of 210 uC/cm? the

integration of these features gives 6, under external electric potential.[*®]
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Figure 3: a) Peaks related to Hupd formation on Pt/CNT during cyclic voltammetry, and b) free energy
of Hupa adsorption on electrode surface as function of external electric potential.

Increasing the temperature during cyclic voltammetry reduces the intensity of Hypa features

and hence, Pt surface coverage with underpotential deposited hydrogen. At 283-313 K, 6, at
Erne = 0.05 V decreases from 75 to 65%. This temperature dependence of CV signals allows

for calculating thermodynamic properties of Hupg 0N electrode surface, e.g., AH,,AS;, . Since
the excess potential is a function of external electric potential instead of Hypd COVerage it has to
be zero at open circuit potential (OCP), i.e., zero overpotential. If W, would be a function of
0, the free energy of Hupd formation on metal surface would be invariant. However, as can be

seen from Figure 3b, AG,, + 1, raises with increasing anodic overpotential. The standard
free energy of adsorption of underpotential deposited hydrogen on Pt at OCP (AG, ] = AGy ) is
determined from the y-intercept in Figure 3b and is used to calculate AH;, and AS;, on Pt
electrode. Figure 4 shows that W, hardly changes with temperature. Hence, its derivative by
T equals zero (6u/éoT =0), that it has no entropic term (AS,, .. =0) but only an enthalpic

contribution. The AS’  is constant throughout the whole potential window investigated whereas

upd

AH_, changes with external electric potential (Equation 9-11, Figure 5b).

100



Chapter 3

aﬂ excess 6

oT

=0=—(AH, . —TAS, ... ) =-AS

excess excess ) excess

oT
/LlEXCESS = €xcess

AH upd (77) = AH . + AH excess (77)

upd

=
S
~  -10
3
=,
2 -154
@
g m 283K
:.. _20_ ] 293K ™
303K -
B 313K
25 : T r
0.0 0.1 0.2 0.3
E vs. RHE [V]

04

9)
(10)

(11)

Figure 4: Dependence of excess potential on external electric potential at various electrolyte

temperatures.

Linearizing Gibbs-Helmholtz equation and plotting AG_, /T over 1/T gives a straight line,

the slope of which is the heat of underpotential deposited hydrogen adsorption on electrode

surface under OCP (aAH;,) (Figure 5a). The entropy of Hypa formation on Pt at zero

overpotential is read from the y-intercept (AS; ). The AH_, increases with increasing anodic

overpotential due to shifting of the electrode Fermi level. A decreased stabilization of Pt-H

bond at increasing cathodic overpotential accelerates rates of benzaldehyde ECH and HER but

decreases the Faradaic efficiency (Figures 5c-d).
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Figure 5: a) Plot of linearized Gibbs-Helmholtz equation AG:’pd /T over 1/T with heat and entropy of

Hupa formation on Pt at OCP, b) AH

upd

as function of external electric potential, ¢) and d) development of

turnover frequency and Faradaic efficiency of ECH and HER on Pt with external electric potential.
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The change of AH_, with respect to external electric potential is explained by a shifting of

upd
electrode Fermi level upon variation of applied overpotential. According to Ngrskov et al. Pt
Fermi level is lying close to Pt-H antibonding state. Neugebauer and coworker assume both to
level up.'®l. In MO-theory, Pt-H bond is formed via hybridization of metal 5d band with
H 1s orbital resulting in bonding and antibonding state.?® An increasing cathodic potential
raises the Fermi level in Pt electrode and hence, the filling of Pt-H antibonding state by

electrons, destabilizing Pt-H bond (Figure 6).

Potential energy
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Figure 6: Schematic illustration of bonding and antibonding state of Pt-H bond after hybridization of
metal 5 d band with H 1s orbital and filling of antibonding state with respect to Pt electrode Fermi level.

At increasing electrolyte acidity, Hupa peaks in cyclovoltammetry are shifted to more negative
potentials on RHE scale (Figure 7a). Consequently, Pt H bond is weakened at low pH. This is
in line with results from Sheng and Nash and coworker who found a decrease of hydrogen
binding energy (HBE) on Pt(100) from — 0.35 to — 0.25 eV at pH 10 0.2Y1 The shifting of Hupd
signals correlates with a decrease in free energy of Hypa formation on Pt surface on SHE scale

(Figure 7b). Increasing hydronium ion concentration in electrolyte solution leads to a more

positive value of AG[, +,,... and hence, a reduced stabilization of underpotential deposited

hydrogen on metal surface. Figure S3 in Sl shows the free energy of Hypa adsorption on Pt
electrode surface and the respective excess potential as function of external electric potential
for pH 2-5. Lowering electrolyte pH leads to a reduced temperature dependence of Hypd
coverage on Pt. At open circuit potential, the heat of underpotential deposited hydrogen
adsorption on metal surface is reduced from — 16.8 to — 7.9 kJ/mol at pH 5-2 (Figure S4). The

AS’ , decreases from — 52 to — 22.1 J/(mol-K). This is in accordance to Goddard et al. who

upd
showed from quantum mechanics molecular dynamics (QMMD) that the binding strength of H
on electrode surface is reduced in highly acidic solution.l??! Singh and coworker found a
decrease of hydrogen binding energy (HBE) on Pt(110) from to — 20 to— 12 kJ/mol at
pH 9-1.[%1
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Figure 7: a) Shift of Hupa features on Pt/CNT in water and b) free energy of Hupa adsorption as function
of external electric potential on SHE scale, both at different electrolyte pH.

Extrapolating the free energy of Hupd formation on Pt electrode surface to zero results in the

onset overpotential for hydrogen evolution reaction (HER), E° = (Figure 8a). With decreasing
electrolyte acidity, i.e., increasing electrolyte pH E’ = is shifted towards more cathodic

potentials. Due to increased binding strength of Hupas on metal surface the energy required to

drive HER on Pt in alkaline solutions is increased and hence, E .. is shifted from

—0.008 to — 0.015 VrHe at pH 2-5 (Figure 8c). This behavior is also observed in linear

polarization measurements and Tafel analysis (SI Section 6) where E’ = on Ptshifts gradually

more negative in the same pH range (Figure 8b). Koper and coworker showed that the onset
overpotential for HER gradually moved to more cathodic potentials when increasing the
electrolyte pH from 1 to 13.41 Chan et al. proposed a change from acidic VVolmer/Heyrovsky
to alkaline VVolmer/Heyrovsky sequence for HER when decreasing the electrolyte acidity.?®! In
their view, the proton donor for hydrogen evolution reaction changes from hydronium ions in

acidic solutions to water molecules in alkaline electrolytes making HER on Pt less favorable,

i.e., leading to a more negative E° . .
H, /M
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Figure 8: a) Extrapolated plot of AGSpd + M. VS. Esug, b) linear polarization curves of HER on Pt/CNT

excess

at different pH and c) onset overpotential for HER, E: e determined from a).

Figure 9a shows the effect of changing electrolyte ionic strength on Hypg features in cyclic
voltammetry on Pt/CNT. In contrast to changing pH, the peaks arising from underpotential

deposited hydrogen formation on metal electrode surface, especially during anodic sweep, are
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only slightly shifted towards more positive potentials when ionic strength is increased. The free
energy of Hupa adsorption shows only very subtle deviations with altering electrolyte ionic

strength (Figure 9b). Hence, the onset overpotential for hydrogen evolution on Pt, i.e., EH

M

remains almost constant when varying the ion concentration of electrolyte. This is also observed
in linear polarization measurements and Tafel analysis (Figure 9c). Nevertheless, the coverage
of electrode surface with underpotential deposited hydrogen increases with lowering electrolyte
ionic strength (SI Section 4, Figure S5). Consequently, adsorption enthalpy and entropy of Hypd

formation on Pt surface at open circuit potential, i.e., AH® , AS’ are shifting with ionic

upd ? upd
concertation of aqueous phase (Figure S6). The AH_, increases from —14.3 to — 17.7 kJ/mol

at IS = 0.60-4.50 M. The entropy is changing from — 42.9 to — 55.2 J/(mol-K) in the same range.
Ryu and coworker found a change in selectivity of cis-2-butene-1,4-diol hydrogenation on Pt in
aqueous phase that was attributed to a different migration of hydronium ions from bulk solution
to metal surface depending on ionic strength.!?®! In their view, a low ion concentration leads to
a pronounced accumulation of hydronium ions at Pt surface and hence, an increased interfacial
acidity within electrochemical double-layer. As stated above, lowering the electrolyte pH

weakens the binding of underpotential deposited hydrogen on Pt electrode surface.
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Figure 9: a) Features of Hupa adsorption in CV on Pt at different electrolyte ionic strength, b)
development of AG; +},.. Wwith external electric potential on SHE scale and c) linear polarization

excess

curves of HER measured on Pt/CNT in aqueous phase at different ionic concentration.

Altering the electrolyte alkali metal cation (Li*, Na*, K*) influences Hypa features on Pt in

water (Figure 10a). In row of Li*, Na" and K* the binding strength of underpotential deposited

hydrogen on Pt metal surface is gradually reduced. The AG;, +H is decreased when

changing the electrolyte cation from lithium to sodium and further to potassium (Figure S7).
Yet, this deviation of free energy of Hups formation on Pt is rather subtle. Therefore, the onset
potential for hydrogen evolution changes hardly, which is also observed in linear polarization
measurements and Tafel analysis (Figure 10b-c). However, the temperature dependence of Hypd
peaks allows for calculating a changing adsorption enthalpy of Hupa On Pt with respect to

different cations (Figure S8). When potassium ions are present in the electrolyte the AH_ , is at
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—15.3 kJ/mol whereas it is around —17.9 kJ/mol for lithium ion containing solutions. The
entropy loss upon Hypa adsorption on electrode surface is increasing from — 44.7 J/(mol-K) for
K" to — 53.7 J/(mol-K) in case of Li*. When comparing these results with literature values the
picture gets quite ambiguous. Bandarenka et al. showed that the concentration of alkali metal
cations, e.g., Li*, Na*, K* close to Pt electrode surface is up to 80 times higher than the
respective concentration in bulk solution.? They also showed that the activity for HER on Pt
and Ir electrodes immersed in alkali metal cation containing electrolytes is increasing in the
order of Li* < Na* < K* Rb* < Cs*, which would mean an opposite trend to our results.
However, it was again Bandarenka who found the former trend for HER/HOR and OER/OOR
on Pt being changed in electrolytes containing sulfate ions.”! At this point, it cannot be
excluded that the presence of phosphate ions in aqueous electrolytes used for these
investigations influences the effect of alkali metal cations on Hypgd formation on Pt in a similar
way. Contrarily, Markovi¢ and coworker revealed that due to formation of OHag-M*(H20),
clusters near the electrode surface, the size of which is depending on the cation radius, the
electrocatalytic activity of Pt in water increases in the order of Li* < Na* < K* < Cs*.*% This
would be in line with findings of a decreasing binding strength of underpotential deposited

hydrogen on Pt surface in row of Li* > Na* > K,
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Figure 10: a) CV signals of underpotential deposited hydrogen on Pt, b) free energy of Hupa adsorption
on metal surface as function of applied overpotential on SHE scale and c) linear polarization curves of
HER on Pt/CNT, all measured in aqueous solutions containing various alkali metal cations.

Figure 11a plots the correlation between heat and entropy of Hypa adsorption on Pt electrode
surface at open circuit potential for different electrolyte compositions. Due to the imposed

equilibrium of AG,, . =0 the AH; and AS;, change simultaneously. A rising adsorption

Volmer

enthalpy causes an increase in the adsorption entropy and vice versa. In general, the more the
hydrogen atom is stabilized on metal electrode surface the less favoured hydrogen evolution
reaction is, leading to a pronounced probability of H-atom being transferred to an organic
molecule, e.g., benzaldehyde. Hence, an increasing binding strength of H on Pt surface favors
electrocatalytic hydrogenation of benzaldehyde resulting in an improved Faradaic efficiency
(FE) (Figure 11b-c). The largest FE of around 72% is reached in an aqueous electrolyte at

pH 6.5. An electrolyte pH of 2 gives the lowest FE, which is around 35%. Song et al. showed
105



Chapter 3

that FE of phenol ECH on Pt and Rh increases from 29 to 40% when going from pH 3 to 5 and
from 44 to 95% in the pH range of 3-10, respectively.!
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Figure 11: a) Correlation between AH_ and AS_ of Hud formation on Pt for various electrolyte
compositions, and b)-c) development of Faradaic efficiency with heat and entropy of Hupa adsorption.

A weak binding of H on Pt surface at low pH leads to improved activity for HER, i.e., Tafel
slopes are increasing from — 74.0 to — 126.5 mV/dec at pH 2-5 (Figure S9, Table S3). This also
enhances initial rates of benzaldehyde ECH (Figure 12a). The initial turnover frequency (TOF)
increases from 150 to 500 1/h at pH 6-2. The rate of HER increases from 200-1300 1/h. This
trend in TOF of ECH is in line with Singh and Song and coworker who revealed an enhancement
of TOF of aqueous phase (electrocatalytic) phenol hydrogenation on Pt from 5 to 35 1/s and
from 15 to 29 1/s, in the pH range of 10-1.1% 2% According to Yang et al. the TOF of aqueous
phase phenol hydrogenation on zeolite supported Pt increases from 0.5 to 4.5 1/s when the
Bronsted acid site (BAS) concentration of zeolite support is increased from
50 to 650 umol/gzeoiite.*! Chen and coworker found a rate enhancement of aqueous phase
phenol hydrogenation on Pt when going from pH 5 to pH 2, e.g., the turnover frequency
increased by almost a factor of six, from 0.035 to 0.2 1/s.[5%

The effect of ionic strength on stabilization of Pt-H and catalyst activity for HER and
benzaldehyde ECH is rather small compared to changing electrolyte acidity. The Tafel slope of
hydrogen evolution reaction decreases only from —172.4to—-124.8 mV/dec at
IS = 0.60-4.50 M (Figure S9, Table S3). In the same IS range, the initial turnover frequency of
electrocatalytic benzaldehyde hydrogenation increases from 200 to 300 1/h; the HER rate
remains almost constant at around 400 1/h (Figure 12b). Pfriem et al. found a rate enhancement
of phenol dehydration in aqueous phase from 0.01 to 0.08 1/s at 1S = 0-5 M. Unlike the
situation at varying electrolyte acidity where FE drops with increasing catalyst activity and
decreasing hydrogen binding strength it increases with increasing ionic strength — from
52t067% at 1S =0.60-4.50 M. Therefore, it has to be assumed that changing the ionic
environment in aqueous phase not only influences hydrogen binding on electrode surface but

also the interaction between organic molecule and catalyst surface.
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For altering alkali metal cations, no clear trend of catalyst activity in electrocatalytic
hydrogenation and hydrogen evolution could be observed. As can be seen in linear polarization
and Tafel analysis HER on Pt/CNT seems to be unaffected by changing the metal cations in
aqueous phase (Figure S9, Table S3). The Tafel slope is around — 120 to — 125 mV/dec for all
alkali metal cations investigated. Hence, the initial TOF of benzaldehyde ECH on Pt/CNT in
lithium containing electrolyte, which is roughly 350 1/h, seems to be an outlier, especially as
there is almost no change in TOF (250 1/h) for sodium and potassium containing solutions
(Figure 12c).
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Figure 12: Initial turnover frequencies of electrocatalytic benzaldehyde hydrogenation and HER on Pt
in aqueous electrolytes at different pH, ionic strength and alkali metal cations (a)-c)).
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3.3 Discussion
The electrostatic energy that is stored within the electrochemical double-layer (EDL), E,, is

determined by the amount of charged species, e.g., hydronium ions, electrolyte cations, anions,
which are accumulated within EDL (Equation 12a). This energy gives rise to a work that has to
be paid for moving away EDL from metal electrode surface upon formation of underpotential
deposited hydrogen (Equation 12b). Yang et al. showed from Density Functional Theory (DFT)
based ab initio molecular dynamics (AIMD) simulations that the first water layer on Pt(111) is

moved away by roughly 0.5 A upon H adsorption (Figure 13).34

E, - ;_S (12a)
W=E, -Ad-n’, .0, (12b)

The q, is the charge stored within EDL, the & is the electrolyte permittivity and the S is the

Pt surface area. The Ad is the distance that EDL has to be displaced from electrode surface for

Hupa formation and the n . stands for the number of hydronium ions accumulated within

(H,0),
Helmholtz layers.
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Figure 13: Displacement of EDL from electrode surface upon adsorption of Hupa on Pt (left), and distance
of first water layer from electrode surface in presence and absence of adsorbed H calculated via DFT

based AIMD simulations according to Yang et al.l34l

An increasing electrolyte acidity leads to an increased accumulation of charge within the
electrochenmical double-layer and hence, to a larger work that is necessary to shift away EDL
from Pt surface. This energetic contribution gradually compensates the heat release upon
adsorption of Hypa on metal surface.Therefore, binding strength of Pt-H is reduced and catalyst
activity for HER and benzaldehyde ECH is increased. However, the Faradaic efficiency
decreases with increasing acidity, which we currently hypothesize to be due to a non-optimum
interaction between benzaldehyde molecules and Pt electrode surface, especially at low pH.
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Janik et al. attributed a pH induced shift of Hupa binding strength to co-adsorption of hydroxide
ions and alkali metal cations.!* They hypothesized that co-adsorption of OH™ in the Hypd region
is more favored at low pH, disfavoring adsorption of H in highly acidic electrolytes. At
increasing pH however, cation adsorption that repels OH™ gets more pronounced, making
formation of Hypg more feasible. According to QMMD from Goddard and co-worker the large
binding strength of underpotential deposited hydrogen at low concentration of H3O" is caused
by weakened water adsorption in alkaline media.??l Changing electrolyte pH from 0 to 13
charges Pt electrode surface more negatively by 0.75 V increasing its hydrophobic character
and hindering water adsorption. Surendranath and coworker introduced the formation of a
proton and/or electron-transfer induced electric field within EDL that influences the chemical
potential of hydronium ions close to electrode surface and therefore, the rate of
(electrocatalytic) hydrogenation.[®! At low electrolyte pH the electric field is strong, becoming
evident in a more positive open circuit potential and an increased hydrogenation rate
(Figure 14). The development of Eocp on Pt with electrolyte acidity follows Nernst equation
with a slope of 55 and 61 mV/pH, respectively.
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Figure 14: a) Open circuit potential of Pt as function of electrolyte pH measured in H2- and He-saturated
solution and b) development of turnover frequency of benzaldehyde ECH with Eocp.

Additionally, entropic changes during Hypa adsorption on Pt need to be considered when
explaining pH-dependent stabilization of Pt-H. Rossmeisl and coworker developed a model
tackling different activities of HER in alkaline and acidic media based on entropic losses of
hydronium ions during reductive adsorption on metal electrode surface.! In their view, H3O*
ions from bulk solution are first transported towards the outer Helmholtz layer (OHL) followed
by migration through EDL and Hypg formation (Figure 15). The authors propose that most of
entropic changes happen already in the first transport step towards the outer boundary of EDL.
There hydronium ions get immobilized in an intermediate state and lose part or all of their
configurational entropy. The configurational entropy throughout the electrochemical
double-layer is assumed to be constant. Thus, in alkaline electrolytes where there is low

concentration of bulk H3O" the entropic loss upon reaching the intermediate state at OHL is

large, casuing a large AH? | (AG,,.. =0) and slowing down HER kinetics. Contrarily, in acidic

upd
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electrolytes with a high hydronium ion concentration in bulk AS, and consequently, AH_, are

upd

low, favoring hydrogen evolution reaction.
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Figure 15: Transport and immobilization of hydronium ions from bulk solution to/at outer Helmholtz layer
followed by formation of Hupa.

Currently, it can not be determined whether there is also an entropic effect arising from
reorganization of water molecules that are displaced from electrode surface upon Hupd
adsoprtion. This would explain the generally more positive adsorption entropy in liquid phase
compared to gas phase, which is around — 125 J/(mol-K), as molecules gain configurational
entropy once they are released from the rigid structure within EDL.[*! So, the entropic effects
determined in this work might be a superposition of entropic changes arising from
immobilization of hydronium ions and release of water molecules.

An increasing ionic strength is hypothesized to influence the concentration of hydronium ions
close to electrode surface as well as the thickness of electrochemical double-layer (Figure 16a).
Using a multi-ion surface charge-regulation model, Barisik et al. showed that for silica
nanoparticles in aqueous phase the hydronium ion concentration close to particle surface is
decreasing with increasing potassium concentration in bulk solution.® According to the model
introduced for different electrolyte pH this would mean a reduced work to move away EDL
during Hupa formation and hence, a strong Pt-H bond. Additionally, Brown and coworker
investigated the surface potential of silica nanoparticles in aqueous phase of different NaCl
concentration via X-ray photoelectron spectroscopy (XPS) and revealed that the thickness of
EDL decreases with increasing sodium concentration.! Consequently, at high ionic strength
the electrochemical double-layer is more rigid leading to a pronounced entropy loss upon
immobilization of H3O" at OHL. At current state, it can not be excluded whether there is an
influence of electrolyte ionic strength on thermodynamic properties and binding strength of

benzaldehyde on metal electrode surface. When increasing the electrolyte acidity from
pH 5 to 2 the adsorption heat is decreased from — 6.1 to 0 kJ/mol. The AS_,,, is changing from

71.2 t0 93.9 J/(mol-K) in the same pH range. Decreasing the electrolyte ionic strength from
3.0to 0.6 M alters the adsorption properties from —6.1to—12.4kJ/mol and from

71.2 to 50.2 J/(mol-K), respectively (Figure S11). These numbers are in line with results from
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Singh and coworker who found liquid phase phenol adsorption heat and entropy on Pt and Rh
to be about —10to— 12 kJ/mol and in the range of 50 to 60 J/(mol-K), respectively.[*%
Campbell et al. determined a somewhat higher liquid phase adsorption enthalpy of
benzaldehyde and phenol on Pt of around — 40 kJ/mol.*Y A decreased stabilization of organic
molecules on electrode surface at high ionic strength could explain the slightly increased rate
of benzaldehyde ECH at high IS. This explanation might also hold for increasing electrolyte
acidity, however, with changing thermodynamic properties of Hupg adsorption overwhelming
this aspect. Eckstein and coworker, for example, found an increasing adsorption heat of
cyclohexanol in zeolite pores when the concentration of Brgnsted acid sites and hence, the ionic

strength within the pores of H-MFI is decreased.?!

and AS’

ero determined in this work are below the

It has to be noted that the values of AH_

B2HO
corresponding enthalpy and entropy for gas phase adsorption of organic molecules on noble
metals. Hammer and coworker found an adsorption heat for gas phase benzaldehyde adsorption
on Pt(111) of — 100 kJ/mol.*¥! According to Campbell et al. phenol on Pt(111) has a gas phase
adsorption heat of — 200 kJ/mol.* Martin and coworker calculated a standard gas phase
entropy of benzaldehyde of 336 J/(mol-K).** Using Equation 13 from Sellers et al. gives a gas
phase adsorption entropy of benzaldehyde of — 128 J/(mol-K), which is comparable to the value

of AS?

g T7OM Singh et al., that is — 122 J/(mol'K).[** 41 This difference between gas and
liquid phase adsorption properties of organic molecules, e.g., benzaldehyde or phenol on noble
metal catalysts is explained by displacement of water molecules from metal surface.l*” This
leads to an energetic contribution that compensates the heat release upon adsortion of organic
molecules. Furthermore, the configurational entropy of water molecules increases upon being

rejected from metal surface.

AS?° =(0708° —33R)—S°

BzHO,gas BzHO,gas BzHO,gas

(13)

Depending on the type of alkali metal cation in aqueous phase it can be assumed that the
electrolyte pH in close proximity to Pt surface is different. Electrocatalytic hydrogenation and
hydrogen evolution reaction lead to formation of a depletion region with respect to HzO* close
to electrode surface and hence, to an increase in local pH (Figure 16b).[*% 471 According to Bell
et al. this increase in acidity can (partly) be compensated by the presence of hydrated alkali
metal cations.[*®! The larger the cation radius the smaller the pKa of M*(H20)n and therefore,
the more easy the hydrated cation is hydrolysed (Reaction 6). As the cation radius increases in
order of Li* < Na* < K" the amount of H3O" from hydrolysis increases in the same direction.

The buffering effect is largest for K* and smallest for Li*, decreasing the local pH within EDL
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in order of Li* > Na" > K*. Hence, the work to displace the electrochemical double-layer from

Pt surface increases in the same order as cation radius, gradually destabilizing Pt-H bond in
water.

+ +
M*(H,O), + HO —> MOH(H,0),¢ + H30 (Rxn. 6)
a) b) 1
Quter Helmhaltz Plane Quter Helmhaltz Plane = 1=0 =
e H =] ulk
1) 3"“"-‘0" | o@) EM’(H_—O} ‘§ concentration
G IH*(H,0), (M) o o =
Oy increased G H(H0), 3 Increasing
Mo (D | — X0 § e
p | P i (&}
: | ! ] c
Og 5 @% g
o;i el .
e pa—— '
d] > d2 Distance from electrode surface

Figure 16: a) Composition of EDL at low (left) and high (right) ionic strength of bulk solution and b)
depletion of hydronium ions close to electrode surface upon ECH and HER, respectively.
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3.4 Conclusion

The composition of aqueous electrolytes influences the performance and activity of Pt/CNT in
hydrogen evolution reaction and electrocatalytic benzaldehyde hydrogenation of. Currently, it
is assumed that these changes are mainly caused by the effect of electrolyte composition on
electrocatalytic activation of H3O* from bulk solution and stabilization of Pt-H. However, an
influence on thermodynamic properties of adsorbed organic molecules, e.g., chemical potential,
adsorption heat and entropy, can not be fully excluded. In general, a deacreasing stabilization
of Pt-H bond increases the initial rates of benzaldehyde ECH and HER while at the same time
decreasing the reaction’s Faradaic efficiency. Lowering the electrolyte pH and/or increasing
its ionic strength leads to a reduced binding strength of benzaldehyde on Pt electrode surface.
However, the effect on initial rates and FE is rather subtle and most likely overwhelmed by the

impact of changning Huypa adsorption strength.

The strongest impact on AH_, and AS;, as well as on initial rates were observed for altering

electrolyte acidity. This is explained by the work that has to be paid for moving away EDL from
Pt electrode surface upon Hypg adsorption and the entropy loss of H3O* upon being immobilized
in an intermediate state at OHL. The effect of changing ion concentration and type of alkali
metal cation is comparable and similar to that of varying pH though, it is less pronounced in
both cases. For different ionic strength, the entropy loss of hydronium ions that depends on
compactness of EDL at outer Helmholtz layer is hypothesized to mostly determine catalyst
performance in HER and ECH. For different metal cations, the concentration of hydronium ions
close to electrode surface is proposed to shift depending on the degree of cation hydrolysis.
Hence, the work to displace EDL that partly compensates Hupa adsorption heat changes with

respect to the type of alkali metal cation.

113



Chapter 3

3.5 Supporting information

3.5.1 Experimental
Materials

Graphitized Multiwalled Carbon Nanotubes (GMWCNT, > 99.9 wt%) with an outer diameter
of 20-30 nm, an inner diameter of 5-10 nm and a length of 10-30 um, in the following referred
to as CNT, were purchased from Cheap Tubes Inc. In temperature programmed desorption
(TPD) of ammonia and pyridine, CNT revealed a low amount of acid surface sites of only
75.6 and 72.2 umol / genr, respectively (Figure S1). A Prisma™ mass spectrometer from
NHs-TPD
(500 °C, 10 K min™%, 60 min) that were normalized to H-MFI with a concentration of acid
surface sites of 400 pmol / gr-mr. Pyridine-TPD (600 °C, 5 K min~%, 30 min, 50 mL min™t Ny)
was done on a TGA-MS setup with a SENSYS evo TG-DSC from SETARAM Instrumentation

and an OmniStar™ mass spectrometer from Pfeiffer Vacuum.
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Figure S1: a) NHs-TPD signal of H-MFI, b) NHs-TPD signal of CNT, c-d) TGA- and pyridine MS-signals
during pyridine-TPD performed on CNT.

Chloroplatinic acid hexahydrate (H2PtCle - 6H20, > 37.5% Pt basis) as well as ethanol
(>99.8%) were supplied by Sigma-Aldrich. Benzaldehyde (>99.5%) for electrocatalytic
hydrogenation (ECH) experiments and m-cresol (for synthesis) for GC analysis were bought
monobasic (KH2POs, 99.5-100.5%), lithium phosphate monobasic (LiH2POas, 99%), sodium
dihydrate  (Na:HPO4 - 2H20 > 98.0%)

(H3POg4, > 99.0%) were purchased from Sigma-Aldrich. Aqueous buffer solutions with different

from Sigma-Aldrich. Sodium phosphate monobasic (NaH2POa4, > 99.0%), potassium phosphate

phosphate  dibasic and phosphoric  acid
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pH, ionic strength and alkali metal cations were prepared by dissolving the required amounts
of salts and phosphoric acid in 1 L ultrapure water with a resistivity of 18.2 MQ from a Purist
system supplied by Rephile (Table S1). All chemicals were used without further purification.
Helium gas (He, 99.996 Vol%) for purging the electrolyte solution and hydrogen gas
(H2, 99.999 Vol%) for electrode calibration were both supplied by Westfalen.

Table S1: Amount of NazHPO4 - 2H20, NaH2PO4, KH2PO4, LiH2PO4 and H3PO4 dissolved in 1.0 L
ultrapure H20 for electrolyte preparation.

oH IS | ¢+ | mM(NazHPO4+ 2H,0) | m(NaH,POs) | m(HsPOs) | m(KH2POs) | m(LiH2PO)
M] [a] [a] [g] [d] [a]
2.4 30.0 24.5
3.1 54.0 4.9
3 Na
4.2 59.4 0.49
4.9 1.34 59.1
4.5 2.00 88.6
3 1.34 59.1
4.9 Na
1.5 0.67 29.5
0.6 0.27 11.8
Li 1.34 - 51.2
49| 3 | Na 1.34 59.1
K 1.34 67.0
Catalyst synthesis

Platinum nanoparticles supported on CNT (Pt/CNT) were prepared via impregnation followed
by reduction in H,. Therefore, the desired amount of H2PtCls - 6H20 to reach a 5 wt% metal
loading (0.14 g) was dissolved in 200 mL ethanol. After addition of 1.00 g of CNT support the
suspension was stirred and sonicated for 15 minutes, each. The suspension was alternatively
stirred and sonicated three times. Afterwards, the solvent was evaporated, and the solid was
dried at 60 °C overnight. The final catalyst was received after reducing the precipitate at 250 °C
(0.5 K min™t) for 3 hours under flowing H, (100 mL min™Y). In order to determine the metal
particle size, the metal dispersion and the external surface area the final catalyst was analyzed
via Hz chemisorption and N2 physisorption measurements using a Surfer station from Thermo
Fischer Scientific and by transmission electron microscopy (TEM) (Figure S2). The exact metal
loading of the catalyst was determined by atomic absorption spectroscopy (AAS) using an iCE
3000 SERIES AA Spectrometer from Thermo Fisher Scientific. The results are summarized in
Table S2.
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Table S2: Properties of 5 wi% Pt/CNT catalyst.

Metal concentration cpt [Wt%] 4.6
Particle size dp (TEM) [nm] 4.3
Particle size dp (H2 chemisorption) [nm] 4.3
Metal dispersion (TEM) [%] 23

Metal dispersion (H2 chemisorption) [%)] 25.6
External surface area [m?/ gcnt] 120

Particle amount [%]

2 3 4 5 6 7 8
Particle diameter [nm]

Figure S2: TEM image of 5 wt% Pt/CNT (left) and statistical evaluation of particle size (right).

The catalyst dispersion according to TEM was calculated based on the determined mean
particle diameter d, using Equations S1-S2.148!

n

2.4

d, =2 — (S1)
247
D=9V 100 (S2)

.
The d, are the particle diameters measured from TEM images. The g refers to the particle

shape correction factor that is 6 for spherical particles. The V,, refers to the volume per Pt atom

calculated with a mean atomic radius of 1.5 A. The S is the Pt average transversal section, which

has a value of 8.9 A2,

Cyclic voltammetry and linear polarization

Cyclovoltammetry (CV) and linear polarization (LP) measurements were performed in a
rotating disk electrode (RDE) setup using a Modulated Speed Rotator (MSR) and an RDE glass
cell with water jacket both from PINE research. The electric potential was controlled with an
SP-300 potentiostat from BioLogic. In a three-electrode configuration, a glassy carbon RDE tip
(5.0 mm OD) with catalyst coating (0.3 mg) was used as working electrode (WE). For catalyst
coating, 2.0 mg of Pt/CNT was suspended in 200 pL ethanol and sonicated for 30 min. 30 pL
of suspension were transferred onto glassy carbon disk and dried before immersion into

electrolyte. A platinum wire served as counter electrode (CE) and an Ag/AgCI electrode was
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used as reference electrode (RE). The RDE tip as well as CE and RE were purchased from PINE
research. Before each experiment, the Ag/AgCl electrode was calibrated against a reversible
hydrogen electrode (RHE). Therefore, its potential was measured against a platinum wire in a
H> saturated electrolyte that was intended to be used in CV and LP measurements, respectively.
The RDE glass cell was stored in a potassium permanganate solution prior to use to remove any
organic contaminations. Before filling with electrolyte, it was flushed with a
3% H202/ 1 M H2SO04 solution followed by rinsing with ultrapure water. The WE, CE and RE
were immersed in 100 mL phosphate buffer and the temperature (283-313 K) was adjusted with
a FC 600s chiller from Julabo. The rotation speed of RDE tip was set to 400 rpm and the
external electric potential was cycled and scanned between — 0.05 and 1.45 V vs. RHE and
—0.10 and 0.40 V vs. RHE during CV and LP, respectively. The scanning rate was 50 mV s 2.
Stable CV curves were reached after the tenth cycle. Excess H2 and O were removed from the
electrolyte solution via purging with He (20 mL min™t) throughout the experiments.

For determination of benzaldehyde adsorption heat and entropy on Pt, different concentrations
of benzaldehyde (0-200 uM) were added to the electrolyte during CV.

The current density measured during CV was calculated by normalizing the measured current

to the Pt surface area using the metal dispersion (Equations S3-S4).

m.. -c,-D
Nosur. = CatM - (83)
Pt
_ Nocsurt (84)
A\’t-Surf. - 2'10_9

The m,, refers to the mass of catalyst, c,, refers to the metal concentration of the catalyst, D

is its metal dispersion and M, is the molecular weight of Pt.

Electrocatalytic hydrogenation of benzaldehyde

Electrocatalytic hydrogenation (ECH) experiments were performed in a two-compartment
batch cell. In a three-electrode setup, the working and reference electrode (WE, RE) were
placed in the cathode compartment. The counter electrode (CE) was located in the anode
half-cell and both compartments were separated by a Nafion™ N117 membrane from lon
Power. The membrane was activated by a treatment in 3% H>0O- (1 h), deionized water (2 h)
and 1 M H2SO4 (1 h) at 90 °C before storage in deionized water. The working electrode
consisted of a carbon felt (30 x 15 x 6.35 mm) that was coated with Pt/CNT catalyst and
attached to a titanium rod (Gr. 2). For catalyst coating, 20 mg of catalyst were suspended in

2mL of an isopropyl alcohol/water (25/75 v/v) mixture. After sonication for 30 min the
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suspension was drop casted onto the felt and allowed to dry at room temperature. The reference
electrode was a leakless miniature Ag/AgCl reference electrode from eDAQ that was calibrated
against RHE prior to each experiment. A Pt-wire (¢1.0 mm, 99.997%) from Alfa Aesar served
as counter electrode. The potential during ECH was controlled via a SP-300 potentiostat from
BioLogic.

Before each experiment, the anode and cathode half-cells were filled with 60 mL aqueous
electrolyte, of which the catholyte was stirred at 650 rpm throughout the whole experiment.
Furthermore, the electrolyte was continuously purged with He (20 mL min) to avoid
accumulation of H, and O from HER and OER at cathode and anode, respectively. After an
initial polarization step of WE (— 40 mA, 30 min) to assure for complete reduction of the Pt
nanoparticles supported on CNT, the required amount of benzaldehyde to reach a 20 mM
solution (122 pL) was added to the catholyte. Electrocatalytic hydrogenation was performed at
an jR-corrected potential of E = — 0.05 V vs. RHE at WE. All experiments were performed at
room temperature.

During ECH runs, 0.5 mL aliquots were regularly withdrawn from the catholyte and extracted
in 1.0 mL EtOAc. m-Cresol (5 mM) was added as external standard and the organic phase was
analyzed by gas chromatography (GC). A GC-2010 Plus gas chromatograph with an AOC 20i
autosampler from Shimadzu and a DB-WAX column (30 m, 0.32 mm, 0.25 um) from Agilent
Technologies was used for investigating reaction kinetics of benzaldehyde ECH.

Turnover Frequencies (TOF) and initial rates (rinit) of product formation were calculated
according to Equations S5-S6.

0 1
rinit = _n ’ (85)
at mPt-Sun‘.
Top -1t (S6)
ot n

Pt-Surf.

The m, . and n, . referto the mass and mol of surface Pt that were determined from metal

dispersion of the catalyst (Equations S7, S3).

m M, 'C, - D (S7)

Ptsurf. — | 'cat Pt

The m,, refers to the mass of catalyst, c,, refers to the metal concentration of the catalyst and

D is the metal dispersion of Pt/CNT.
The current efficiency, i.e., Faradaic efficiency (FE) of benzaldehyde ECH was calculated as

the ratio between the amount of electric charge used for hydrogenation ( Q. ), that equals the

amount of product formed and the total charge passed through the cell (Q,, ), that is the amount
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of hydrogen, which is activated via reduction of protons from electrolyte solution

(Equations S8- S10).

The n

BzHO

QECH =Ngyo 2 N,-e (88)
t
Quer = J- | -dt (S9)
0
FE = e (510)
QHER

refers to the amount of benzyl alcohol formed, the z is the number of electrons

required for electrocatalytic benzaldehyde hydrogenation, which is two. The N, is Avogadro

constant, e refers to the elemental charge and 1 is the current passed through the cell. The t

stands for the reaction time.
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3.5.2 Calculation of free energy of H adsorption on Pt from Hupd peaks

The derivation of free energy of H adsorption on Pt (AG_, + I, ) is based on the assumption

of Volmer reaction (Rxn. 4) being quasi-equilibrated, i.e., the change in Gibbs free energy of
the reaction being zero (AG =0) and the chemical potentials of reactants and products being

equal (Equation S11).
B+ 1y = (S11)
With the expression of W, p, and y, in Equations S12-S14, Equation S11 is reformulated

to Equation S15.

u, =-Fg, (512)
a.

p.=p. +RTIN"=+Fg, (S13)
a.
H

luH = IUH + RT In 1 Hg + luexcess (814)

H

eH

a .
luH _luH+ +luexcess + F (¢Pt _¢aq)= RT Inai_ RT In (815)
"

H

The W, is the hydronium ion’s chemical potential, and p, is the chemical potential of

adsorbed H on Pt surface. The electron is treated as a reactant with a chemical potential ()
that is its Fermi level according to IUPAC definition, which is determined by the electric

potential on Pt, ¢, (Eq.S12). The p . consists of its standard chemical potential p° , a
thermodynamic activity (a,.) dependent term and an electrostatic potential energy term (F¢,,)
that arises from the potential (¢, ) in bulk electrolyte (Eq. S13). Here, F is Faraday constant.

The p, comprises the standard chemical potential of Hags (1, ), a term that is determined by

the Hypg coverage (6,,) and an excess chemical potential term p_ . accounting for the effect

from non-ideality (Eq. S14).

At open circuit potential, the system is essentially the reversible hydrogen electrode, i.e., the

electric potential on Pt and in bulk aqueous phase are ¢, and 4, When applying an

q,RHE *

overpotential (7 ), the electrode potential has the following relations:
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Por — ¢aq =n+ (¢Pt,RHE - ¢aq,RHE ) (8163-)

a .
+RT In - (S16b)

a.
.

¢Pt,RHE - ¢aq,RHE = ¢Pt,SHE - ¢aq,SHE

Equation S16b is the relation between RHE and SHE (Standard Hydrogen Electrode) based
on Nernst equation. Therefore, substituting the (4, —¢,,) term in Equation S15 by

Equation S16, gives:

, , 6,
luH _(IUH* + F¢aq,SHE)_(_F¢Pt,SHE)+ :uexcess = _RT In HH - F?] (817)

H

The first three terms on the left side of Equation 17 are the standard Gibbs free energy change

(AG.,) of Hupd adsorption on Pt in aqueous electrolytes (Rxn 1), defined in Equation S18.

upd
Hence, using this relation Equation S17 can be rearranged to Equation S19 (free energy of H

adsorption).

AGupcl = /LIP;I - (ﬂ,;|+ + F¢aq,SHE ) - (_F¢PI,SHE ) (818)

, 17
AGL:pd + luexcess = _RT lll He - F?] (Slg)

H
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3.5.3 Influence of electrolyte acidity on AHupd

The free energy of Hupa adsorption on metal electrode surface was calculated for different pH

using the temperature dependence of Hupa coverage on Pt from CV. Applying Equation S19,

AGj, + K, 1S Shown as function of applied overpotential in Figure S3a,c,e,g for investigated

electrolyte pH. Figure S3b,d,f,h plots the p

standard Gibbs free energy change AG[; =AG,

excess

excess

Fig. S3a,c,e,g via extrapolation of AG;, +H to

adsorption enthalpy and entropy at zero overpotential.
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Figure S3: a),c),e),g) Development of free energy of Hups formation on Pt with external electric potential

and b),d),f),h) excess potential as function of applied overpotential, both at pH 2.4, 3.2, 4.1, 4.9.
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Plotting AG_, /T against 1/T allows for determining the adsorption heat and entropy of Hupd

on Pt electrode surface from the slope and y-intercept of the resulting line plot (Figure S4).
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Figure S4: a)-d) Plot of linearized Gibbs-Helmholtz equation, AG;’pd /T vs. 1/T , for determining the
heat and entropy of Hups formation on electrode surface at OCP, i.e., AH_ ,AS_ . a)-d) refer to the same

solution pH as in Fig. S3.
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3.5.4 Influence of electrolyte ionic strength on AHupd

The free energy of underpotential deposited hydrogen formation on Pt surface was calculated

for ionic strengths in the range of 0.60-4.50 M. Applying Equation S19, AG_; + W, IS shown

as function of applied overpotential in Figure S5a,c,e,g for investigated electrolyte IS.

Figure S5b,d,f,h plots the excess potential with respect to external electric potential. The

standard Gibbs free energy change AG'' =AG:, is obtained from the y-intercept in

upd up!

Fig. S5a,c,e,g via extrapolating AG(, + ... 10 7=0 V and is used to calculate the adsorption
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Figure S5: a),c),e),g) Free energy of Hupa adsorption on Pt as function of external electric potential and
b),d),f),h) development of pexcess With applied overpotential, both at IS = 4.5, 3.5, 1.5, 0.60 M.
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Plotting AG,, /T against 1/T allows for evaluating the AH, and AS;, on Pt electrode

surface from the slope and y-intercept of the resulting straight line (Figure S6).
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Figure S6: a)-d) Plot of linearized Gibbs-Helmholtz equation, AG;’pd /T vs. 1/T, for determining the

heat and entropy of Hupa adsorption on electrode surface at OCP, i.e., AH fpd ,ASu"pd. a)-d) refer to the

same ionic strength as in Fig. S5.
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3.5.5 Influence of electrolyte cations on AHupd

The AG), + K,

.. OF Hupa @dsorption on Pt electrode was calculated for aqueous electrolytes
containing different alkali metal cations, i.e., Li*, Na*, K*. Therefore, the temperature

dependence of Hypd Signals was evaluated and the free energy of Huypa formation is shown as

function of external electric potential in Figure S7a,c,e. Figure S7b,d,f plots the p .. with

excess

respect to applied overpotential. The standard Gibbs free energy change AG[ =AG;, is

ton=0 Vandis

eXcess

obtained from the y-intercept in Fig. S7a,c,e via extrapolation of AG_, +

used to calculate the heat and entropy of Hypg adsorption at zero overpotential.
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Figure S7: a),c),e) Dependence of AG[, + M. Of Hupa formation on metal surface on applied
overpotential and b),d),f) development of excess potential with external electric potential, both for
aqueous electrolytes containing Li*, Na* and K*.

Plotting AG;, /T against 1/T allows for calculating the heat and entropy of Hupd adsorption

on metal electrode surface, i.e., AH’, and AS°

upd upd

from the slope and y-intercept of the graph

(Figure S8).
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3.5.6 Tafel analysis of polarization measurements
Polarization curves measured on Pt/CNT in aqueous electrolytes of different composition were
evaluated according to Tafel analysis via plotting Erre vs. LOG(Jj| [WA cm~2]). Tafel slopes of

hydrogen evolution reaction were determined from linear regions of Tafel plots (Figure S9,

Table S3).
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Figure S9: Tafel plots with Tafel slopes of linear polarization curves of HER on Pt/CNT in aqueous
electrolytes at different pH (a)) and IS (b)) and with different alkali metal cations (c)).

Table S3: Tafel slopes of HER on Pt/CNT in agueous phase at different pH, 1S and alkali metal cations.

o rteiene | s Jeesepe [ caion T clooe
2 -74.0 0.60 -172.4 Li -1225
3 -103.8 1.50 -152.4 Na -123.3
5 -126.5 3.00 -130.5 K -124.6
4.50 -124.8
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3.5.7 Calculation of thermodynamic properties of BzHO adsorption on Pt
The standard free energy of benzaldehyde adsorption on Pt in water (AG,, = AG.., ) iS

calculated based on the assumption of Reaction 5 being quasi-equilibrated, i.e., the change in
Gibbs free energy of the reaction being zero (AG =0) and the chemical potentials of reactants

and products being equal (Equation S20).

Mo T By T Moo = By T Hy, o (S20)

With the expression of | ., and p, defined in Equations S12-S13 and the expressions of , ,

a0 and p_ . in Equations S21-S23, Equation S20 can be reformulated to Equitation S24.

0
luH = luH + RT ln — + luexcess (821)
1- QH ~ YBzHo
Hezno = Hegro T RT In Conio (822)
U .= ,+RTInHBZ—”° (S23)
BzHO BzHO 1_ 0 _ 9

H BzHO

My~ (uH, + F¢aq,SHE ) - (_ F¢Pt,SHE ) T Hexcess T Mgy ~ Mo =

17 17
=RTInc,,, —RT (In . +1 932“00 J—Fn
- “YH 7 YBzHo

1-6,-6
The p,,,, IS the chemical potential of benzaldehyde in aqueous phase that is determined by its

(S24)

H BzHO

standard chemical potential (Mg,.o) and its concentration in water (c,,, ). The M is the

BzHO

chemical potential of benzaldehyde adsorbed on Pt surface consisting of the standard chemical

potential of adsorbed BzHO (. .. ) and a term depending on electrode coverage with Hupg and

benzaldehyde (6,, 6,,,)- In Eq. S24, the derivation for Hups formation on Pt from Section 2 of
Sl is extended by the influence of parallel adsorption of benzaldehyde. The recalculation of
electric potentials ¢4, and ¢, from absolute to RHE scale is shown in Equation S16.

Hence, the left side of Equation S24 comprises the standard free energy of Hupg adsorption on
Pt on RHE scale (Equation S18), an excess chemical potential, i.e., an excess free energy of

Hupd adsorption and the standard free energy of benzaldehyde adsorption on Pt in aqueous phase
(Equations S25-526).

AGg, = /u;mo* ~ Mo (825)
17 o
AG;zHO =RTIn CBzHO —RT| In : + P - F77 _(AGSpd + uexcess) (824)
1- HH - ‘gszHo 1- 9H - HBZHO
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Figure S10 shows AG.,,, on Pt as a function of benzaldehyde concentration at Erne = 0.05 V

for three different electrolytes, i.e., pH2 (IS=3.0 M), pH5 (IS=3.0 M), IS=0.6 M (pH 5).
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Figure S10: Development of standard free energy of benzaldehyde adsorption on Pt (AG
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benzaldehyde concentration at Erne = 0.05 V in aqueous electrolytes of pH 4.9 and IS =3.0 M (a)),
pH 2.4 and IS = 3.0 M (b)) and pH 4.9 and IS = 0.6 M (c)).

Extrapolating the plots of AG,,, Vs. c,,, t0 zero concentration and inserting the resulting

standard free energies of benzaldehyde adsorption into linearized Gibbs-Helmholtz equation

gives the standard heat and entropy of benzaldehyde adsorption on Pt, that is the slope and

y-intercept of AG,,,, /T vs. 1/T plot (Figure S11).
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vs. 1/T , for determining the

heat and entropy of benzaldehyde adsorption on electrode surface at zero concentration of BzHO and

Erve=0.05V, i.e., AH

BzHO

0 Aso

a)-c) refer to the same solution composition as in Fig. S10.
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4 Electrocatalytic hydrogenation of ,f-unsaturated aldehydes
— Influence of external electric potential, electrolyte
composition and catalyst structure on carbonyl-group

activation

Abstract

Hydrogenation of a,f-unsaturated aldehydes on noble metal catalysts in water usually suffers
from low selectivity for carbonyl group hydrogenation. On most common hydrogenation
catalysts conversion of the double bond is thermodynamically favored over formation of
alcohols.

The selectivity of electrocatalytic trans-2-penten-1-al hydrogenation in aqueous phase can be
influenced via choice of noble metal, promoter species and variation of the externally applied
electric potential. Additionally, electrolyte pH, catalyst support acidity as well as metal particle
size play a minor role in tuning reaction selectivity. Best yields of (un)saturated alcohols were
achieved with a Ru-based catalyst that was doped with Fe as electropositive promoter. The
selectivity towards CO group hydrogenation raises at increasing cathodic overpotential. These
findings are supported by adsorption isotherm measurements performed via standard
volumetric method and cyclic voltammetry.

Decreasing the hydronium ion concentration in bulk solution and increasing the mean particle
diameter of catalyst material also help to improve alcohol formation. The effect of altering the
concentration of acid surface sites on carbon nanotube support is ambiguous.

Product formation rates on bimetallic Ru-Fe catalysts are enhanced by rising negative

overpotential, increasing support acidity and larger metal particle size.
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4.1 Introduction

Biomass is a green and sustainable alternative to fossil resources like crude oil for the
production of a broad variety of base chemicals and fuel-range compounds.™™ The production
of chemicals and fuels via transformation of biomass-derived feedstock requires the
hydrodeoxygenation of oxygenated intermediates, e.g., carboxylic acids, aldehydes or phenolic
compounds.?! The amount of unsaturated carbon-carbon bonds as well as the oxygen-content
needs to be reduced in order to make these molecules high-value chemicals that can be used in
the transportation sector or the production of pharmaceuticals and fine chemicals.l®! Usually,
this step is done by thermal hydrogenation at elevated temperatures and high pressures, in which
the reacting hydrogen is still supplied from reforming of non-sustainable fossil resources.
These drawbacks make the hydrogenation of oxygen-containing intermediates the most
energy- and capital-intensive step during biomass upgrading.t!

Electrocatalytic hydrogenation (ECH), in contrary, is a promising, sustainable technology for
the ambient reduction of organic molecules. The required hydrogen is produced in situ from
reduction of hydronium ions or water electrolysis that is driven by renewable resources.[?! In a
proton coupled electron transfer (PCET), H atoms adsorbed on metal electrode surface are
formed according to Volmer reaction and consecutively transferred to an organic substrate
(Reactions 1-2).I"]

H + & + * — H* (Rxn. 1)
0] OH

H* + — RXn. 2

R)J\H R)*\H ( )

Electrocatalytic hydrogenation can be performed at low temperature and under atmospheric
pressure.[®! Together with an energy supply that is not based on fossil resources, ECH can help
to reduce the anthropogenic carbon footprint and associated environmental harms, e.g., climate
changes and global warming.[: & 4

After decomposition and pyrolysis of biomass and lignocellulose a pool of unsaturated and
oxygen-rich aldehydes, ketones, carboxylic acids and aromatics is generated.[*"]
a,f-Unsaturated aldehydes like trans-2-penten-1-al can be used as model compounds for these
group of molecules.[**] The selective hydrogenation of a,f-unsaturated aldehydes towards their
corresponding allylic alcohols is a significant reaction in academia and in industry due to their
application in production of fine chemicals, fragrances and pharmaceuticals.[*?l However, the
selective hydrogenation of af-unsaturated aldehydes towards their corresponding
a,f-unsaturated alcohols has proven difficult in the past, even under thermo-chemical
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conditions.[*¥l When using common hydrogenation catalysts that are based on noble metals,
e.g., Pd, Rh, Ru hydrogenation of the double bond towards saturated aldehydes is
thermodynamically favored over conversion of the carbonyl moiety.[*4!

Therefore, researchers have put lots of efforts in developing new catalysts that are capable of
selectively converting a,f-unsaturated aldehydes towards allylic alcohols under thermal
conditions. The addition of promoters specifically activating the CO bond, e.g., metal oxide
species or oxophilic metals is one approach that has proven beneficial in tuning the reaction
selectivity.*> Another approach towards selective hydrogenation of the carbonyl group is the
repulsion of C=C bond from catalyst surface either electrostatically via changing the charge
density on catalyst surface or sterically via particle size effects.¢]

The present study investigates the electrocatalytic hydrogenation of trans-2-penten-1-al using
transition metal catalysts supported on carbon nanotubes in aqueous phase (Scheme 1). The
influence of different noble metals as well as promoter species on reaction selectivity is
analyzed. Furthermore, the impact of external electric potential, particle size and solution pH
on product distribution and reaction kinetics is evaluated. The effect of different metals,
promoters as well as the presence of an external electric potential on the kinetic data shall be
related to adsorption measurements of organic species on catalyst surface via cyclic
voltammetry (CV) and volumetric method.

In a recent study, we have shown that adding phenol to an aqueous electrolyte gradually blocks
sites for H adsorption and hence, diminishes Hupa peaks in CV of Pt.X”] Now, we are seeking to
perform similar measurements with molecules containing different functional groups, i.e.,
valeraldehyde, trans-2-penten-1-ol and correlate the findings to adsorption isotherms measured
via volumetric method. This can help answering the question whether various moieties, e.g.,
double bond, carbonyl group, lead to changes in the adsorption and activation of different
organic molecules on the electrode surface that explain the differences in reaction kinetics and
product distribution. Furthermore, we want to shed light on the influence of an increasing
negative charge density on electrostatic repulsion of electron-rich moieties, e.g., the C=C bond.

Depending on external electric potential, catalyst properties, i.e., noble metal, particle size,
promoter species and electrolyte pH the yield towards formation of alcohols during
electrocatalytic hydrogenation of trans-2-penten-1-al can be increased by almost two orders of
magnitude compared to thermo-chemical hydrogenation without application of conditions

promoting carbonyl group activation.
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I

Scheme 1: Reaction network of electrocatalytic hydrogenation of trans-2-penten-1-al.
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At open circuit potential (OCP), the standard heat of adsorption of an organic molecule, e.g.,

valeraldehyde or trans-2-penten-1-ol on Pd- and Ru-containing catalysts were derived from

volumetric adsorption isotherm measurements using linearized Langmuir equation and

van’t Hoff correlation (Equations 1-2, Figure 1).
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Figure 1: Adsorption isotherms of trans-2-penten-1-ol and valeraldehyde on 5 wt% Ru/CNT-COOH at
different temperatures (a), ¢)) and on various catalysts supported on CNT-COOH, at 278 K (b), d)).
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A detailed derivation is given in Section 2 of SI.

1)

)

For Pd-containing catalysts, the uptake under external electric potential was determined from

CV curves at different concentrations of adsorptive in electrolyte. The coverage of catalyst
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surface and hence, the adsorbed amount of organics is determined from suppression of Hupd

signals at increasing concentration of valeraldehyde or trans-2-penten-1-ol (Figure 2).
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Figure 2. Cyclic voltammograms of 5wt% Pd/CNT-COOH in pH5 electrolyte with increasing
concentration of a) trans-penten-1-ol and b) valeraldehyde.

The standard free energy of adsorptive uptake on Pd in water (AG,, =AG_’) is calculated

ads
based on the assumption of Reactions 3-4 being quasi-equilibrated, i.e., the change in Gibbs
free energy of the reactions being zero (AG =0) and the chemical potentials of reactants and

products being equal (Equations 3-4, Section 3 SI).
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With the expression of ., and p, defined in Equations S22-S23 and the expressions of

Mo, @nd W, . in Equations S24-S26, Equation 4 can be reformulated to Equitation 5.
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Equation 5 includes the relation between SHE and RHE according to Nernst equation

(Eq. S28) as well as the term of the standard free energy of pure Hupa adsorption (Eq. S32).
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4.2 Results and discussion

4.2.1 Influence of noble metal and promoter species

When comparing Pd- and Ru-based catalysts in ECH of trans-2-penten-1-al, materials
containing Pd show higher rates and Faradaic efficiencies (FE) of product formation than their
Ru-containing analogues (Figure 3). At an overpotential of — 1.2 V vs. RHE the turnover
frequencies (TOFecH) and FE of formation of valeraldehyde, trans-2-penten-1-ol and
pentan-1-ol on Pd are 2536, 59 and 67 1/h and 64.8, 1.5 and 3.4 %, respectively. The selectivity
towards alcohol formation is below 5 %. In contrast, on Ru TOFgcH and current efficiency are

925, 54 and 212 1/h and 16.4, 1.0 and 7.5 %. The selectivity for carbonyl group hydrogenation
is increased to 20 %.

100 | Pentenal 30 100 W Pentenal Pentenol 30
B Pentanal b)
Pentenol
Pentanol

W Pentanal Pentanol

804

20
60

40] —

20+

Concentration ¢ [mol%]
Concentration ¢ [mol%]
Concentration ¢ [mol%]
Concentration ¢ [mol%]

r . - ) 04— ; ; , .
0 20 40 60 80 100 0 20 40 60 80 100
Time t [min] Time t [min]
Figure 3. Conversion of trans-2-penten-1-al and product formation during ECH at Erve = - 1.2 V 0On
a) 5 wt% Pd/CNT-COOH and b) 5 wt% Ru/CNT-COOH.

0

Sokolskii and coworker found similar trends in thermo-chemical hydrogenation of
crotonaldehyde on carbon-supported transition metals in water.[® 8 The selectivity towards
alcohol formation was increased in the order Pd < Pt <Ru < Ir < Os. This is supported by
Giroir-Fendler et al. who showed almost the same trend in transition metal activity for carbonyl
group hydrogenation.™*® These observations can be attributed to an increased d-band population
of Ru as was theoretically calculated by Delbecq and Soutet as well as by Hiickel.2% An
increased electron density on transition metal surface leads to destabilization of the
four-electron interaction between C-C double bond and metal surface while at the same time
favoring the two-electron z-bonding between carbonyl group and metal species.?*! This
behavior is even more pronounced on metals with a large radial expansion of d-orbitals, which

is the case for ruthenium; palladium, in contrast, shows rather small d-orbitals.[?? Additionally,
the activation energies (Ex ) of hydrogenation of double bond and carbonyl group change

depending on noble metal. On Pd-based catalysts, the activation barriers for CO and C=C
hydrogenation are 40 and 17 kJ/mol, respectively (Figure 4a). In case of Ru-containing
materials, these values lie much closer and are 29 and 22 kJ/mol rendering a simultaneous

conversion of both functional groups more likely (Figure 4b).
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Figure 4: Arrhenius plots for determining activation energies of hydrogenation of CO and C=C group of
trans-2-penten-1-al on a) Pd and b) Ru, at 1 bar Ha.

Increasing the concentration of trans-2-penten-1-al in ECH experiments leads to enhanced
selectivity towards unsaturated alcohol, especially at high concentrations. This is hypothesized
to be caused by a large steric hindrance inducing a pronounced repulsion of double bond from
electrode surface. Consequently, trans-2-penten-1-ol is formed with a reaction order of 0.5
throughout the investigated concentration range on Pd and Ru (Figure 5). Valeraldehyde
formation also shows a positive reaction order of 0.5 up to a concentration of unsaturated
aldehyde of 30 mM, before dropping to zero. Pentan-1-ol is generated with a negative reaction

order of — 1.5 and — 0.25 on Pd and Ru, respectively.

Rate r[uymol / (gpq - 8]

1000

800
600

4004

2004

a)

m  Valeraldehyde
trans-2-Penten-1-ol

|m  Pentan-1-ol

10 20
Concentration Cgpy [MM]

100

0.1
30 40 50

Rate r[umol / (gpq - 8)]

Rate r[umol / (gpq - 8]

100

1000
b)

1004

-

T

n=0

k10
n=05

m Valeraldehyde
trans-2-Penten-1-ol
= Pentan-1-ol

1
0 20 30 40 50
Concentration Cgyy [MM]

Rate r [umol / (gpg - )]

Figure 5. Reaction orders of formation of various products in electrocatalytic trans-2-penten-1-al
hydrogenation on a) 5 wt% Pd/CNT-COOH and b) 5 wt% Ru/CNT-COOH.

The selectivity towards trans-2-penten-1-ol and pentan-1-ol is further increased by addition
of iron (1 wt%) as electropositive promoter to Pd- and Ru-containing catalysts (Figure 6). On
Pd, the effect is rather subtle. The TOFgcH of formation of trans-2-penten-1-ol and pentan-1-ol
only raise to 88 1/h, both. At the same time, the turnover frequency for valeraldehyde generation
increases slightly to 2636 1/h. Consequently, the selectivity towards these molecules is
2.9, 3.0 and 94.2%, respectively. In contrast, on Ru/CNT-COOH the addition of 1 and 3 wt% Fe
gives a more pronounced selectivity increase towards alcohol formation. The relative amount
of trans-2-penten-1-ol climbs from 4.3 to 7.5 and 18.6% when going from 0 via 1 to 3 wt% Fe.
The corresponding numbers for pentan-1-ol and valeraldehyde are 17.3, 19.5, 20.4% and
78.4,73.0,61.8%. The
trans-2-penten-1-ol and pentan-1-ol during ECH of trans-2-penten-1-al on different catalysts

turnover frequencies for formation of valeraldehyde,

at Erne = — 1.2 V are summarized in table 1. As can be seen, on bimetallic Ru-Fe materials the
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formation rates of alcohol products increase with an increasing iron content whereas TOFgecH

of valeraldehyde decreases.
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Figure 6: Development of product selectivity during ECH of trans-2-penten-1-al at Errve = — 1.2 V on
Pd- and Ru-based catalysts with increasing iron content.

Table 1: Turnover frequencies (TOFech) for formation of various products in ECH of trans-2-penten-1-al
on different catalysts.

Turnover frequency TOF [h™]

5wt%Pd  5-1wt%Pd-Fe  5wt%Ru  5-1wt%Ru-Fe 53 wt% Ru-Fe
e 2536 2636 925 967 768
59 88 54 79 228
N 67 88 212 230 228
Ho 1157 983 3611 3265 4896

These findings are in line with results from Yang and Figueiredo and coworker who
investigated the selective hydrogenation of cinnamaldehyde. Adding iron to carbon
nanotube-supported Pt catalysts enhanced the selectivity towards carbonyl group hydrogenation
by almost 20%.1%%] Ponec as well as Baciller-Baeza et al. suggested that this change in
selectivity is due to electronic effects arising from promoter species.?*l In their view, the
metallic promoter is partly oxidized under reaction conditions forming a Lewis acid site that is
only activating CO bond but not the double bond. Additionally, iron can act as an
electron-donor enhancing the electron-density on primary metal and hence, increasing the

repulsive interaction between catalyst surface and C=C bond.

141



Chapter 4

4.2.2 Impact of external electric potential

As bimetallic 5-3 wt% Ru-Fe/CNT-COOH showed the best results concerning selective
hydrogenation of the carbonyl group further investigations were based on this material.

Increasing the externally applied negative overpotential from —0.35to - 1.20 V vs. RHE
enhances the selectivity towards formation of trans-2-penten-1-ol from 10.0 to 18.6%. The
relative amount of valeraldehyde and pentan-1-ol change from 81.2t061.8% and from
10.3 to 20.4%, respectively (Figure 7). As table 2 shows the turnover frequencies of
valeraldehyde formation is only doubled, whereas TOFecH of formation of alcohols reveals a

fivefold increase.
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Figure 7: Product selectivity as function of external electric potential for electrocatalytic hydrogenation
of trans-2-penten-1-al on 5-3 wt% Ru-Fe/CNT-COOH.

Table 2: Turnover frequencies (TOFech) for formation of various products in ECH of trans-2-penten-1-al
on 5-3 wt% Ru-Fe/CNT-COOH at increasing cathodic overpotential.

Turnover frequency TOF [h™] at — ErnE [V]

0.35 0.70 0.90 1.00 1.10 1.20
I 391 580 612 788 729 768
[ ] 46 91 117 182 221 228
52 91 137 176 195 228
Ho 610 1403 2283 3065 4036 4896

This behavior is hypothesized to be caused by an enhanced repulsion of organic molecules
from electrode surface upon increasing the negative charge density on metal particles. A
reduced binding strength of different functional groups on the catalyst surface renders a
conversion of these moieties more likely. This is supported by adsorption isotherm
measurements and calculation of the adsorption heat of functional groups in trans-2-penten-1-ol
and valeraldehyde, i.e., double bond and carbonyl group on Pd and Ru surface (SI Sections 2-3).

At open circuit potential, the respective adsorption heat was determined via volumetric
adsorption isotherm measurements. The isotherms recorded at different temperatures on

different catalysts were analyzed using linearized Langmuir equation (Eg. 1). The monolayer

M
ads

uptake (nﬁfn‘ML) and adsorption equilibrium constant (K., ) were determined from the
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y-intercept and the slope of U”Sfx,w vs. 1/c, plots (Figure 8). Table S5 summarizes the
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Figure 8: Plots of linearized Langmuir equation for adsorption isotherms of a), b) valeraldehyde and c),
d) trans-2-penten-1-ol on Pd and Ru supported on CNT-COOH, at 278 K.

The adsorption heat of carbonyl group and double bond on different metals, i.e., Pd, Ru were

received from van’t Hoff plots (In(K,

ads

) vs. 1/T) and evaluating the slope of the resulting

straight line (Eq. 2). Figure 9 and Table 3 summarize the results. As can be seen, on Pd-based
catalysts the carbonyl group is bound much stronger than the double bond, i.e., — 104 kJ/mol
vs. — 31 kd/mol, which might explain why hydrogenation of CO group and alcohol formation
are suppressed almost completely. It is hypothesized that the interaction between carbonyl
group and metal surface is too strong making a conversion essentially impossible. The double
bond however, is readily hydrogenated towards the saturated molecule due to its moderate
binding strength on Pd surface. In case of Ru-containing materials, the heat of adsorption of
valeraldehyde and trans-2-penten-1-ol are moderately high, i.e., — 45 kJ/mol vs. — 70 kJ/mol.
This might explain the increased selectivity towards hydrogenation of CO group and alcohol
formation on Ru, in general. In addition, the binding strength of double bond is larger on Ru in
comparison to Pd, which could also be a reason for the decreased activity for C=C bond

hydrogenation on Ru.
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Figure 9: van’t Hoff plot for determining the adsorption heat of valeraldehyde and trans-2-penten-1-ol
on 5 wt% Pd/CNT-COOH and 5 wt% Ru/CNT-COOH, respectively.

Table 3: Adsorption heat of valeraldehyde and trans-2-penten-1-ol on Pd- and Ru-containing catalysts.

Valeraldehyde trans-2-Penten-1-ol
Erre [V] Pd Ru Pd Ru
0.85 - 104 - 45 -31 - 70
0.50 0 - 54
=s o 0.20 - 48 - 12
<= e
- 0.15 - 38 0
=
0.10 -23 47 8 - 25
0.05 - 16 12

The influence of external electric potential on the adsorption heat of different functional
groups on Ru were investigated using the same approach like for measurements at OCP
(Figure 11). However, the potential at the catalyst surface was set to more cathodic values, i.e.,
0.50, 0.10 V vs. RHE. Figure S2 shows linearized Langmuir plots of adsorption isotherms of
valeraldehyde and trans-2-penten-1-ol on Ru-containing materials at 295 K. Calculated

adsorption equilibrium constants and monolayer uptakes are given in table S6. Figure S3
depicts the resulting van 't Hoff plots of In(K}, ) vs. 1/T.

In case of Pd, adsorption heats at various electric potentials were derived from suppression of
Hupa features in cyclic voltammetry at increasing concentration of organics (Figure 2). The
(standard) free energies of adsorption of valeraldehyde and trans-2-penten-1-ol and of

underpotential deposited hydrogen were calculated using Equation 5 and Equation S32.

Extrapolating AG;, vs. ¢y, plots to zero concentration gives the standard free energy of

Org

adsorption of CO and of C=C bond at zero coverage. Corresponding standard adsorption

0

enthalpies are derived from linearized Gibbs-Helmholtz equation and plotting AG, /T against

1/T (Figure 10, Figure S4).
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determining the corresponding heats of adsorption on Pd.
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As can be seen in Figure 11, AH ;" of valeraldehyde and trans-2-penten-1-ol decrease with

increasing cathodic overpotential. At 0.10 V vs. RHE the adsorption enthalpy of carbonyl group
and of double bond on Pd and Ru are reduced to — 23 and 47 kJ/mol and to 8 and — 25 kJ/mol,
respectively. These numbers are in line with results from Singh et al. who found adsorption
enthalpies of phenol on Pt and Rh in aqueous phase between — 12 and 38 kJ/mol within the
potential range of 0.05-0.40 V vs. RHE.[?51 Campbell and coworker determined a liquid phase
adsorption heat of benzaldehyde and phenol on Pt of around — 40 kJ/mol.lX”l A reduced
stabilization of functional groups on catalyst surface enhances their probability for being
converted in electrocatalytic hydrogenation reactions. In case of valeraldehyde, the
destabilization effect is more pronounced on Ru- and Pd-containing materials. Hence, the
selectivity towards carbonyl group hydrogenation and alcohol formation is favored, especially
on Ru-based catalysts at highly negative overpotentials. Currently, it cannot be excluded that

this might also be observed on Pd at even more negative external electric potentials. Figure 8a

suggests that AH ;’d';" of valeraldehyde and of trans-2-penten-1-ol might cross at a certain point.

From a certain threshold potential on the carbonyl group on Pd might also be more destabilized
than the double bond.
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Figure 11: Adsorption heat of valeraldehyde and trans-2-penten-1-ol on a) Pd and b) Ru as function of
external electric potential.
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4.2.3 Influence of support and electrolyte acidity and of metal particle size

Increasing the concentration of HzO™ in bulk solution reduces the selectivity towards alcohol
formation in ECH of trans-2-penten-1-al on 5-3 wt% Ru-Fe. At pH 5, the relative amounts of
valeraldehyde, trans-2-penten-1-ol and pentan-1-ol are 66.5, 21.2 and 12.2% whereas at pH 2
the respective selectivity is 84.1, 5.5 and 10.4% (Figure 12a). This is hypothesized to be due to
increased accumulation of hydronium ions at metal surface that counterbalances the negative
charge on metal electrode. Consequently, the beneficial effect of displacing C=C bond is
weakened, at low pH. In the pH range of 5-2, TOFecH of formation of unsaturated and saturated
alcohol are halved, whereas the formation rate of saturated aldehyde is slightly increased
(Table 4).

In contrast, increasing support acidity has only small impact on the overall reaction selectivity,
at pH 5 (Figure 12b). The values received on carbon nanotubes with an acid site concentration
of 1.25wt% might be an outlier. Nevertheless, the overall rates of product formation are
improved on more acidic supports (Table 4). The TOFecH of valeraldehyde and of pentan-1-ol
doubled though, the value for trans-2-penten-1-ol decreased to only 20% of its original value,
which might be an outlier. Consequently, the overall Faradaic efficiency of the reaction is
almost doubled from 22.8 to 38.3% at an acid site concentration of 0.0-1.25 wt%.

These findings match results from Singh and Song and coworker who showed that TOF of
aqueous phase (electrocatalytic) phenol hydrogenation on Pt is enhanced from 5 to 35 1/s and
15 to 29 1/s when the pH of solution is decreased from10 to 1.1 %61 As Yang et al. revealed TOF
of Pt/zeolite catalyzed phenol hydrogenation in water raises from 0.5 to 4.5 1/s when increasing
the concentration of Brgnsted acid sites (BAS) on zeolite support from
50 to 650 pumol/gzeoiite.” In studies performed by Chen and coworker, the rate of aqueous phase
phenol hydrogenation on Pt was improved by almost a factor of six, i.e., from 0.035 to 0.2 1/s

when decreasing the pH from 5 to 2.2

a b TSNS e
100 ) 1001 ) - OH Pentan-1-ol
9 Iy - """ QH trans-2-Penten-1-ol
o 5 SN,
» » - O Valeraldehyde
2 >
:‘é 60 E 604
3 =
5 40 2 40
@« o}

204 204

04 04
2 5 0 0.8 1.25
Electrolyte pH Support acidity €, [wt%)]

Figure 12: Dependence of product selectivity of 5-3wt% Ru-Fe catalyzed electrocatalytic
hydrogenation of trans-2-penten-1-al on a) electrolyte and b) support acidity.
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Table 4: Turnover frequencies (TOFech) for formation of various products in ECH of trans-2-penten-1-al
on 5-3 wt% Ru-Fe at various electrolyte and support acidity.

Turnover frequency TOF [h™!] at ErRve == 1.0V

pH 2 pH 5 Cas = 0 Wt% Cas = 0.80 Wt%  Cas = 1.25Wt%
e 357 335 612 788 1166
e 24 54 150 182 33
] 60 115 156 176 332
Ha 1545 1329 3088 3021 2466

It has to be noted that experiments investigating the effect of solution pH have been performed
with Ru-Fe materials with smallest particle size, whereas the remaining reactions discussed so
far have been run with catalysts revealing the largest mean particle diameter. This is why the
numbers at pH 5 do not match the ones shown above for the influence of external electric
potential on ECH of trans-2-penten-1-al.

In general, rising the reduction temperature during synthesis increases the mean metal particle
diameter of the catalyst. In trans-2-penten-1-al ECH on 5-3 wt% Ru-Fe/CNT-COOH, this
enhances the reaction selectivity towards carbonyl group hydrogenation as well as the formation
rates of different products (Figure 13). When the particle size is changed from 4.3 t0 9.3 nm
TOFecH of valeraldehyde formation increases from 335 to 788 1/h. Similar effects can be
observed for turnover frequencies of trans-2-penten-1-ol and pentan-1-ol formation, which
climb from 54 to 182 1/h and from 115 to 176 1/h (Table 5).

Similar results of an overall rate increase and an improved selectivity towards alcohol
formation in hydrogenation of a,fp-unsaturated aldehydes, e.g., crotonaldehyde,
cinnamaldehyde have been found by several researchers in the past.[?®* 2% Giroir-Fendler et al.
attributed an increased selectivity towards carbonyl group hydrogenation on large and hence,
less curved Pt and Rh particles to an enhanced steric constraint of cinnamaldehyde molecule
adsorbed on flat surfaces.* Consequently, due to deflection of the double bond from catalyst
surface hydrogenation of the CO group is favored. Additionally, Coloma and coworker showed
that a higher TOF of crotonaldehyde hydrogenation on Pt/AC is caused by a reduced activation
energy on large metal particles.*) When the mean diameter was increased from 5 to 12 nm the
activation barrier of reaction was decreased from 40 to 20 kJ/mol.
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Figure 13: Selectivity of trans-2-penten-1-al ECH on 5-3 wt% Ru-Fe/CNT-COOH at Erve = — 1.1/1.2 V
towards valeraldehyde, trans-2-penten-1-ol and pentan-1-ol at different metal particle sizes.

Table 5: Turnover frequencies (TOFecw) for formation of various products in ECH of trans-2-penten-1-al
on 5-3 wt% Ru-Fe/CNT-COOH with different metal particle size.

Turnover frequency TOF [h™!] at Erre == 1.1/1.2 V

dp=4.3nm dp=6.0nNm dp=9.3nNm
e 360 528 729
] 42 104 221
N 85 104 195
Ho 1284 1980 3019
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4.3 Conclusion

In summary, the selectivity towards alcohol formation in electrocatalytic hydrogenation of
trans-2-penten-1-al can be increased up to almost 40%.

The largest impact arises from the transition metals that are used to catalyze the reaction.
Especially, metals with large d orbitals, e.g., Pt, Ru improve the selectivity towards carbonyl
group hydrogenation due to repulsion of the double bond. This effect is even more pronounced
when an increasing concentration of oxophilic and electropositive promoter species, e.g., Co,
Fe is added to catalyst surface. However, this comes along with decreased overall reaction rates.

Apart from transition metal species the externally applied electric potential also has a positive
effect on selective formation of unsaturated and saturated alcohols and catalyst activity.
Applying large negative overpotentials to catalyst surface enhances the selectivity towards CO
group hydrogenation. Due to increased negative charge density various functional groups are
destabilized on the electrode surface. Especially, the interaction between CO and metal surface
is weakened leading to improved formation of alcohols.

Changing the electrolyte pH from 2to 5 has a similar effect on reaction selectivity like
increasing the negative overpotential from —0.35 to — 1.20 V vs. RHE. However, the rate of
product formation remains constant. If the concentration of acid sites on carbon nanotube
support is increased from 0 to 1.25 wt% the turnover frequency is enhanced by 50%.

Finally, maximizing the metal particle size also slightly improves the relative amount of
alcohols formed in ECH of trans-2-penten-1-al. Due to steric constraints at flat surfaces the
interaction between C=C bond and catalyst surface is hindered on large metal clusters, which
favors hydrogenation of the carbonyl moiety. Additionally, the overall reaction rate is doubled

when the mean particle diameter is increased from 4.3 to 9.3 nm.
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4.4 Supporting information

4.4.1 Experimental
Materials

Graphitized Multiwalled Carbon Nanotubes (GMWCNT, > 99.9 wt%), COOH-functionalized
graphitized multiwalled carbon nanotubes (GMWCNT-COOH, > 99.9 wt%, ccooH = 0.8 wt%)
and COOH-functionalized multiwalled carbon nanotubes (MWCNT, > 95.0 wt%,
CcooH = 1.25 wt%) with an outer diameter of 20-30 nm, an inner diameter of 5-10 nm and a
length of 10-30 um, in the following referred to as CNT, CNT-COOH and MCNT-COOH,
respectively were purchased from Cheap Tubes Inc.

Palladium(ll) chloride (PdCl,, 99.999%), Ruthenium(lll) chloride hydrate (RuCls - xH20,
99.98%), Iron(l1) chloride tetrahydrate (FeClz - 4H20, 99.99%) as well as ethanol (> 99.8%)
were supplied by Sigma-Aldrich. trans-2-Penten-1-al (>95%), valeraldehyde (97%) and
trans-2-penten-1-ol for hydrogenation and adsorption experiments and m-cresol (for synthesis)
for GC analysis were also from Sigma-Aldrich. Sodium phosphate monobasic
(NaH2POg4, > 99.0%), sodium phosphate dibasic dihydrate (Na2HPO4 - 2H>0 > 98.0%) and
phosphoric acid (HsPOs, > 99.0%) were purchased from Sigma-Aldrich. Aqueous buffer
solutions with different pH, were prepared by dissolving the required amounts of salts and
phosphoric acid in 1 L ultrapure water with a resistivity of 18.2 MQ from a Purist system
supplied by Rephile (Table S1). All chemicals were used without further purification. Helium
gas (He, 99.996 Vol%) for purging the electrolyte solution and hydrogen gas
(H2, 99.999 Vol%) for electrode calibration were both supplied by Westfalen.

Table S1: Amount of NazHPO4 - 2H20, NaH2PO4 and HsPOa dissolved in 1.0 L ultrapure H20 for
electrolyte preparation.

pH m(NazHPO4 : 2H20) [g] m(NaHzPO4) [g] m(H3PO4) [g]
2.4 - 30.0 24.5
4.9 1.34 59.1 ---

Catalyst synthesis

Various carbon nanotube-supported metal catalysts were prepared via impregnation followed
by reduction in Hz. Therefore, the desired amount of the respective precursor salts to reach a
5 or 3 wt% metal loading were dissolved in 200 mL ethanol (Table S2). After addition of 1.00 g
of support the suspension was stirred and sonicated for 15 minutes, each. The suspension was
alternatively stirred and sonicated three times. Afterwards, the solvent was evaporated and the
solid was dried at 60 °C overnight. The final catalyst was received after reducing the precipitate

at 473, 623 or 773 K (0.5 K mint) for 3 hours under flowing H (100 mL min?).
150



Chapter 4

Table S2: Amount of precursor salts for synthesis of respective metal catalysts supported on carbon
nanotubes. The number in brackets determine the target metal loading in wi%.

Pd/C Pd-Fe/C Ru/C Ru-Fe/C Ru-Fe/C
®) (5-1) ®) (5-1) (5-3)
PdCl, 87.7mg 88.3 mg
RuCl; = xH20 136.2 mg 140.1 mg 140.1 mg
FeCl, » 4H,0 35.8 mg 35.8 mg 116.1 mg

In order to determine the metal particle size, the metal dispersion and the external surface area

the final catalysts were analyzed via H. chemisorption and N2 physisorption measurements
using a Surfer station from Thermo Fischer Scientific and by transmission electron microscopy
(TEM) (Figure S1). The exact metal loading of the catalyst was determined by atomic
absorption spectroscopy (AAS) using an iCE 3000 SERIES AA Spectrometer from Thermo
Fisher Scientific. The results are summarized in Tables S3-S4.

Table S3: Metal loading and external surface area of synthesized catalysts and mean particle diameter
and metal dispersion of Pd-containing catalysts.

Pd/C Pd-Fe/C Ru/C Ru-Fe/C Ru-Fe/C
®) (5-1) ®) (5-1) (5-3)
Cwetal [WE%0] 5.1 4.7-1.0 4.8 5.0-0.8 5.2-3.0
dp (TEM) [nm] 5.0 5.0
dp (Hz2) [nm] 3.0 3.0
D (TEM) [%] 22.1 22.1
D (H,) [%] 37.0 37.0
Ager [m2/gc] 120

Table S4: Mean particle size and metal dispersion of Ru-containing catalysts after reduction at different
temperatures determined from TEM images.

473 K 623 K 773K
de (TEM) [nm] 43 6.0 9.3
D (TEM) [%] 20.9 15.2 9.7

» , ! e N - e J -t z el ~ J
Figure S1: TEM images of 5-3 wt% Ru-Fe/CNT-COOH reduced at 200, 350 and 500 °C (left to right).
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The catalyst dispersion according to TEM was calculated based on the determined mean

particle diameter d, using Equations S1-S2.152]

n

>

d _ =L (Sl)

P Th
2 df
i=1

D= % 100 (S2)

The d; are the particle diameters measured from TEM images. The g refers to the particle
shape correction factor that is 6 for spherical particles. The V refers to the volume per Pd and
Ru atom, respectively calculated with a mean atomic radius of 1.51 A and 1.48 A. The S is the
Pd and Ru average transversal section, which has a value of 7.8 A% and 9.0 A2,

It has to be noted that H, chemisorption of bimetallic catalysts is not reliable for determining
their particle diameters and metal dispersion. As only the total amount of hydrogen adsorbed
on all metal sites is recorded a relative distribution of different metals on catalyst surface cannot
be achieved. Furthermore, the adsorption properties of H on various metals can be altered upon
formation of bimetallic clusters of different size and composition. Hence, different bimetallic
particles on the same material can lead to different results in H, chemisorption.®!

In case of Ru-containing catalysts, the formation of a RuO. layer on material surface hinders
an accurate investigation via Hz chemisorption and leads to underestimation. Chetty and
coworker found that depending on the reduction temperature of Pt-Ru/CNT catalysts the relative
amount of Ru® within the sample only reaches up to 50%, with the rest being present in its
oxidized form.4

When measuring H> chemisorption of Pd-containing materials, in contrast, the resulting
particle size and metal dispersion might be overestimated due to absorption of hydrogen into
the lattice and palladium hydride formation.*!

Therefore, only values gathered from TEM analysis were considered when calculating rates,

turnover frequencies and the active metal surface area of different catalysts.

Cyclic voltammetry

Cyclovoltammetry (CV) on Pd-containing catalysts was performed in a rotating disk electrode
(RDE) setup using a Modulated Speed Rotator (MSR) and an RDE glass cell with water jacket
both from PINE research. The electric potential was controlled with an SP-300 potentiostat
from BioLogic. In a three-electrode configuration, a glassy carbon RDE tip (5.0 mm OD) with

catalyst coating (0.3 mg) was used as working electrode (WE). For catalyst coating, 2.0 mg of
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Pd/CNT was suspended in 200 pL ethanol and sonicated for 30 min. 30 pL of suspension were
transferred onto glassy carbon disk and dried before immersion into electrolyte. A platinum
wire served as counter electrode (CE) and an Ag/AgCl electrode was used as reference electrode
(RE). The RDE tip as well as CE and RE were purchased from PINE research. Before each
experiment, the Ag/AgCl electrode was calibrated against a reversible hydrogen electrode
(RHE). Therefore, its potential was measured against a platinum wire in a H> saturated
electrolyte that was intended to be used in CV. The RDE glass cell was stored in a potassium
permanganate solution prior to use to remove any organic contaminations. Before filling with
electrolyte, it was flushed with a 3% H202/1 M H2SO4 solution followed by rinsing with
ultrapure water. The WE, CE and RE were immersed in 100 mL phosphate buffer and the
temperature (283-313 K) was adjusted with a FC 600s chiller from Julabo. The rotation speed
of RDE tip was set to 400 rpm and the external electric potential was cycled between
—0.05 and 1.45 V vs. RHE during CV. The scanning rate was 50 mV s*. Stable CV curves
were reached after the tenth cycle. Excess Hz and Oz were removed from electrolyte solution
via purging with He (20 mL min™?) throughout the experiments.

For determination of valeraldehyde and trans-2-penten-1-ol adsorption heat on Pd, different
concentrations (0-200 uM) of organics were added to the electrolyte during CV.

The current density measured during CV was calculated by normalizing the measured current

to Pd surface area using catalyst metal dispersion (Equations S3-S4).

m., -C,, - D
nPd—Surf. = CalIVI—Pd (83)
Pd
_ nPd-Surf. (84)
A3d.5urf. - 2‘1079

The m., refers to the mass of catalyst, C,, stands for the metal concentration of the catalyst,

D is its metal dispersion and M., is the molecular weight of Pd.

Electrocatalytic hydrogenation of trans-2-penten-1-al

Electrocatalytic hydrogenation (ECH) experiments were performed in a two-compartment
batch cell. In a three-electrode setup, the working and reference electrode (WE, RE) were
placed in the cathode compartment. The counter electrode (CE) was located in the anode
half-cell and both compartments were separated by a Nafion™ N117 membrane from lon
Power. The membrane was activated by a treatment in 3% H2O> (1 h), deionized water (2 h)
and 1 M H>SO4 (1 h) at 90 °C before storage in deionized water. The working electrode

consisted of a carbon felt (30 x 15 x 6.35 mm) that was coated with catalyst and attached to a
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titanium rod (Gr. 2). For catalyst coating, 20 mg of material were suspended in 2 mL of an
isopropyl alcohol/water (25/75 v/v) mixture. After sonication for 30 min the suspension was
drop casted onto the felt and allowed to dry at room temperature. The reference electrode was
a leakless miniature Ag/AgCl reference electrode from eDAQ that was calibrated against RHE
prior to each experiment. A Pt-wire (91.0 mm, 99.997%) from Alfa Aesar served as counter
electrode. The potential during ECH was controlled via a SP-300 potentiostat from BioLogic.

Before each experiment, the anode and cathode half-cells were filled with 60 mL aqueous
electrolyte, of which the catholyte was stirred at 650 rpm throughout the experiment.
Furthermore, the electrolyte was continuously purged with He (20 mL min™!) to avoid
accumulation of Hz and O from HER and OER at cathode and anode, respectively. After an
initial polarization step of WE (— 40 mA, 30 min) to assure for complete reduction of metal
particles supported on carbon nanotubes, the required amount of trans-2-penten-1-al to reach
the desired concentration (10-50 mM) was added to catholyte. Electrocatalytic hydrogenation
was performed at different jR-corrected potentials in the range of —0.35to—1.2 V vs. RHE
that were applied to WE. All experiments were performed at room temperature.

During ECH runs, 0.5 mL aliquots were regularly withdrawn from the catholyte and extracted
in 1.0 mL EtOAc. m-Cresol (5 mM) was added as external standard and the organic phase was
analyzed by gas chromatography (GC). A GC-2010 Plus gas chromatograph with an AOC 20i
autosampler from Shimadzu and a DB-WAX column (30 m, 0.32 mm, 0.25 um) from Agilent
Technologies was used for investigating reaction Kinetics of trans-2-penten-1-al ECH.

Turnover Frequencies (TOFecn) and initial rates (rinitecr) Of formation of different reaction

products were calculated according to Equations S5-S6.

on 1
r. =—. S5
init, ECH 8’[ mM_Suﬁ. ( )
on 1
TOFgy, = PR (S6)

M-Surf.

The m,, ., and n,,. refer to the mass and mol of surface metal that were determined from

metal dispersion of the catalyst (Equations S7, S3).

m m.. -C

M-Surf. = Cat

M’ D (87)

The m, refers to the mass of catalyst, C,, refers to the metal concentration of the catalyst and

D is the metal dispersion.
The current efficiency, i.e., Faradaic efficiency (FE) of ECH of trans-2-penten-1-al was

calculated with respect to the various reaction products as the ratio between the amount of
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electric charge used for hydrogenation (Q,), that equals the amount of product formed and

the total charge passed through the cell (Q, ), that is the amount of hydrogen, which is

activated via reduction of protons from electrolyte solution (Equations S8-S10).

Qe =Nprog " 2N, € (S8)
t
Quer = [ I-cl (S9)
0
FE = e (510)
QHER

The n,, refers to the amount of product formed, the z is the number of electrons required for
electrocatalytic hydrogenation of trans-2-penten-1-al, which is two or four depending on the
investigated product. The N, is Avogadro constant, e refers to the elemental charge and I is

the current passed through the cell. The t stands for the reaction time.

Thermal hydrogenation of trans-2-penten-1-al

Activation energies of hydrogenation of different functional groups of trans-2-penten-1-al on
Pd and Ru were determined via thermo-chemical hydrogenation of the respective molecule, i.e.,
valeraldehyde or trans-2-penten-1-ol at 1 bar hydrogen pressure. Therefore, the same setup and
the same two-compartment batch cell as in ECH experiments were used but without Nafion™
N117 membrane. The catalyst (20 mg) was added directly to solution (120 mL, pH 5, 650 rpm)
without coating onto the felt and the cell was heated to the desired temperature (295-348 K).
Gas chromatography was performed in the same way as in electrocatalytic hydrogenation runs.

Turnover Frequencies (TOFtcn) and initial rates (rinit,cH) of formation of different reaction
products were calculated according to Equations S5-S6. Activation energies (Ey ), with M

standing for the respective metal, were determined via Arrhenius equation and plots of
In(TOFcH) vs. 1/T (Equations S11-S13).

EA

TOF,, = A -e fT (S11)
EM 1

In(TOFTCH ) - |n(A0)——-— (S12)
R T

EM =-m-R (S13)

The Ao is the pre-exponential factor, the R is the universal gas constant and T stands for the
temperature. The m is the slope of the resulting In(TOFtcH) vs. 1/T plot.
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Adsorption isotherm measurements

Adsorption isotherms of valeraldehyde and trans-2-penten-1-ol on Ru- and Pd-containing
catalysts were measured with and without application of an external electric potential. For
measurements at open circuit potential (OCP, Erne =0.85V), 20 mg of catalyst were
suspended in 1 mL solutions of different concentrations of adsorptive in phosphate buffered
electrolyte (pH 5). The suspensions were stored at constant temperature (278-323 K) and
periodically shaken for 48 h in order to allow for complete equilibration. Afterwards, the
catalyst was filtrated off and the remaining solution was analyzed by gas chromatography
according to the procedure introduced above. A detailed derivation for calculating
thermodynamic properties from volumetric adsorption isotherm measurements is given in
Section 2 of SI.

In case of adsorption isotherms recorded under an additional external electric potential, either
a volumetric approach or cyclovoltammetry was applied.

When Ru-containing catalysts were used the same setup as in ECH experiments was used but
without Nafion™ N117 membrane. Furthermore, the cell was only filled with 100 mL of
electrolyte (pH 5) and the platinum wire was used as CE and RE. For catalyst coating, only
10 mg of material was suspended in 1 mL of an isopropyl alcohol/water (25/75 v/v) mixture.
Different concentrations of adsorptive were added to solution and the potential at WE was set
t0 0.50 and 0.10 V vs. RHE, respectively. After 24 h of equilibration the solution was analyzed
by GC. Due to adsorption on bare carbon felt, which could not be neglected, for each
concentration of adsorptive a blank run on a felt without catalyst coating was performed and
subsequently subtracted from the actual experiment. The resulting data were evaluated in the
same way like the results received at OCP.

For Pd-containing catalysts, the uptake under external electric potential was determined from
CV curves recorded in electrolytes containing different concentrations of adsorptive. The
suppression of Hypa signals with increasing concentration of valeraldehyde or
trans-2-penten-1-ol allowed for calculating the surface coverage with organics and hence, the

adsorbed amount. A detailed derivation is given in Section 3 of SI.
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4.4.2 Evaluation of volumetric adsorption isotherm measurements

The adsorbed amount of organic species, i.e., valeraldehyde or trans-2-penten-1-ol on catalyst

surface (cggs) was determined via subtracting the concentration in the filtrate (Cq,) from the
initial concentration (C,) according to Equation S14. The respective uptake (n, t) was

calculated by taking into account the solution volume (V) and catalyst amount (M, ) as shown

in Equation S15.

M

Cags = Co — Ciig (S14)
CM
nllj\gt = 'Vsol (815)

Cat

Plotting of n. against ¢, resulted in the adsorption isotherm of adsorptive on the respective

upt

catalyst material. Adsorption equilibrium constants (K:é's) were determined via linearizing

: : . : 1 1 o
Langmuir adsorption equation (Equation S16-S17) and plotting —- vs. —. The resulting linear
upt 0

1 :
and a slope of ———, from which the
upt,ML nupt,ML " Nads

graphs showed a y-axis intercept of

respective equilibrium constants were derived (Table S5-S6). The nu“f,LMLis the uptake of

adsorptive on the metal catalyst that is necessary to reach full monolayer coverage.

K M
nM _ upt ML ads 0 816
1KY c, (516)
1 1 1 1
_M = M — M (817)
nupt upt ML Kads C0 nupt,ML

The standard adsorption enthalpy (AHSY) of a given adsorptive, i.e., valeraldehyde or
trans-2-penten-1-ol on Ru-and Pd-containing catalysts was determined using van’t Hoff

equation (Equation S18) and plotting In(Ky, ) against 1/T. The AHZ}" was determined from the

slope of the resulting straight line according to Equation S19.

oM oM
) AHads . 1 o TTads ASads (818)
R T R

AH2Y =-m-R (S19)

ads

(K

ads
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Table S5: Adsorption equilibrium constants and monolayer uptakes for adsorption of valeraldehyde and
trans-2-penten-1-ol on 5 wt% Pd/CNT-COOH and 5 wt% Ru/CNT-COOH at OCP.

Valeraldehyde trans-2-Penten-1-ol

Pd Ru Pd Ru

© Kais [L/mol] 22.0 49.3 6.9 23.0
~ nont [mmol / gcal 1.9 0.7 7.4 2.4
o KM [L/mol] 0.7 18.0 3.0 2.8
N none [mmol / gcal 57.8 2.3 17.0 18.1
@ Kais [L /mol] 0.04 3.4 11 0.3
™ Nt [mmol / gcal 100.0 11.9 46.7 150.2

. 1 1 .
Figure S2 shows plots of —- vs. — of valeraldehyde and trans-2-penten-1-ol adsorption on

upt

Co

Ru at 295 K and a potential of 0.50 and 0.10 V vs. RHE, respectively.
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Figure S2: Plots of linearized Langmuir equation for adsorption isotherms of a), c) valeraldehyde and
b), d) trans-2-penten-1-ol on Ru supported on CNT-COOH at 295 K and different Erne.

Figure S3 contains the resulting van 't Hoff plots for determining the adsorption heat of
valeraldehyde and trans-2-penten-1-ol on 5 wt% Ru/CNT-COOH at various external electric

potentials.
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Table S6: Adsorption equilibrium constants and monolayer uptakes for adsorption of valeraldehyde and
trans-2-penten-1-ol on 5 wt% Ru/CNT-COOH at different external electric potentials.

Valeraldehyde trans-2-Penten-1-ol
Erre [V] 0.50 0.10 0.50 0.10
. Ko [L/mol] 34.1 7.9 x 60.8 215
o
~ oo [mmol /gea]  30.1 57.9 N 13.0 8.1
@ K [L/mol] 39.9 15.8 < 9.5 10.8
O v Q
™ Nopt [Mmol / gcal 78.0 82.7 ™ 52.9 75.6
o Kais [L/mol] 34,5 35.2 < 3.9 5.9
N %3
@ Nipt [MMol/gcal 946 29.2 © 426.5 131.8
5 5
a) b)
4] 4]
5 T
E 3 E 3]
) )
cﬁg 2 cgg 21
B T
Valeraldehyde Valeraldehyde
0 trans-2-Penten-1-ol 0 trans-2-Penten-1-ol
29 30 31 32 33 34 29 30 31 32 33 34
1/ Tx 103[1/K] 1/ Tx103[1/K]
Figure S3: van’t Hoff plots for determining the adsorption heat of valeraldehyde and of

trans-2-penten-1-ol on 5 wt% RU/CNT-COOH at a) Erve = 0.5 V and b) Erve = 0.1 V.
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4.4.3 Evaluation of thermodynamic adsorption properties on Pd

The standard free energy of adsorptive uptake on Pd in water (AG,, = AG_’) is calculated
based on the assumption of Reactions 3-4 being quasi-equilibrated, i.e., the change in Gibbs
free energy of the reactions being zero (AG =0) and the chemical potentials of reactants and

products being equal (Equations S20-S21).
e+ My = 1y (S20)

Hge By & oo = My + Hoyp o (S21)

With the expression of [ ., and W, defined in Equations S22-S23 and the expressions of l,, ,

Moy @nd W - in Equations S24-S26, Equation S21 can be reformulated to Equitation S27.

Hy =—F g, (S22)
a.
M. =p. +RTIN"=+Fg, (S23)
a.
H
gH
luH = /uH + RT In + luexcess (824)
1_ H Org
Hog = Moy +RT InCy (S25)
_ 90rg 2
py =p  +RTIn—2 (S26)
1_ H Org

'UH N (’uH+ + F¢aq,SHE ) - (_F¢Pd,SHE ) + Heycess + ﬂbrg* - /’lbrg =

o, (S27)
=RTInc,, —RT| In b o -Fn
1-6,-6,, 1-6,-0,,

Org Ol

The p . is the hydronium ion’s chemical potential, and I, is the chemical potential of
adsorbed H on Pd surface. The electron is treated as a reactant with a chemical potential (1,,)
that is its Fermi level according to IUPAC definition. The 1, is determined by the electric
potential on Pd, ¢, (Eq.S22). The W . comprises its standard chemical potential p’., a
thermodynamic activity (a_.) dependent term and an electrostatic potential energy term (F4,,)
that arises from the potential (¢,,) in bulk electrolyte (Eq. S23). Here, F is Faraday constant.

The ,, comprises the standard chemical potential of Hags (1 ), a term that is determined by the
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coverage of Pd with Hypd and adsorbate (6, , 6,, ), respectively and an excess chemical potential

accounting for the effect from non-ideality (Eq. S24).

I“lexcess

The u,,, is the chemical potential of adsorptive in aqueous phase that is determined by its

standard chemical potential (g, ) and its concentration in water, ¢, (Eq. S25). The Moo is

Org
the chemical potential of adsorbate on Pd surface consisting of the standard chemical potential

of adsorbed species (ugrgx) and a term depending on 6, and ¢, (Eq. S26).

rg
At open circuit potential, the system is essentially the reversible hydrogen electrode, i.e.,

electric potential on Pd and in bulk aqueous phase are @, and 4, When applying an

0,RHE *

overpotential (7 ), the electrode potential has the following relations:

¢Pd a ¢aq =1+ (¢Pd,RHE - ¢aq,RHE ) (8288-)

a.
¢Pd,RHE _¢aq,RHE = ¢Pd,SHE - ¢aq,SHE +RT In—- (828b)

a..
H

Equation S28b is the relation between RHE and SHE (Standard Hydrogen Electrode) based

on Nernst equation and substitutes the (4,, —¢,,) term to give Equation S27.

Hence, the left side of Equation S27 comprises the standard free energy of Hupa adsorption on
Pd on RHE scale (Equation S29), an excess chemical potential, i.e., an excess free energy of
Hupa adsorption, at a given electrolyte composition and external electric potential, and the
standard free energy of adsorption of organics on Pd in aqueous phase (Equations S30-S31).

AG, = 1, — (,uw + Fdse ) - (_F¢Pd,SHE ) (529)

AGgy = 1y - = Mo (S30)

Org rg”

HH 00rg
+ -Fn—-(AG, + S31
1-0,-0,, 1-0,-6, ) (AGH +Ho)  (S3D)

Org Org

Org

AGS, =RT Inc,, —RT Lln

It has to be noted that the last term of Equation S31, (AG° +uem), is calculated for an

upd

adsorptive-free electrolyte according to Equation S32.

, 17
AGL;Pd + luexcess = _RT lll He - F?] (832)

H

Extrapolating plots of AG]  vs. ¢, at a given external electric potential to cog =0 and

Org

inserting the resulting standard free energies of organics adsorption into a linearized
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Gibbs-Helmholtz equation results in the standard adsorption heat of the respective molecule on

Pd surface, that is the slope of AG;_ /T over 1/T plot (Figure S4).
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Figure S4: Development of free energy of adsorption of trans-2-penten-1-ol (a), d), g)) and
valeraldehyde (b), e), h)) on Pd with organics concentration, at Erpe =0.10, 0.15, 0.20V and

corresponding plots of AGC‘jrg /T vs. 1/T for deriving the organics heat of adsorption on Pd (c), f), i)).
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5 Summary and conclusion

Fundamental steps during electrocatalytic hydrogenation of oxygenated compounds on
transition metal catalysts in water were investigated. The analysis of these elementary reactions
provides insights into charge transfer processes within the electrochemical double-layer. These
are influenced by external electric potential, electrolyte composition and catalyst properties.

The electrocatalytic activation and adsorption of hydrogen on metal electrode surface, e.g., Pt
is controlled by variation of applied overpotential. An increasing negative electric bias raises
electrode Fermi level and consequently, the filling of Pt-H antibonding state. The stabilization
of hydrogen on Pt electrode surface is reduced and the corresponding adsorption heat is
lowered. A decreased binding strength of H on metal surface at high cathodic overpotentials
increases rates of hydrogen evolution reaction and electrocatalytic hydrogenation of
benzaldehyde. However, due to an increased catalyst selectivity towards H» formation instead
of ECH the Faradaic efficiency is reduced.

The thermodynamic properties of hydrogen on Pt electrode surface are altered upon variation
of electrolyte composition. In highly acidic solutions, the adsorption heat and entropy of H on
metal surface are reduced. This accelerates HER and ECH rates though, the current efficiency
on Pt is decreased. The electrochemical double-layer is displaced from electrode surface upon
hydrogen adsorption. The associated energetic contribution depends on the accumulation of
hydronium ions within EDL. At low pH, the compensation of the heat that is released during H
adsorption is large while the entropy loss upon immobilization of H;O* at OHP is diminished
due to a reduced entropy in bulk solution. Hydrated alkali metal cations with a large radius,
e.g., K" show a high activity for hydrogenolysis and release of hydronium ions. The pH in close
proximity to electrode surface is lowered and Pt-H bond is destabilized. The Faradaic
efficiency of electrocatalytic benzaldehyde hydrogenation is slightly reduced in comparison to
metal cations with small radii. An enhanced ionic strength of electrolyte seems to influence
thermodynamic properties of adsorbed H and BzHO on Pt electrode surface. Due to a more
rigid double-layer and a reduced concentration of HzO" close to metal surface the adsorption
heat and entropy of H on Pt are increased and the current efficiency is improved. The
compactness of EDL at high ionic strength also reduces the binding strength of organic
molecules, e.g., benzaldehyde on electrode surface. This renders a conversion of benzaldehyde
more likely and raises its rate of electrocatalytic hydrogenation on Pt.

The selectivity of electrocatalytic hydrogenation of trans-2-penten-1-al is influenced by
catalyst properties and electrolyte pH. In general, a large negative charge density on metal

electrode surface is beneficial for selective hydrogenation of CO group. This can be achieved
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by application of a large negative overpotential to metals with large and highly populated
d orbitals. The population of d orbitals can be further increased via addition of an oxophilic and
electropositive promotor metal that also activates CO group. Due to steric constraints
adsorption and activation of the double bond are decreasing with increasing particle size. A low
concentration of hydronium ions in bulk solution favors the selective formation of (un)saturated
alcohols. Consequently, on bimetallic Ru-Fe catalysts with large metal particles the selectivity
towards alcohol formation in ECH of trans-2-penten-1-al in pH 5 electrolyte is increased to

40% whereas it is below 5% without application of promoting effects.
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