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Introduction

1.1. General Introduction

As the transition to renewable energy becomes inevitable, solving its
intermittency problem is crucial if we wish to achieve carbon neutrality.
Considering the timeframe specified by most international climate
agreements (including Kyoto Protocol and Paris climate agreement), this
issue is especially pressing.'-? This means that we need robust technologies
that can store excess renewable electricity, thereby allowing us to deploy it
on demand in energy lean periods.? For instance, electric energy can be
stored in a battery* or it can be used to drive non-spontaneous chemical
reactions that generate energy rich molecules such as fuels and energy
carriers.>® The latter process is similar to rolling a stone uphill and
increasing its potential energy. This potential energy can then be converted
into kinetic energy at a later point by simply letting the stone fall.
Analogously, energy can be stored via the electrochemical
reduction/hydrogenation of molecules and extracted via their oxidation
(either by direct combustion or electrochemically) when required. In
principle, the rate and efficiency of such an electrochemical conversion
depends on the kinetic barrier of the reaction, which can be surmounted by
employing appropriate electrocatalysts.

Broadly, electrocatalysts can be divided into two sub-categories,
homogeneous and heterogeneous. As the name suggests, homogeneous
electrocatalysts facilitate redox mediation in the solution phase by first
undergoing an electron transfer reaction (at the electrode) followed by the
relevant redox reaction with the substrate molecule in the solution phase.
In general, these catalysts are designed to mimic naturally occurring redox
enzymes (such as hydrogenases and nitrogenases) as these biological
catalysts are able to achieve very high conversion rates, near the
thermodynamic equilibrium potential of their respective reactions.t0-11
Hence, similar to the enzymes, most synthetic homogeneous catalysts also
feature metal centers (such as Fe and Ni).'>!3 The latter are chemically
tuned via suitable ligand design to achieve an optimal redox potential for
the electron transfer reaction and the accompanying molecular
rearrangement. However, the activity and the overall stability of these
catalysts remains an issue, even in the cases where the structure of the
synthetic analogues is nearly identical to that of the active sites of the
enzyme.’8

On the other hand, heterogenous electrocatalysis concerns itself with
electrochemical reactions happening at the electrochemical interface via the
direct movement of electrons/charge through different phases.'# That is,
the charge carrier is transferred between the solid electrode and the (liquid)
electrolyte that contains the substrate molecules. Here, unlike
homogeneous electrocatalysis, the electrode surface facilitates the
molecular rearrangement that accompanies the charge transfer. Hence, the
electrode surface is not just an inert supplier of electrons but participates
actively in the reaction. Most well-known applications of electrocatalysis
such as fuel cells, chlor-alkali electrolysers and water electrolysis are all
forms of heterogeneous electrocatalysis, where multi-step electron transfer
reactions take place at an electrode surface. The rate of such reactions is
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determined by the electrochemical potential gradient at the interface which
is dependent on both the nature of the catalyst material and the identity of
the electrolyte.'* Hence, the key to the optimization of any heterogeneous
electrocatalytic process lies in understanding and tuning the electrode-
electrolyte interface.> 14-15

Heterogeneous electrocatalysis will be the main topic of our discussion. With
this chapter we will first introduce some concepts related to heterogeneous
electrocatalysis, henceforth referred to as electrocatalysis. Afterwards we
will present a more specific discussion on the role of the electrode-
electrolyte interface in tuning two important electrocatalytic reactions,
namely, CO. reduction reaction (CO2RR) and hydrogen evolution reaction
(HER). These reactions will form the crux of the rest of the thesis.

1.2. Outer-sphere vs inner-sphere electron transfer

Electron transfer reactions at the electrode surface can be further classified
as either outer-sphere or inner-sphere events. In outer-sphere reactions,
the electron transfer between the electrode surface and the reactant
molecule occurs via tunneling through a solvent layer. It is assumed that in
these electron transfer events the geometry of the reactant molecules
remains unperturbed. The change of the charge of the reactant causes a
reorganization of its solvation shell only.'® Marcus theory describes quite
well the kinetics of an outer-sphere electron transfer reaction at a molecular
level and according to this theory the rate of the reaction increases
approximately exponentially with the increasing thermodynamic driving
force (applied overpotential, n = E —E,) for the reaction.!”-'8 The theory
predicts that the maximum rate for the reaction will be obtained when the
thermodynamic driving force approaches the reorganization energy of the
solvation shell.17-18 Since, an outer sphere reaction assumes that there is no
direct chemical interaction between the electrode and the electroactive
species, the rate constant for such a reaction is expected to be independent
of the electrode material. The theory for outer-sphere electron transfer
reactions is well developed and can be derived in a more general way
without consideration for any specific adsorption effects.

On the other hand, in an inner-sphere reaction, the electron transfer is
accompanied by changes in the geometry of the reactant/intermediate
molecules via direct chemical interaction between the electroactive species
and the electrode surface.'® Hence, in an inner sphere electron transfer
reaction, the rate constants are sensitive to both the identity as well as the
surface structure of the catalysts.'®20 And even though the molecular
considerations made in the Marcus theory are only applicable to an outer-
sphere electron transfer, it is often applied to model inner-sphere electron
transfer events, as the molecular factors that control the kinetics of the
latter events remain poorly understood.?!

Another important phenomenological model that describes the kinetics of
the electron transfer at a macroscopic level is the Butler-Volmer
expression.16: 2223 This empirical expression explains the observed
exponential dependence of the reaction rate on the applied overpotential by
assuming that the activation energy of the reaction is linearly dependent on
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the applied overpotential (AG*= AGo* - aFn). For a single electron transfer,
the final Butler-Volmer expression gives the overall current density (j) for
an electron transfer reaction in terms of the contributions from the forward
and the backward reaction (egn.1):

i=Js (g(%)—e(_(l;—;m)) (D)

where F, R, T represent the Faraday’s constant, the ideal gas constant and
the temperature, respectively. j, is the standard exchange current density,
which represents the intrinsic activation barrier for a given reaction, such
that a larger j, means that the charge transfer step has a smaller activation
barrier. « is an empirical proportionality constant (called the transfer
coefficient), which varies between 0 and 1 and in doing so, gives the
symmetry of the energy barrier for the reaction in the forward and backward
direction. In principle, in going from an outer sphere to an inner sphere
electron transfer reaction the energy barrier becomes more asymmetric,
thus resulting in the deviation from the assumed value of 0.5 for .16 24-2>
Moreover, for |n|>>RT/F the Butler-Volmer expression reduces to the well-
known Tafel equation: n = a+b-logj where b = 2.303RT/aF gives the Tafel
slope.t6: 26 This way of plotting the current-overpotential relationship is
called Tafel analysis and it is often used to determine the operative
mechanism for a multi-electron transfer reaction. In principle, the Butler-
Volmer expression can be used to fit both outer and inner sphere electron
transfer reactions, where in the former case j, will vary only with the
concentration of the species in the bulk while in the latter case it should also
depend on the catalyst material (among other things). However, similar to
the Marcus theory, this model suffers from certain limitations which also
stem from the lack of consideration for the near-surface environment at the
electrode-electrolyte interface. One such limitation arises due to changes in
the near-surface concentration of the electroactive species with respect to
the bulk.1®: 27 These concentration gradients can result in unreliable Tafel
analysis as the applied overpotential is no longer a true measure of the
activation energy of the reaction and it has additional contributions from
mass transport effects. Moreover, electrostatic and chemical interactions at
the electrode-electrolyte interface are also neglected within the Butler-
Volmer model, both of which require further corrections.28-2°

Hence, in order to completely describe the kinetics of electrocatalytic
reactions, or more specifically inner-sphere electrocatalytic reactions, it is
important to look more closely at the electrode-electrolyte interface.

1.3. Electrostatic and chemical effects of adsorption in
electrocatalysis

The idea that the electric double layer structure affects the kinetics of
electrocatalytic reactions was put forward already in the early 1930s by
Frumkin.® 28 In his work, Frumkin argued that in the absence of any specific
ion adsorption, the reaction plane of a heterogeneous reaction will be the
outer-Helmholtz plane of the electric double layer. Hence, the effective

11
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electrode potential that will affect the kinetics of an electrocatalytic reaction
is not the electrochemical potential E at the electrode surface but instead
E — @oup. i.€. the potential in the outer-Helmholtz plane. Additionally, he
also argued that while considering the rate of a reaction the concentration
of the electroactive species in the outer-Helmholtz plane has to be
considered, instead of its bulk concentration. However, the former responds
to the changing potential gradient within the double layer. Accounting for
these double layer effects is the so called Frumkin correction, that addresses
some of the experimental anomalies that are not accounted for by the
previously described models. For instance, the dependence of the
heterogeneous rate constant on the identity and the concentration of the
supporting electrolyte. However, in most cases, this is still not sufficient.3°
That is, for most electrocatalytic reactions the chemical effects of adsorption
at the interface also need to be considered in addition to the electrostatic
effects.?9-30 Only then the true role of the electrode-electrolyte interface in
tuning the kinetics of a reaction can be captured.

Specific adsorption at the interface has profound impact on the kinetics of
an electrode reaction.?® 3! One of the effects is the change is in the position
of the reaction plane itself which changes from the outer-Helmholtz plane
(O.H.P.) to the inner-Helmholtz plane (I.H.P) in the event of specific ion
adsorption of the electroactive species. Consequently, the effective potential
that drives a reaction also changes from E — ¢, 4, t0 E — @;4p. Moreover,
when an electroinactive species (i.e. supporting electrolyte) adsorbs at the
interface instead of the reactive species, the potential gradient within the
double layer is still impacted, even though the reaction plane itself does not
shift. In this event the required Frumkin correction for the system changes.
However, even more important than these electrostatic effects are the
surface coverage effects at the electrode surface associated with surface-
adsorbate interactions. These effects alter both the rate and the mechanism
of an electrode reaction and establish a direct correlation between
electrocatalysis and heterogeneous catalysis.3?2

Adsorption in electrocatalysis proceeds via the discharge of an ionic species
at the electrode surface to form a neutral species, which is bound to the
surface via a direct chemical bond. This neutral species has a certain
coverage (0) at the electrode surface and its adsorption behaviour can
generally be modelled by using modified versions of the well-known
adsorption isotherms that are generally employed in heterogeneous
catalysis (such as Langmuir, Frumkin and Temkin isotherms).® These
modifications essentially account for the fact that in electrocatalysis the
surface coverage 6 of an adsorbed species also depends on the applied
electrode potential. Hence, in electrochemistry, an adsorption isotherm
gives the relationship between the coverage of the adsorbed species, the
activity of the species in the bulk of the electrolyte and the electrode
potential, at a constant temperature. For a general electrochemical reaction

. . ) K ) .
involving adsorption: X, + e~ + M < X — M, if we assume a Langmuir type

adsorption (no lateral interactions and no surface heterogeneity), we can
write (egn. 2):
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-—f 0 (.
~4GaasEo) —F(E—Eg) —F(E-Eg)
RT (— 0
le e

)~ Kzas [X5o1] Fw %)

(2)

where Iy is the surface concentration of species X (in mol cm2), I, IS the
maximum (saturation) surface concentration, K,;. is the equilibrium
constant of adsorption, [xZ,] is the bulk concentration of X and AG2,.(E,) is

the standard Gibbs energy of adsorption at a fixed potential E, (generally
E, =0 against an arbitrary reference electrode) and k.,  is the apparent

2]
L= = K¢ [X2
1-6 Tonne—Tx ads [ sol

-ﬂcﬁdswo))
equilibrium constant of adsorption (K(;ds = Ka4s e( RT )

The AGe,.(E,) term in egn. 2 expresses the ability of a given catalyst material
to adsorb species X and it is generally used to compare the activity of
different materials for a given reaction involving the same reaction
intermediate.33-3% This follows directly from Brgnsted-Evans-Polyani
relationship which states that the kinetics of a reaction involving
adsorption/desorption i.e. its activation energy (AG*) is linearly related to
the thermodynamics of adsorption/desorption at the catalyst surface i.e.
the standard Gibbs free energy of adsorption (ac2,.).3>3® Hence, an increase
in the adsorption energy results in a proportional decrease in the activation
energy of the reaction. This in-turn implies that at a fixed overpotential, the
rate constant of an electron transfer reaction involving adsorption will

increase with increasing adsorption energy:

ads

(—/mc" (50))
k, «j, xel R (3)

In electrocatalysis, this is often represented by Inj, vs AGS,.
plots where Inj, represents the activation barrier for the reaction.33-34, 37-39
These plots generally take a curved shape otherwise known as the volcano
relationship which signifies that there is an optimal adsorption energy for a
reaction intermediate that results in optimal activity for that reaction. If the
adsorption energy increases beyond this optimal value, it results in the over-
stabilization of the adsorbed intermediate at the catalyst surface, thereby
resulting in a situation in which the desorption step of the reaction becomes
rate limiting. This observation harkens back to the well-known Sabatier
principle of heterogeneous catalysis which states that optimal catalytic
activity is achieved when the catalyst-reactant interaction is neither too
weak nor too strong.#® Essentially, this means that with increasing
adsorption energy, as the activation barrier for the reaction decreases, there
is a simultaneous increase in the surface coverage of the reactive
intermediate at the electrode surface. This leads to the “blocking” of the
active sites at the catalyst surface, thereby resulting in a volcano
relationship between the activity and the adsorption energy. This can be
modelled in the kinetic eqns. for the adsorption step by accounting for the

or Inj, vs Ink,

ads
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slower rate of adsorption at X covered sites of the catalyst surface (6)
compared to the pristine sites (1-6).

We note here that another important implication of the surface-adsorbate
interactions described above is the effective potential dependence of the
heterogeneous rate constant itself.2° 4! It was first elucidated by Parsons by
introducing an activity coefficient term for the surface bound transition state
of the reaction (inspired by Eyring).?® Parsons showed that this activity
coefficient is related to the potential dependent surface coverage 6 term.
This in-turn results in a potential dependence of the heterogeneous rate
constant and in doing so, shows a better agreement with the experimental
data than the Frumkin modified Butler-Volmer expression.3°

The fundamental insights on how the surface-adsorbate interactions shape
the electrode-electrolyte interface, as discussed above, have not only
shaped the laws and theories of electrocatalysis but they have also assisted
in understanding the kinetic behaviour of different electrochemical
reactions, both actively and retroactively. Moreover, these insights have
also led to the recognition of an important activity descriptor, namely,
adsorption free energy of reaction intermediates, that has long acted as the
central parameter for discerning and tailoring electrocatalytic behaviour. It
has helped in understanding the observed catalytic trends (Volcano plots)
for important electrochemical reactions such as HER and at the same time
it has also assisted in the rational synthesis of new catalytic materials.37: 3%
42-43

However, even though these insights have been crucial to the theoretical
and practical knowledge of electrode reactions, gaps remain in our
molecular level understanding of the near-surface reaction environment.4+
47 This is also reflected by the fact that often times additional
descriptors/parameters are required to fully capture the reaction kinetics
across different electrode-electrolyte combinations, especially for more
complex reactions. In the next sections we will discuss some of these
descriptors/parameters, specifically for the case of CO2RR and HER, and
show that the kinetics of electrocatalytic reactions can be altered by a
myriad of additional effects that go beyond the realm of adsorption.

1.4. Electrochemical CO: reduction reaction: an overview

Electrochemical reduction of CO into value added products, such as CO,
formate, methane, ethylene and alcohols, provides a unique opportunity to
close the anthropogenic CO. cycle while solving the intermittency issue of
renewable electricity.8 48 This is because electrochemical reduction of COz
offers the possibility of storing renewable electricity as infrastructure
friendly carbon-based fuels, that are easy to store and transport. One of the
most straightforward strategies to do this is to carry out electrochemical
COz reduction reaction (CO2RR) in the aqueous media, as water can act as
a continuous source of protons for the reaction. However, at present, many
challenges remain that need to be resolved in order to make this process
economically viable. Most of these challenges arise due to issues related
with low energy efficiency and poor product selectivity of CO2RR, both of
which are partially related to the fact that a complex reaction network has
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to be navigated in order to achieve a desired CO2RR product, especially in
the aqueous media. This reaction inherently has a bad selectivity as it often
leads to concurrent C1, C2 and in some cases even C3 products, due to the
comparable equilibrium potentials of the different reaction pathways.4°-50
Moreover, the low energy efficiency of this process also stems from the fact
that in aqueous electrolytes CO2RR is inevitably accompanied by a
concomitant hydrogen evolution reaction (HER) which is kinetically more
facile than the multi-electron reduction of C0.°1">2 HER can also be
detrimental towards certain CO2RR products as it can influence the
electrolyte composition at the electrode-electrolyte interface. More
specifically, by tuning the proton availability that affects the reaction
pathways of CO2RR.>2 Hence, significant efforts have been put towards
understanding the reaction mechanism of CO2RR on the surface of different
catalysts, so that key reaction intermediates for the different reaction
products can be identified, and novel catalysts with optimal binding energies
can be synthesized. In this respect, Hori and coworkers did some of the
most seminal work in the late 1980s.53->7 They identified different classes of
metallic catalysts for obtaining different CO2RR products, based on how the
electronic properties of the metals influence the species binding energies.
This prompted a lot of follow-up research,®% 58-60 both practical and
theoretical, towards the development of optimized catalytic materials by
following the broad template outlined by Hori and coworkers. However,
CO2RR activities thus obtained have not shown much improvement. One
reason for this is the existence of linear scaling relationships for the binding
energy of different reaction intermediates associated with different CO2RR
reaction pathways.>> 6 Consequently, any changes in the electronic
properties of the catalysts lead to simultaneous modification of the binding
energies for different possible reaction pathways. Thus, making it difficult
to obtain optimal selectivity towards one desired product. Moreover, while
a lot of focus has been put on the optimization of CO2RR on a given catalyst
surface, studies on understanding and selectively suppressing the
competing HER reaction under the conditions of CO2RR have been very
limited.%%-%> This has contributed to the low energy efficiency and Faradaic
selectivity for CO2RR on the surface of most new catalysts that have been
synthesized by solely taking the adsorption energies of CO2RR
intermediates into account.

Recently, it has been recognized that in addition to the catalyst material,
the electrolytes employed for CO2RR also have a profound impact on the
activity/selectivity of this reaction.?%% This is because the electrolyte
identity can tune the near-surface reaction environment both by altering the
structure/composition of the electric double layer and by impacting the local
dynamic equilibria of CO2 (aq.) and other reacting species (HCOs3", H3O* and
H20) in the electrolyte. Thus, going beyond the adsorption-based activity
descriptors and understanding the role of electrolyte properties (such as
cation identity, anion identity, local electrolyte pH and solvent identity) in
tuning CO2RR can be a viable strategy for boosting the energy efficiency as
well as the product selectivity of this reaction.”’® In the next section, we will

15
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discuss the possibilities offered by one such electrolyte parameter, namely,
electrolyte pH, in tuning the CO2RR activity.

1.4.1. pH effect on CO2RR

It is well known that electrolyte pH has a profound impact on the kinetics of
different CO2RR pathways.64 6869, 71-72 Depending on the rate determining
step (RDS) for a certain CO2RR product i.e. whether it involves a proton
coupled electron transfer (PCET) or simply an electron transfer (ET), it can
either be (bulk) pH dependent or independent. Thus, if we consider the most
widely accepted RDS for different CO2RR products:

Carbon monoxide: €0,(aq.) + e~ — CO$~ (4)

2 ads
Methane: €O,y + HY + e~ — CHO 4 (5)

Ethylene, Ethanol: CO,4s + CO,4s/CHOq4qs — OCCO445/OCCHO 445
(6)

The reaction in egn. 5 is an example of a reaction that is dependent on the
bulk pH, whereas the reactions in egns. 4 and 6 are independent of
electrolyte pH. That is, the Butler-Volmer egn. for these reactions will either
include the term for bulk proton concentration or not. This can be exploited
to tune the selectivity towards certain products by changing the bulk pH or
the buffer strength of the electrolyte. In fact, Mul and coworkers reported
that by optimizing the electrolyte pH they could achieve ethylene formation
with high selectivity (up to 44%) and suppress methane formation (around
2%) on rough Cu electrodes.”> Moreover, this strategy has also been
employed with gas diffusion electrode set-ups to carry out CO2RR in alkaline
electrolysers, where very high selectivity for ethylene (up to 69%) could be
obtained.”477

However, beyond these bulk pH effects, the local changes in the electrolyte
pH can also affect CO2RR selectivity by tuning the concentration of different
reactive species near the electrode-electrolyte interface.6”-68 78 During
CO2RR in the aqueous media, the local pH becomes more alkaline than the
bulk due to the constant generation of OH" ions near the surface during
CO2RR (for example: €O, + 2¢e~ + H,0 — CO + 20H~) and the competing HER
(H,0 + 2e~ - H, + 20H") reaction. These changes in the local pH can directly
impact the kinetics of the reactions that are implicitly dependent on the
electrolyte pH (as described above). In addition to these effects, local pH
changes can also impact the reaction kinetics by influencing the local
concentration gradients for the different reactive species at the electrode
surface. It follows that any changes in the local electrolyte pH trigger
corresponding changes in the homogeneous equilibria between CO: (aq.),
HCOs3™ and CO3?" species that are present in the electrolyte:

€0, (aq.) + OH™ < HCO; (7)
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HCO; + OH™ < COZ + H,0 (8)

which results in certain concentration gradients for these species that can
have a huge impact on the partial current densities of different CO2RR
products as well as H, formation, the side product due to HER. In principle,
the homogeneous consumption of CO2 (egn. 7), as triggered by the
increasing local pH at the surface can result in the suppression of CO2RR
due to increasing mass transport limitations for the reaction. Hence,
changes in the buffering capacity of the electrolyte via bicarbonate
concentration changes, CO: partial pressure changes as well as by the
introduction of other buffering ions, can all contribute to the
enhancement/suppression of CO2RR by changing the local CO. (aq.)
concentration.®3 72 Moreover, mass transport conditions can also be tuned
either by changing convection control or by tuning the morphology of the
catalysts than can either introduce or alleviate concentration gradients at
the electrode surface.80-82

Notably, these changes in the local concentration gradients can also impact
the kinetics of competing HER reaction, either due to the changes in
concentration of the proton donor species at the electrode surface (such as
HCO3") or due to explicit pH effects on the kinetics of HER (discussed in
detail in the following sections). Needless to say, these changes in the HER
activity can in-turn influence the Faradaic selectivity of CO2RR.

However, even though the role of local pH changes in tuning the competition
between HER and CO2RR is being increasingly recognized, the studies that
have been conducted to investigate these effects have been inconclusive
thus far. One of the strategies that has been employed to investigate the
role of local pH effects in tuning CO2RR is the use of nanoporous catalysts.
Introducing nanoporous structuring at the catalyst surface results in the
generation of additional diffusional gradients and these gradients can be
tuned by controlling pore diameter and pore length. In Table 1 we show a
comparison of some of these studies on monometallic nanoporous catalysts,
specifically for the case of CO2RR towards CO formation. We see that even
under relatively similar experimental conditions drastically different
Faradaic selectivities for CO formation are achieved.81-8° Hence, it appears
that in order to understand the role of local pH gradients in tuning CO2RR
selectivity, first there is a need to study these effects under well-defined
conditions where the local concentration gradients can be tuned
systematically. Additionally, care has to be taken in comparing catalytic
activities for similar catalysts when different electrolyte parameters are
used, as changes in the electrolyte identity are directly reflected in the bulk
as well as the local pH at the interface.”® %0 Hence, similar catalyst
morphologies studied under different electrolyte conditions can also result
in varying CO2RR selectivities.

All the studies shown in Table 1 were performed by conducting long-term
bulk electrolysis measurements coupled with a gas chromatography (GC)
set-up. In such measurements, depending on the sampling time, cell
geometry and electrolyte flow conditions, variable concentration gradients
can be generated even with similar catalyst morphologies, thus resulting in
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varying Faradaic selectivities. It is therefore important to study these effects
with online techniques so that the interplay between the heterogeneous
consumption of reactants/ production of hydroxyl ions and the
corresponding changes in the homogeneous equilibria can be tracked in real
time without any convolutions due to time-based concentration polarization
effects.

Table 1 An overview of CO Faradaic efficiency during CO2RR that have been reported in the literature
on different monometallic porous catalysts (prepared with different techniques). Some of the
important reaction parameters, such as pore diameter, bicarbonate concentration and the applied
potential where the Faradaic efficiency is measured are also listed.

Ag (free Few 0.5M <-0.5 92
standing)  hundred KHCO3
nm
Cu-Cu 15-72 pm 0.1 M -0.4 27
polished KHCO3
Au-Au 200 nm 0.1 M - 0.4 75
coated KHCO3
glass slide
Ag-Au 200 nm 0.1 M - 0.6 80
coated KHCO3
glass slide
Ag-Ag foil  30-50 nm 0.5M - 0.4 82
KHCOs
Cu-Cu foil  120- 300 0.1 M - 0.8 55
nm KHCO3
Au-Ag foil Few 0.1 M - 0.39 90.5
hundred KHCOs
nm to
few um
Au-Cu 250-500 0.1 M - 0.6 95.9
wire nm NaHCO3
Zn-Cu 30-80 pm 0.1 M - 0.95 95
mesh KHCO3

In order to unambiguously elucidate the role of local pH effects in tuning
CO2RR it is important to separately study the role of mass transport
conditions, electrolyte effects and catalyst morphology effects, so that
general guiding principles can be derived for the selective optimization of
CO2RR.

Moreover, it is also important to understand the activity trends for HER
under CO2RR reaction conditions. So that this parasitic side reaction can be
selectively suppressed and higher CO2RR efficiencies can be obtained. In
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the current literature, while a lot is understood about HER in acidic media,
there are many ambiguities regarding the activity trends for HER under
CO2RR relevant near-neutral/alkaline reaction conditions. Hence,
understanding HER trends is not only important due to its relevance for
hydrogen generation/storage but also for other renewable technologies
(such as CO2RR), where it can act as a parasitic side reaction. And given
that near-surface environment also plays an important role in tuning HER,
in the next sections we will shift the focus to this reaction.

1.5. Electrochemical hydrogen evolution reaction: an overview
Hydrogen evolution reaction (HER) is perhaps the most well studied reaction
in electrocatalysis. In fact, water splitting reaction to form hydrogen and
oxygen is the earliest known experiment involving the chemical conversion
of electricity.32 Many of the theories in electrocatalysis, some of which have
been touched upon in the previous sections, were either developed to
explain the empirically observed trends for HER or HER was used as a test
reaction to develop more advanced theories of electrocatalysis. Additionally,
this two-electron transfer reaction is also an important piece in the energy
transition puzzle,® as green hydrogen generated by water electrolysis is vital
for achieving a carbon-neutral energy system and establishing the so-called
hydrogen economy - a vision Bockris put forward already in the early
1970s.%t

In this respect, most of the early studies on HER focused on understanding
the mechanism and the activity trends for this reaction in acidic media.37-3%
92-94 Thijs resulted in the identification of Pt as the best catalyst and of the
adsorption free energy of hydrogen as the key descriptor for HER activity.
Ultimately, this led to the commercialization of proton exchange membrane
(PEM) electrolysers, which employ Pt based catalysts for the cathodic half
reaction (i.e. HER) of water splitting.

However, the activity trends for HER in alkaline media differ significantly
from the trends obtained in the acidic media and catalysts such as Ir and Ni
show superior activity under alkaline conditions, even though they bind
hydrogen less optimally than Pt.?>-°7 In practice, this is what makes alkaline
water electrolysers more cost effective than PEM electrolysers as they can
be operated with cheaper Ni-based catalysts. However, the energy
efficiency of alkaline electrolysers remains inferior to PEM electrolysers,
since the HER activity always decreases in going from acidic environment to
alkaline environment, regardless of the catalyst employed.®® This has led to
significant research efforts in the recent years, towards understanding the
activity descriptors that govern the HER kinetics in alkaline media, with the
goal of optimizing this reaction under alkaline conditions.

In-fact it is widely recognized now that the hydrogen binding energy (HBE)
at the catalyst surface is an incomplete descriptor for HER, especially under
alkaline conditions. HBE cannot explain many of the experimentally
observed trends for HER, including the (non-Nernstian) pH dependence of
the reaction*4 99-100 a5 well as the activity trends on different catalytic
materials under alkaline conditions.4’» 101-102 Thijs jin-turn points to a
fundamental change of the nature of HER when going from acidic media to
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alkaline media. This is also shown in Table 2, where we see that in acidic
media, a hydronium ion (H30%) undergoes discharge and forms an adsorbed
hydrogen atom at the electrode surface. Instead, a neutral water molecule
has to dissociate at the electrode surface in alkaline media. This essentially
results in an additional barrier for the reaction in alkaline media, which is
reflected by the fact that under alkaline conditions the first ET (Volmer step;
see Table 2) is invariably the rate RDS, regardless of the employed catalyst.
Consequently, the reaction rate of HER in alkaline media is influenced by
additional parameters that can tune the interaction of the reactants (H20ads)
and the products (OHads, OH") of the RDS at the metal-electrolyte interface.

Table 2 Mechanism of HER under acidic conditions and under alkaline conditions where the rate
determining step can either be Step I (Volmer step) or Step II (Heyrovsky/Tafel step).103

Volmer step: Heyrovsky step:
2H30" +2e” — H, + 2H,0 H,0% + e~ = Hyy. + H,0 Hyge + H,0" + e~ = H, + H,0
Or Tafel step:
Hads +Hads - H2

Volmer step: Heyrovsky step:
2H,0 +2e~ — H, + 20H H,0+e~ = Hyy + OH™ Hugs +H,0+ e~ = Hy + OH™
Or Tafel step:
Hrzds +Hads - H2

In the recent years, various important interfacial parameters have been
identified that have been shown to influence the rate of HER in alkaline
media, such as, the cation identity in the electrolyte, oxophilicity of the
reactive sites and the interfacial electric field at the surface.4’ 101, 104-106
Among these, interfacial electric field is an especially important parameter
as it can affect both the structure and the composition of the electric double
layer and hence, influence the near-surface reaction environment for HER
in multiple ways. In the next section, we will discuss some of these ways in
which the electric field effects impact the HER kinetics in alkaline media.

1.5.1. Electric field effect on HER

At an electrode-electrolyte interface, the interfacial electric field is
determined by the applied potential and the potential of zero charge of the
electrode material i.e. AE= E-Epx.'® The potential of zero charge (pzc)
represents the potential at which there is net zero surface charge density at
the electrode surface (Ep.c= Eo=0).1%” Hence, at potentials more negative
than the pzc, the net interfacial electric field at the surface is negative and
cations are expected to have preferential electrostatic interactions at the
interface. On the other hand, at potentials more positive than the pzc, the
net electric field is positive and the anions preferentially interact at the
surface. We note that in reality, on most electrode surfaces, the net surface
charge density is not zero at the pzc as there is always some degree of
specific adsorption irrespective of the employed supporting electrolyte.108-
110 This results in a net charge at the surface even at the pzc, due to the
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chemical bonds formed between the specifically adsorbed ions and the
electrode surface. Hence, a distinction has to be made between the potential
of zero free charge (pzfc) which represents the pzc in the absence of any
specific adsorption and the potential of zero total charge (pztc) which
represents the potential where the net charge at the surface is zero both
due to electrostatic interactions and chemical interactions.1%” And, while the
pzfc is only dependent on the electrode material (more specifically, the work
function ¢ of the electrode), the pztc is dependent on both the electrode
material and the electrolyte identity.!!! Consequently, at the same applied
potential, varying interfacial electric field strength can be obtained
depending on the nature of the electrode-electrolyte interfaces, which is in
turn determined by the catalyst identity/structure as well as the composition
of the bulk electrolyte,t2-114
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Increasing pH

Figure 1 A schematic representation of the pH dependent global interfacial electric field at the
electrode surface which affects the solvent (water) structure at the interface as well as the local
composition of the double layer, such that an increasing global electric field strength results in a
higher reorganization energy for the interfacial water network and a higher near surface cation
concentration. Additionally, the cations near the interface also exert a local electric field aligned with
the dipole of the reacting water molecule at the electrode surface.

This interfacial electric field can influence the rate of an electrocatalytic
reaction in a number of ways. For instance, by influencing the solvent
dynamics at the interface, by tuning the polarizability of the reaction
intermediates and/or by tuning the composition of the electric double layer,
which can in-turn influence the chemical/electrostatic interactions of the
adsorbed intermediates in the reaction plane.'® In a recent study, our group
showed that for Pt(111), the changes in the solvent dynamics with changing
interfacial electric field tune the rate of HER in alkaline media.l%* We
proposed that the interfacial water network has the highest mobility when
the interfacial electric field is the weakest and this mobile water network
can facilitate the transport of ions such as HzO*, OH" within the double layer,
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thus facilitating HER. On the other hand, as the interfacial electric field
becomes stronger (more negative), the water network at the surface
becomes more rigid, thus, hindering the transport of ions near the interface.
Moreover, based on the previous works by Feliu and coworkers, the
interfacial electric field on Pt(111) is expected to become more negative (vs
reversible hydrogen electrode) with increasing electrolyte pH.!!> Hence, the
loss in the HER activity on Pt(111) with increasing electrolyte pH can be
reconciled with the changes in the interfacial water structure with changing
interfacial electric field.

Additionally, the interfacial electric field is also directly intertwined with
another important parameter for HER kinetics, namely the extent of cation
adsorption at the electrode surface and/or the cation concentration in the
O.H.P.15 116-117 Tt has been shown previously that the HER activity in alkaline
media is very sensitive to the identity of the alkali metal cations in the
electrolyte.4” 106 Markovic and co-workers have shown that on Pt based
catalysts, the HER activity increases in the order Cs*<K*<Nat*<Li* which
they correlate to the stronger interaction of the Li* ions with the dissociating
water molecule in the rate determining Volmer step (see Table 2).101-102, 118
However, the surface coverage of the alkali metal cations at a given surface
is in-turn dependent on the interfacial electric field strength. This is because
a stronger interfacial electric field can stabilize the surface dipole generated
by a specifically adsorbed cation, thus resulting in a larger cation coverage
at the surface and/or a higher near-surface cation concentration in the
O.H.P. Hence, in addition to the solvent dynamic effects, the interfacial
electric field can also influence the HER kinetics by tuning the near-surface
cation concentration at the interface. Moreover, it should be noted that in
the above discussions, the interfacial electric field has been considered to
be uniform everywhere within the reaction plane (parallel to the electrode
surface). However, due the presence of ions in the electric double layer,
there will be an additional “local” electric field associated to these ions (as
shown in Fig. 1).1° These local changes in the interfacial electric field can
also influence the HER reaction rate as the electrostatic interactions between
the adsorbed reaction intermediates and the cations can also tune the
reaction energetics at the interface.

However, even though the effect of the interfacial electric field on the near-
surface cation concentration has been studied to some degree in the
literature, its role in tuning the HER activity remains elusive. Given that,
these cation-associated field effects have been shown to influence the
activity of other electrocatalytic reactions such as CO2RR,!19-120 it can be
expected that these effects can also have a profound impact on the rate of
HER.

1.6. Scope of the thesis

The scope of this thesis lies in understanding the role of near-surface
environment in tuning electrocatalytic reactions by the means of
interactions that go beyond the traditional adsorption-based activity
descriptors. In the preceding sections we have outlined some of the
shortcomings of such adsorption-based descriptors and the classical
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theories that are generally used to simulate the kinetics of electrocatalytic
reactions. Especially, when considering the activity trends for CO2RR and
HER, under practical reaction conditions. In the following chapters, we will
present in-depth studies on some of these additional reaction parameters
that can tune CO2RR and HER and elucidate some of the molecular
complexities that underlie these reactions.

In chapter 2, we will first discuss the development of an online rotating ring
disk electrode (RRDE) set-up that allowed us to bypass the issues that were
discussed in section 1.4.1.8° Briefly, the RRDE technique allows for
hydrodynamic convection control at the electrode surface which in-turn
results in well-defined near-surface concentration gradients. Hence, by
using the RRDE technique, the role of concentration (pH gradients) in
controlling the CO2RR activity can be studied under well-defined conditions.
Moreover, the RRDE technique also gives the possibility to separate the
contributions due to mass transport effects and intrinsic kinetics of the
reaction, thus improving upon one of the limitations of the Butler-Volmer
model (as discussed in section 1.2 and 1.3). Moreover, we restricted this
study to the polycrystalline Au surface in order to simplify the system. That
is, we avoid additional convolutions due to the internal competition between
different CO2RR pathways, as CO2RR on Au electrodes yields only CO as
the main product for this reaction. Thus, we focused our study on the role
of local pH gradients in tuning the competition between CO2RR and HER.
Interestingly, we found that CO2RR shows only a slight improvement with
increasing mass transport (decreasing local pH), while the changes in the
local pH at the Au surface mainly affected the kinetics of the competing HER.
Essentially, we observe a significant improvement in HER activity with
increasing local pH at the surface. To emphasize: an increase in the local
pH with increasing mass transport rate leads to the suppression of CO2RR
Faradaic selectivity, even though the kinetics of CO formation is not
significantly impacted by the changing local concentration gradients.

In chapter 3, we elucidate the pH dependence of the HER kinetics on Au
electrodes further.'?! In doing so, we shed light on the role of the pH
dependent interfacial electric field in tuning HER activity. We show that with
increasing strength of the interfacial electric field, the near-surface cation
concentration also increases. This increase in the near-surface cation
concentration in-turn results in the enhancement of HER, as cations near
the surface can decrease the activation barrier for the reaction. This is
because the cations can favorably interact with the transition state of the
rate determining Volmer step (*H--OH%--cat*). Interestingly, this cation
assisted enhancement of HER Kkinetics saturates and even becomes
inhibitive as the local cation concentration increases beyond a threshold
concentration. This shows that while an initial increase in the cation
concentration decreases the activation barrier for the reaction, at some
point the metal-cation interactions start to inhibit the HER reaction, either
due to double layer crowding or due to blocking effects. These results clearly
show that the electrolyte pH and the near surface cation concentration are
two interrelated parameters, that have a similar effect on the HER kinetics.
Moreover, we confirm that the interfacial electric field is indeed an important
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parameter in tuning the HER kinetics in alkaline media and it not only alters
the structure (solvent dynamics) of the double layer but also the
composition of the near-surface reaction environment. Hence, its role in
tuning the near-surface reaction environment is even more convoluted than
was previously hypothesized in the literature (as discussed in section 1.5.1).
In chapter 4, we reconcile the results presented in Chapter 2 and Chapter 3
by further elucidating the role of local pH gradients in tuning the HER
kinetics on Au electrodes. We point out that while the changes in the
interfacial electric field with the changing bulk pH can tune the near-surface
cation concentration (chapter 3), the local pH effects on HER kinetics, as
observed in chapter 2 are different than these bulk pH effects. Instead, we
demonstrate that the changes in the local pH with changing rotation (mass
transport) rate tune the local cation concentration due to the need to satisfy
local electro-(neutrality) conditions. Hence, even though the changes in the
bulk pH and the local pH seem to influence the HER kinetics on Au electrodes
in a similar fashion, there is a distinction in the underlying cause for these
effects. The former effect is due to the changes in the local cation
concentration with changing interfacial electric field, while the latter results
from the need to satisfy local electro-(neutrality) which results in increasing
local cation concentration with increasing local hydroxyl concentration.
Lastly, in chapter 5, we extend the understanding gained from the previous
chapters to further elucidate the role of near-surface reaction environment
in tuning CO2RR and HER on nanoporous Au catalysts. We present a
systematic study on the role pore parameters (pore diameter and pore
length) in tuning the Faradaic selectivity for CO2RR by employing differential
electrochemical mass spectrometry (DEMS). The latter is a powerful online
and in situ technique that allowed us to quantify the formed amounts of H>
and CO and bypass the limitations that have resulted in convoluted trends
in the previously reported literature on nanoporous catalysts (as discussed
in section 1.4.1). We find that similar to the flat polycrystalline Au
electrodes, the changes in the local pH gradients with changing pore
parameters mainly affect the rate of the HER reaction. However, the
changing pore parameters also tune the CO2RR activity due to the changes
in the number of active sites at the catalyst surface and due to the presence
of additional Ohmic drop effects within the porous channels.

In summary, we show in this thesis that the near-surface reaction
environment is a dynamic entity that can be tuned by varying the electrolyte
parameters. Here, we discuss the role of the electrolyte pH, the cation
identity and cation concentration. Furthermore, we demonstrate that mass
transport conditions (via convection control or catalyst morphology) is an
important tuning handle for controlling the near-surface reaction
environment. With this thesis we reveal that the kinetics of different
electrocatalytic reactions can be tuned by defining the near-surface
environment through various means. In doing so, we venture beyond
classical theories of electrocatalysis, that fail to consider the intertwined
effects of bulk/local electrolyte composition and local electric field on inner
sphere reactions.
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Chapter 2

Competition between CO:2 reduction
and hydrogen evolution on a gold
electrode under well-defined mass
transport conditions



Abstract

Gold is one of the most selective catalysts for the electrochemical reduction
of CO2 (CO2RR) to CO. However, the concomitant hydrogen evolution
reaction (HER) remains unavoidable under aqueous conditions. In this work,
a rotating ring disk electrode (RRDE) set-up has been developed to study
quantitatively the role of mass transport in the competition between these
two reactions on the Au surface in 0.1 M bicarbonate electrolyte.
Interestingly, while the Faradaic selectivity for CO formation was found to
increase with enhanced mass transport (from 67% to 83%), this effect is
not due to an enhancement of CO2RR rate. Remarkably, the inhibition of
the competing HER from water reduction with increasing disk rotation rate
is responsible for the enhanced CO2RR selectivity. This can be explained by
the observation that on the Au electrode, water reduction improves with
more alkaline pH. As a result, the decrease in the local alkalinity near the
electrode surface with enhanced mass transport, suppresses HER due to the
water reduction. Our study shows that controlling the local pH by mass
transport conditions can tune the HER rate, in-turn regulating the CO2RR
and HER competition in the general operating potential window for CO2RR
(-0.4 V to -1V vs RHE).

[pH] Surface # [pH] bulk

[CO,] Surface = [CO,] bulk

This chapter is based on the article:

Goyal, A.; Marcandalli, G.; Mints, V. A.; Koper, M. T. M., Competition
between CO. Reduction and Hydrogen Evolution on a Gold Electrode under
Well-Defined Mass Transport Conditions. Journal of the American Chemical
Society 2020, 142 (9), 4154-416
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2.1. Introduction

The electrochemical reduction of carbon dioxide has the potential of storing
excess renewable electricity in carbon-based (liquid) fuels and chemicals. At
present, however, the economic feasibility of electrochemical CO reduction
reaction (CO2RR) remains an issue, primarily due to its low energy efficiency
at high current densities.!3 One key factor for this efficiency loss is the
competition from the hydrogen evolution reaction (HER), which is virtually
unavoidable in the aqueous (bicarbonate) electrolytes in which this reaction
is generally carried out.*® Most research until now has focused on
understanding the role of the intrinsic properties of the catalyst surface on
the kinetics and the eventual product selectivity of CO. reduction, in
competition with the HER.%-12 The role of the local concentrations of various
reactive species (such as COz, HCO3" OH" and H*), on the competition
between these interfacial reactions has received less scrutiny.'3-1> A weakly
buffered electrolyte like bicarbonate will develop diffusional gradients of the
aforementioned species, caused by their interfacial reactions at the
electrode and the sluggish acid-base equilibrium of bicarbonate.'®-18 Hence,
these concentration gradients are expected to play an important role in the
kinetic bifurcation between CO2RR and HER. In principle, an enhanced mass
transport can help in mitigating the concentration gradients at the interface
by transporting the CO> from the bulk to the interface and at the same time
sweeping away the OH" ions formed in the vicinity of the electrode.
Therefore, studies performed under well-defined mass transport conditions
can give indispensable information about the near electrode concentration
gradients and their impact on the competition between the HER and CO2RR.
In this regard, several recent studies have employed porous electrode
morphologies for CO2RR, with the aim of controlling the diffusional
concentration gradients within the porous channels by changing the catalyst
thickness/roughness in a systematic fashion.> 19-23 Generally it is observed
that the selectivity towards CO2RR can be improved by increasing the
thickness/roughness of the porous channels of the catalyst layer, which has
been attributed to the suppression of bicarbonate-mediated HER. However,
contradicting conclusions have been drawn on the role of concentration
gradients (i.e. mass transport limitation) for the CO formation rate. In a
study on porous Au catalysts performed by Surendranath and co-workers,
the CO formation rate was shown to be largely independent of the thickness
of the porous catalysts.!> The authors attributed this to the negligible
concentration gradients for CO2 within the porous channels, which is also in
accordance with the slow hydration kinetics of COx-bicarbonate system
(equation 1, ti> = 19 s at near-neutral pH):?*

€0, (aq.) + OH™ < HCO; (1)

However, in a similar study by Cheng and co-workers, a contrasting
dependence of CO2RR partial current density on porous structures was
reported. They showed that the rate of CO formation decreases with
increasing roughness of the porous Au catalyst, which was attributed to the
increasing mass transport limitation for COz in the rougher porous channels.
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It is also interesting to note that in a separate study on porous Ag catalysts
by Surendranath and co-workers, the partial current density for CO
formation increased with increasing thickness of the porous channels,?? in
contrast with their results on porous Au catalysts. The authors speculated
that it might be related to details of the mechanistic pathway of CO2RR.
Additionally, Bell and co-workers also conducted mass transport dependent
studies on planar Ag electrodes wherein they tuned the flow rate of COy/
electrolyte to control the mass transport to the electrode.?>26 Similar to
Cheng and co-workers, they reported that the rate of CO formation
increases with the increasing mass transport (flow rate) and hence
concluded that CO2RR is mass transport dependent. Interestingly, in
contrast with the previous studies, they observed that the rate of the
competing HER decreased with the increasing flow rate (i.e. mass
transport). However, this trend was not discussed in further detail by the
authors.

Summarizing, the current literature presents apparently conflicting results
on the role of local concentration gradients, even under relatively similar
experimental conditions (electrolyte identity, roughness factor, applied
overpotential etc.). In the existing studies, the lack of precise control on the
various aspects of the catalytic structure (such as pore size, length, facets,
grain size, tortuosity etc.) leads to a complicated mass transport effect and
various ambiguities still remain about the role of concentration gradients on
the reaction kinetics of CO2RR and HER.

Another limitation that mires the current understanding of near electrode
reactant/product distribution during CO2RR, arises from the use of bulk
electrolysis analysis, performed in tandem with offline sampling techniques
(such as gas chromatography and high performance liquid
chromatography).4-> 7. 27 These analytical techniques do not capture the
dynamic evolution of the local concentration gradients with the real-time
evolution of the products. This is an issue especially for CO2RR studies,
since the concentration gradients generated by interfacial heterogeneous
reactions (CO2RR and HER) also shift the corresponding homogeneous acid
- base equilibria of the electrolyte.!8 28-3! In a recent paper by Nocera and
co-workers it was shown that CO2RR studies performed on long-time scales
(= 20 min, gas chromatographic analysis) are intimately entangled with the
homogenous reactions happening in the electrolyte.3° The authors showed
that it is necessary to take the roughness factor as well as the bicarbonate
equilibria equations into account for formulating a micro-kinetic model that
could explain the observed results on Au catalysts of different morphologies.
In the light of this work, it should be expected that previous offline studies
on porous electrodes also suffered from an unwanted participation of
homogenous reactions in the overall concentration gradients at the
interface. Hence, a technique that allows for the online and immediate
analysis of the product distribution should lead to a better understanding of
the interplay between the reactions at the electrode (HER and CO2RR) and
the corresponding acid-base equilibria in the bicarbonate electrolyte that
happen at transient time-scales.24 26
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Here, we develop a rotating ring disk electrode (RRDE) voltammetry method
to circumvent the abovementioned limitations. By a judicious choice of the
ring material (namely gold), this method allows us to study the competition
between CO2RR and HER on a gold electrode quantitatively, with a high time
resolution under well-defined mass transport conditions. Previous RRDE
studies on CO2RR used a Pt ring, where CO stripping was performed to
calculate the Faradaic efficiency of CO2RR.32-33 However, similar to the
offline techniques, such stripping experiments do not shed light on the real-
time evolution of local electrolyte composition and its influence on the
competition between CO2RR and HER. Kriek and co-workers performed an
online investigation where they employed the RRDE-technique featuring a
Pt-ring electrode to quantify the H, evolved at the disk.3* However, due to
the non-selective oxidation behavior of Pt for H, and CO, this method does
not allow for any quantitative analysis. The main advantage of the RRDE
set-up introduced in this study arises from the use of a gold ring, which can
selectively oxidize CO under diffusion limited conditions, while being inactive
for hydrogen oxidation reaction (HOR). Au is known to be an excellent
catalyst for CO oxidation, reaching diffusion limited currents both at acidic
and alkaline pH values.3>-38

We will show here that under well-defined mass transport conditions, the
rate of CO2RR is largely independent of the mass transport effects (i.e. disk
rotation rate). However, the overall Faradaic selectivity for CO2RR improves
with increasing disk rotation speed (enhanced mass transport) which is
caused by the decreasing rate of HER. We show that at 0.1 M bicarbonate
concentration, water reduction is the dominant branch of HER competing
with CO2RR, and that enhanced mass transport essentially mitigates the
local alkalinity, thereby suppressing the water reduction rate. Our work
shows that control of mass transport conditions is important for selective
CO2RR in ways that have not been elucidated previously, and provides
rational guidelines for steering concentration gradients and product
selectivity in practical electrode geometries.

2.2. Experimental section

2.2.1. Chemicals

The electrolytes were prepared from H2S04 (98%, EMSURE, Merck), NaHCO3
(= 99.7%, Honeywell Fluka), NaClO4 (99.99%, trace metals basis, Sigma-
Aldrich), NaOH (32% by wt. solution, analysis grade, Merck) and Ultrapure
water (MilliQ gradient, 218.2 MQcm, TOC < 5 ppb). Ar (6.0 purity, Linde),
CO (4.7 purity, Linde), CO2 (4.5 purity, Linde) and Hz (5.0 purity, Linde)
were used for purging the electrolytes. The dopamine coating for the
modification of RRDE was prepared from dopamine hydrochloride (298.5%,
Sigma-Aldrich). For collection efficiency determination, KzFe(CN)e (> 99%,
Sigma Aldrich) was used.

2.2.2. General electrochemical methods

All the electrochemical measurements were carried out in home-made
borosilicate glass cells in which the reference electrode was separated from
the working compartment with the help of a Luggin capillary. The counter
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electrode (Au wire, 99.99% purity, unless otherwise stated) was separated
from the working compartment with a fine porous frit. The glassware was
cleaned prior to each experiment by boiling it five times in ultrapure water.
When not in use, the glassware was stored in 1 g/L solution of KMnOg4
(acidified). Before boiling, any traces of KMnOs+ and MnO. were removed
from the glassware by submerging it in a diluted solution of acidified H.O>
(few drops of conc. H,SO4 and 10-15 mL H20; in excess water) for half an
hour. Before every experiment, the electrolytes were purged for ca. 20
minutes with the suitable gas required for the experiment, namely, Ar for
electrochemical characterization and HER studies, H> for HOR studies, CO
for CO oxidation studies, and CO. for CO2RR studies. This was done to
remove any dissolved oxygen form the electrolyte. Moreover, during the
measurements, gases were also bubbled over the headspace of the
electrochemical cell, in order to eliminate any interference from ambient
oxygen. For the electrochemical polishing/characterization as well as for the
CO oxidation, HOR and HER studies, a home-made reversible hydrogen
electrode (RHE) was used as the reference electrode. For the CO2RR
measurements and collection efficiency determination, a Ag/AgCl reference
electrode (Pine Research Instrumentation, sat. KCl, E = 0.197 V vs.
standard hydrogen electrode) was used and the potentials were later
converted to the RHE scale for reporting. All the electrochemical
measurements were carried out either using an IviumStat bipotentiostat
(Ivium Technologies) or a Biologic (VSP-300) potentiostat. For all the
measurements, 85% Ohmic drop compensation was performed. The Ohmic
drop of the electrolyte was determined by carrying out electrochemical
impedance spectroscopy (EIS) at open circuit potential, unless otherwise
stated. The RRDE/rotating disk electrode (RDE) measurements were
performed with a Modulated Speed Rotator and E6/E5 ChangeDisk tips in a
PEEK shroud (Pine Research).

2.2.3. Working electrode preparation and dopamine modification

Before each experiment, the gold disk (diameter = 5mm, Pine instruments)
was mechanically polished on Buehler micro-polishing cloth (8 inches) with
decreasing sizes of diamond polishing suspension, hamely, 3um, 1 pm and
0.25um. Next, the disk was sonicated in ultrapure water and acetone for 10
minutes to remove any organic/inorganic impurities, and mounted on the
RRDE/RDE tip depending on the experiment that was performed. For the
RRDE tip, the Au disk and Au ring were short-circuited in order to
electrochemically polish the system in 0.1 M H>SO4 ( 0.05 V to 1.75 V vs
RHE, 200 cycles at a scan rate of 1 Vs'!) by going to the Au oxide formation
and reduction region.3° For the RDE measurements, the Au disk was electro-
polished without short-circuiting. A characterization cyclic voltammetry (CV)
of the ring and disk as well as just the disk was obtained in the same
potential window where the electrochemical polishing was performed (at a
scan rate of 50 mVs1). The electrochemically active surface area (ECSA) of
the disk was determined by calculating the charge from the reduction peak
in the characterization CV and dividing it by the specific charge of one
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monolayer of Au (390 uC cm2).3° The working electrode was then ready
for the electrochemical measurements.

For the CO2RR experiments as well as for collection efficiency
determination, further modification of the RRDE tip was performed by
coating it with dopamine.*% This was done to prevent bubble attachment on
the Teflon spacer between the disk and the ring of the RRDE tip, which
interferes with the RRDE collection factor. Briefly, the RRDE tip was
immersed in a 2g/L solution of dopamine hydrochloride (prepared with 20
mL buffer of pH = 7) for 2 hours, where the RRDE was rotated at 400
rotations per minute (rpm). After the coating, the ring and the disk were
electrochemically polished once again in 0.1 M H»SO4 electrolyte, in order
to remove any dopamine that may have deposited on the ring and/or disk.
Next, a characterization CV was obtained for the ring and the disk as well
as just the disk and they were compared with the characterization CVs of
the unmodified surface (as shown in Appendix A Figure S1). A good
agreement between these CVs indicated that the surface morphology and
ECSA did not change before and after the coating procedure, and hence
further experiments could be done without any additional modifications.

2.2.4. CO oxidation and CO2RR studies

For the determination of a suitable ring potential and for validation of the
existence of purely mass transport limited currents on the ring, CO oxidation
was performed in CO saturated 0.1 M NaHCOs electrolyte. For these
experiments an RDE tip was used instead of the RRDE tip and no dopamine
modification was performed. The working electrode was prepared and
characterized as outlined in section 2.3 and the general electrochemical
procedure is outlined in section 2.2. Once the electrolyte was saturated with
CO (for c.a. 20 min.), CO oxidation CVs were obtained in the potential
window of 0.05 V to 1.2V vs RHE (scan rate of 25 mVs™t) according to the
previously reported studies.3® Measurements were done at six different
rotation speeds, namely, 400 rpm, 800 rpm, 1200 rpm, 1600 rpm, 2000
rpm, and 2500 rpm. Thereafter, the electrolyte was saturated with H> and
the measurements were repeated in the same potential window, in order to
determine if the surface is active for HOR in the given potential window.
For the RRDE experiments, the working electrode was prepared as
mentioned in section 2.3. The measurements were done in CO saturated
0.1 M NaHCOs electrolyte. The ring potential was set to 1 V vs RHE (unless
otherwise stated) and the disk was cycled in the potential window of 1.75 V
to -1 V vs RHE at a scan rate of 25 mVs™!, with the ring current measured
simultaneously. It was observed that at potentials more negative than -1 V
(vs RHE), the RRDE tip suffered from bubble attachment and hence, it was
not possible to go to more negative potentials in these experiments. The
measurements were performed at six different rotation speeds, namely, 400
rpm, 800 rpm, 1200 rpm, 1600 rpm, 2000 rpm, and 2500 rpm and the
CO2RR and HER currents were de-convoluted after the experiments
according to section 2.7. In order to make sure that the surface did not
change during the measurement, the disk and the ring were short-circuited
and cycled in the Au oxide formation/reduction potential window in the
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working cell (0.05V to 1.75V vs RHE) in between every measurement. Post
experiment, the ring currents were corrected for any possible time-delay,
by obtaining the difference between the maxima of the disk-ring currents
(vs. time) and correcting the potential on the ring correspondingly.
Generally, the maxima of the two currents coincided (as shown in Appendix
A Figure S2) and hence, no time-delay corrections had to be performed at
the investigated rotation speeds (= 800 rpm).

2.2.5. Collection efficiency determination

The apparent collection efficiency of the ring was determined after every
RRDE experiment, in order to account for the changes in tip geometry that
incur with the assembling of the tip. 5 mM KsFeCNs was added to the
working cell (Ar sat. 0.1 M NaHCOs). Thereafter, the disk was cycled
between -0.45 V to 0.54 V (vs Ag/AgCl) and the ring potential was set to -
0.23 V (vs Ag/AgCl). The readings were taken at different rotation speeds
and the collection efficiency was determined by using equation 2. It should
be noted here that the RRDE tip was mechanically polished prior to each run
to avoid any possible effects from the gold corrosion induced by
hexacyanoferrates during the collection efficiency determination.*!

2.2.6. HER studies in NaHCO3 and NaOH

For direct comparison with RRDE experiments, HER studies were done in Ar
saturated 0.1 M NaHCO:s electrolyte; for this experiment, an RHE reference
and an RDE tip were used. The working electrode was prepared according
to section 2.3. The CVs were taken in the potential window of 0 V to -1 V vs
RHE at a scan rate of 25 mVs! at different rotation speeds. Additional
studies were also done at different bicarbonate concentrations (0.025 M,
0.05 M, 0.2 M, 0.4 Mand 0.5 M) by following the same procedure as above.
In order to study the role of pH on water reduction reaction, further studies
were done at pH 10, 11, 12 and 13 by using NaOH, where the ionic strength
of the electrolyte was maintained at 0.1 M by adding NaClO4. This was done
in order to eliminate any effects from the cation concentration changes in
the bulk and to have a comparable ionic strength with the experiments done
in NaHCOs. In these studies, the CVs were taken in the potential window of
0 V to -0.8 V vs RHE at a scan rate of 25 mVs™, at 2500 rpm.

2.2.7. RRDE set-up: development and methodology

The advantage of the RRDE set-up used in this work hinges on the selective
oxidation of CO on the Au ring, under diffusion limited conditions. As has
been mentioned in the Introduction, CO oxidation has been shown to reach
diffusion limited currents on the Au electrode surface both for acidic and
alkaline pH values. However, there are no studies for CO oxidation on Au in
a bicarbonate electrolyte (pH = 7). The onset of CO electro-oxidation on the
Au surface is pH dependent, with the more alkaline pH showing less positive
onset potential.3® Moreover, in the presence of strongly adsorbing anions,
the CO oxidation reaction can be hampered, because anions can block the
surface for OH- ions, which are essential for CO oxidation mechanism.*2
Therefore, it is important to investigate the CO oxidation reaction on Au in
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the bicarbonate electrolyte system and determine the potential window
where this reaction reaches diffusion limitation (if at all). Hence, we
performed CO oxidation in 0.1 M NaHCOs using a gold RDE. In Figure S3
(Appendix A) we show that CO oxidation has an onset potential of ca. 0.4 V
vs RHE and reaches diffusion limitation in the potential window of 0.7 to 1.1
V in 0.1 M NaHCOs3 (CO sat.) electrolyte. Moreover, the Koutecky-Levich
analysis at 1 V (Fig. S3, inset) is linear with an intercept = 0, providing
further confirmation that there is no kinetic limitation for the process in the
given potential window. Thereafter, the Au surface was also studied in H>
atmosphere in the bicarbonate electrolyte at different rotation speeds in the
same potential window, to make sure that the surface is not active for HOR
under these conditions. Figure S4 (Appendix A) illustrates that the current
has no rotation speed dependence in the presence of Hz, which establishes
that only double layer charging occurs on the Au surface. Hence, these
studies confirm that the proposed RRDE set-up is suitable for the
quantitative detection of CO during CO2RR in bicarbonate electrolytes.
Furthermore, based on the Koutecky-Levich analysis the ring potential was
set to 1 V vs RHE for the studies performed with the RRDE.

The apparent collection efficiency (N, refer to equation 2) of the dopamine
modified RRDE tip was evaluated by using the Fe[CN]e3~ /Fe[CN]s *~ redox
couple (as outlined in section 2.5) and it was determined to be 0.23 (&
0.02). This is in good agreement with the reported literature value.43 This
also confirms that the dopamine coating on the Teflon spacer does not
interfere with the mass transfer equations and the boundary conditions that
are applicable for the RRDE set-up.4* Hence, the dopamine modification of
the RRDE tip provided a stable and reproducible collection efficiency in the
potential window of the RRDE experiments (0 to -1 V vs RHE), which is
essential for the quantification of CO2RR and HER using this set-up.

idisk

N =

(2)

Lring

The RRDE set-up can be used for the deconvolution of CO2RR and HER under
the assumption that H. and CO are the only products on the Au
polycrystalline disk in the potential window of our studies. This is a
reasonable assumption given that most long-term electrolysis studies have
determined CO to be the only appreciable product of CO, reduction on Au
surface.* ¢ 27 The partial current density for CO formation can be simply
calculated form the experimental ring current (iring) and the experimentally
determined apparent collection efficiency (N) as:

Jeo= ——ina__ (3)

N XECSAgjick

where ECSAuisk is the electrochemically active surface area of the disk which
has been determined according to experimental section 2.3. The Faradaic
efficiency for CO formation can be calculated as:
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iringx100

FEco = (4)

ligisk|XN
where igisk is the experimentally obtained total current on the disk during
the RRDE measurements in 0.1 M NaHCOs (COz sat., pH= 6.9) electrolyte.
The partial current density and Faradaic efficiency for HER can be calculated
from:

Juer = Jaisk —Jco (5)
FEHER == 100 — FECO (6)

where Jdisk is the total current density during RRDE measurements
calculated by dividing the iqisk with the electrochemically active surface area
of the disk (ECSA 4isk). Thus, the RRDE set-up employed can be used for the
online quantitative studies on the competition between HER and CO2RR,
under well-defined mass transport conditions.

2.3. Results and discussion

Figure 1 shows the results of an experiment in which the effect of the mass
transport rate (disk rotation rate) and electrode potential on the CO2RR
Faradaic selectivity are summarized, based on the data shown in Figure 2.
Figure 2a shows the total current density measured on the disk, and Figure
2b shows the associated ring current corresponding to CO oxidation during
a typical RRDE experiment. Following the procedure outlined in section 2.7,
the partial current densities for the reduction of CO> to CO and the
competing HER are plotted in Figures 2c and 2d, respectively. From the
results in Figure 2c and 2d, the Faradaic efficiency for the conversion of CO>
to CO can be evaluated as a function of disk rotation rate and electrode
potential, as shown in Figure 1. It should be noted here that the Faradaic
selectivity trend with the applied potential is identical to previous studies
that were performed using long-term electrolysis, with a maximum Faradaic
efficiency of 83% for CO formation achieved at -0.6 V (vs RHE).4>
Furthermore, Figure 1 shows that the Faradaic efficiency for CO formation
increases with higher mass transport rate, in agreement with previous
studies performed by Bell and co-workers and Cheng and co-workers.?3
2>However, the reason for the enhanced efficiency is not, or not only, the
improved mass transport of CO;, but rather the lower rate of HER with
increased disk rotation rate. In fact, Figure 2c shows that the CO2RR rate
itself does not strongly depend on the rotation rate. This alludes to the lack
of COz concentration depletion at the interface, either via the heterogeneous
COZ2RR or via the shift of the homogeneous CO; hydration equilibria. CO2RR
induced CO:. depletion is understandably absent, on account of the low
experimental current densities which are at least an order of magnitude
lower than the theoretically limiting current densities (see Table S1 in
Appendix A). This is in contrast with the previous studies by Bell and co-
workers, who observed that the partial current density for CO formation
increased with increasing flow rate.?>-26 However, it should be noted that
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their studies involved drastically different diffusion layer thicknesses (=100
pm) compared to the RRDE set-up discussed here (£ 2 ym). Hence, it
appears that mass transport limitations become operational for CO2RR only
in the cases where diffusion layer thicknesses are at least few orders of
magnitude higher than the present study. Notably, the local pH gradient,
which is dependent on rotation rate, does not deplete the CO concentration
at the interface (according to equation 1), suggesting that the convection
control alleviates the homogenous depletion of CO;, in accordance with the
slow kinetics of this reaction (ti2 = 19s, at near-neutral pH). This is in
agreement with a previous study by Xu and co-workers, who showed that a
stirring rate of =450 rpm suffices to maintain the CO; concentration at the
interface to its bulk value.3: 16 This shows that a stable rate for CO formation
can be achieved by maintaining the COz bulk concentration at the interface
and appropriate convection control is a straightforward route to achieve
that.
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Figure 2 Faradaic efficiency for CO formation (blue) and HER (red) as a function of potential (vs RHE)
and rotation rate for Au polycrystalline surface in CO> sat. 0.1 M NaHCO3 (bulk pH =6.8) as calculated
from equation 4 and 6 respectively. The direction of the arrow indicates increasing rotation speed,
from 800 to 2500 rpm.

Since the change in Faradaic efficiency of CO2RR with the rotation rate is
intimately related to the HER rate, we have studied the rotation rate and pH
dependence of the HER separately.

HER in bicarbonate (near-neutral pH) can be considered to proceed via two
pathways, either by the so-called proton reduction where HCO3™ acts as the

proton donor or via water reduction (shown in eqn. 7 and 8, respectively).4>
46

HCO; + 2¢~ — H,+ 2C0% (7)
H,0 + 2¢~ — H, + OH™ (8)

For HCO3  mediated HER, increasing the rotation rate will promote the rate
of the reaction by transporting away the OH" ions formed in the vicinity of
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the electrode, thereby alleviating the homogenous depletion of bicarbonate
by reaction 9:

HCO3; + OH™ < CO§_+ H,0 (9)
O 1
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Figure 3 (a) Total current density on the Au polycrystalline disk at different rotation speeds (b)
Associated CO oxidation current on Au ring at different rotation speeds during RRDE studies in CO;
sat. 0.1 M NaHCOs (bulk pH = 6.8) with a scan rate of 25 mVs1. De-convoluted (c) Partial current
density for CO formation (d) Partial current density for HER, as calculated from the RRDE experiments
according to equation 3 and 5 respectively. The direction of the arrow indicates increasing rotation
rate in all the figures.

Consequently, with decreasing local alkalinity, the availability of HCO3" for
contributing to HER will increase. However, the opposite rotation rate
dependence for HER activity is observed in our experiments (as shown in
Figure 2d). Notably, these results are in agreement with the previous studies
by Bell and co-workers wherein they reported that on planar Ag foils, partial
current density for HER decreases with increasing mass transport (flow rate)
in 0.1 M bicarbonate electrolytes.?>-2® However, the nature of this effect was
not discussed in further detail. We further investigated the rotation rate
dependence of HER in Ar sat. NaHCOs (shown in Figure 3) so as to eliminate
any possible artefact from the simultaneous CO2RR. However, a similar
rotation rate dependence is observed for HER, both in Ar sat. and CO; sat.
0.1 M bicarbonate electrolyte. Hence, the experimental data shows that
water reduction is more likely to be the dominating branch for HER in 0.1 M
bicarbonate electrolyte. We note that at higher buffer strength of the
electrolyte (0.5 M NaHCO3), the rotation rate dependence of HER is in fact
reversed (as shown in Figure S5, Appendix A).
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Figure 4 CVs obtained at different rotation rates for HER using the RDE on Au polycrystalline surface

in Ar sat. 0.1 M NaHCOs (bulk pH = 9) at 25 mVsL, The direction of the arrow indicates increasing
rotation rate.

Further analysis with increasing bicarbonate concentration (as shown in
Figure 4) shows that the dominant branch tips towards the bicarbonate-
mediated HER with the increasing buffer capacity of the electrolyte (0.2 M
bicarbonate). Hence, the dominant branch of HER is fundamentally
dependent on the polarization induced pH gradient at the interface, which
is influenced by the electrolyte buffer strength as well as by the rotation
rate. In-fact, the rotation speed dependence of HER is a straight forward
way to ascertain the dominant branch of HER under given experimental
conditions. We focus here on the role of rotation rate in determining
CO2RR/HER selectivity only in 0.1 M bicarbonate electrolyte as it has been
shown previously that at this bicarbonate concentration the selectivity
towards CO is optimal.l7: 4748 An in-depth study on the effect of changing
electrolyte buffer strength for CO2RR/HER selectivity will be presented
elsewhere. Note that the absolute currents for HER are higher under CO:
sat. conditions (Fig. 2d) compared to the Ar sat. conditions (fig 3). This can
be attributed to the lower concentration of HCO3™ (®0.095 M) under Ar sat.
electrolytes (pH =9), due to the bicarbonate-carbonate speciation
reaction.*® Once the CO; is bubbled into the electrolyte, it equilibrates with
the hydroxyl ions to give back the bicarbonate and hence CO; saturated
conditions enhance the contribution from bicarbonate mediated HER.
Nevertheless, a similar rotation speed dependence indicates that water
reduction provides the majority current in 0.1 M bicarbonate electrolyte,
under both the environments (Ar and CO;) that are investigated.

Since water reduction determines the overall selectivity under the given
experimental conditions, water reduction reaction was probed further at
alkaline pH (pH 10 to pH 13) in order to circumvent any interference from
other Faradaic processes. Interestingly, it was observed that on a Au
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polycrystalline surface,

increasing alkalinity (as shown in Figure 5).
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Figure 5 Ratio of HER current density at 2500 rpom and 800 rpm at -0.8 V (vs RHE) as a function of
the sodium bicarbonate concentration in mM, obtained under Ar sat. conditions on Au polycrystalline
surface using RDE. A ratio of less than 1 indicates that the water reduction is the dominant branch
of HER and a ratio of greater than 1 indicates that bicarbonate mediated HER is the dominant branch.
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Figure 5 CVs obtained for HER on Au polycrystalline surface at 2500 rpm in 0.1 M NaOH (pH 13),
0.01 M NaOH +0.09 M NaClO4 (pH 12), 0.001 M NaOH + 0.099 M NaClO4 (pH 11) and 0.0001 M
NaOH +0.0999 M NaClO4 (pH 10), at 25 mVs. The direction of the arrow indicates increasing bulk

pH.

These results are counter-intuitive since water reduction reaction is
expected to be pH independent and hence it should not be affected either
by the bulk pH or by the local pH variations. However, the pH dependence
for HER on gold in alkaline media as shown in Fig. 5 has been observed
before.4°->1 More recently, Bell and co-workers have also reported a
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comparable trend for the pH dependence of HER on polycrystalline Cu
surface.>? Further investigations are needed in order to fully understand the
pH dependence of water reduction reaction on gold. Notably, in contrast with
the Au surface, Pt (111) surface shows a decrease in water reduction activity
with the increasing alkalinity.>® However, given the opposite cation effect for
water reduction reaction on these surfaces, a different pH dependence is
not unexpected.”* The important point to make here is that the pH
dependence for water reduction on the Au surface agrees very well with the
observed decrease of the HER rate with increasing rotation rate in 0.1 M
bicarbonate electrolyte. Since the OH" ions are transported away from the
electrode at an accelerated rate with the increasing rotation, the decrease
in local alkalinity decreases the water reduction correspondingly. Hence, the
pH regulation provided by the rotation during RRDE experiments subdues
the rate of water reduction and carves the path for higher CO2RR selectivity.

2.4, Conclusions and future work

In conclusion, we have developed here an online rotating ring disk electrode
voltammetry method for the quantification of CO and H; formation during
the course of CO2RR. In this respect, Au acts as a model catalyst and in the
future this technique can be employed for the fast screening of novel
catalysts that are expected to make CO as the most significant product of
electrocatalytic CO2RR. Moreover, we show that by providing convection,
the concentration of CO; at the interface is maintained to be equivalent to
its concentration in the bulk and therefore, a stable rate for CO2RR is
achieved. Importantly, enhanced mass transport also acts as a local pH
regulator because it mitigates the local buildup of OH" ions formed in the
vicinity of the electrode. This helps steering the Faradaic selectivity towards
CO2RR by suppressing water reduction to H». Interestingly, it is observed
that water reduction on the Au surface, improves with increasing alkalinity.
This further points to the fact that water reduction is the pre-dominant
branch of HER that competes with CO2RR in the usually employed 0.1M
bicarbonate electrolytes. However, care should be exercised in extending
the conclusions of the present study beyond the coinage metals, since the
reaction mechanism (including the rate determining step and the product
identity) can also have a profound impact on the observed trends for
rotation rate dependence.

The inferences drawn from this work show that mass transport provides a
flexible way for tuning the Faradaic efficiency towards CO2RR in aqueous
electrolytes. In this regard, future work will focus on elucidating the role of
various electrolyte parameters (buffer strength, nature of anions and
cations) for CO2RR and HER kinetics under well-defined mass transport
conditions. Moreover, additional experimental work will allow to formulate a
comprehensive quantitative mass transport model which can provide more
general insights on the role of local concentration gradients in CO2RR/HER
selectivity.
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Chapter 3

The interrelated effect of cations and
electrolyte pH on the hydrogen
evolution reaction on gold electrodes
in alkaline media



Abstract

In this work we study the role of alkali metal cation concentration and
electrolyte pH in altering the kinetics of hydrogen evolution reaction (HER)
at gold (Au) electrodes. We show that at moderately alkaline pH (pH =11),
increasing cation concentration significantly enhances the HER activity on
Au electrodes (with a reaction order ~0.5). Based on these results we
suggest that cations play a central role in stabilizing the transition state of
the rate-determining Volmer step by favorably interacting with the
dissociating water molecule (*H--OH%--cat*). Moreover, we show that
increasing electrolyte pH (pH 10 to pH 13) tunes the local field strength
which in turn indirectly enhances the activity of HER by tuning the near-
surface cation concentration. Interestingly, a too high near-surface cation
concentration (at high pH and high cation concentration) leads to a lowering
of the HER activity, which we ascribe to a blockage of the surface by near-
surface cations.
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3.1. Introduction

Research on the electrochemical hydrogen evolution reaction (HER) is at the
heart of realizing a sustainable and economically feasible hydrogen-based
economy. Additionally, this “simple” two-electron transfer reaction serves
as a test ground for the laws of electrocatalysis and therefore continues to
be of utmost importance, both in fundamental electrochemistry and for
application purposes. However, the rigorous experimental and theoretical
studies that have been undertaken to discern the activity descriptors
governing the kinetics of HER at acidic pH (2H* + 2e- —» H; proton
reduction), ' 23 cannot satisfactorily explain the activity trends that have
been observed at alkaline pH (2H20 + 2e- — H> + 20H"; water reduction).*
6 This gap in the understanding of HER in alkaline media is a major hindrance
in the optimization of alkaline water electrolysers, which can in principle be
more cost efficient than the acidic Proton Exchange Membrane
electrolysers.”-8

The major caveat in the present understanding of HER in alkaline media
arises from two main factors, (1) lack of systematic studies on surfaces
other than Pt in a broad pH window,°1? and (2) sole focus on the hydrogen
adsorbed on the metal surface (Hupda and Hopa) as the key descriptor for
HER.11-14 Platinum is considered the best metal for HER since it catalyzes
HER at negligible overpotential (in acidic media), owing to its optimal
hydrogen binding energy (AGw,adsorption # 0). The large variations in the rate
of HER (up to few orders of magnitude) on different electrode materials have
been typically correlated to the variations in the free energy of hydrogen
adsorption on these catalysts.!- 12-13 It is reasonable to assume that these
activity trends would also hold in alkaline pH. However, there is ample
experimental evidence that catalysts that bind hydrogen less optimally than
Pt (such as Pt-Ru alloys, Ir and 3d metal hydroxide, chalcogenide and
phosphide modified electrodes) show superior catalytic activity in alkaline
media.'>18 Additionally, the loss in the activity of HER on the different
crystal facets of Pt in going from acidic pH to alkaline pH, cannot be
explained satisfactorily by the changes in the hydrogen binding energy
(HBE) either. Yan and co-workers have suggested that the sluggish kinetics
of HER in alkaline media can be attributed to the increasing HBE with
increasing pH, as derived from the positive shift of the underpotential
hydrogen (Hupd) peak in the blank voltammetry.!'! However, it has been
shown that the positive shift in the Hupa peak arises from the weakening of
the OH adsorption on Pt(100) and Pt(110) sites due to the presence of alkali
metal cations near the interface, and that there is no direct relation to
changes in the HBE.1%-20 Moreover, unlike Pt(100) and Pt(110), Pt(111) does
not show changes in the experimentally observed HBE with a change in
electrolyte pH, however it still shows a drastic drop in the HER activity as
the electrolyte pH is increased.?! These apparently conflicting trends point
to a fundamentally different nature of HER in alkaline media, where the
dissociation of water at the metal interface can introduce an additional
energy barrier for the reaction and therefore, the overall reaction rate can
depend on additional factors, such as the interaction of water and its
dissociation products with the (electro-)chemical environment at the metal-
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electrolyte interface. Recently, our group has shown that reorganization of
interfacial water may be an important descriptor for the activity of HER in
alkaline media on Pt(111), which can be modified indirectly via the
electrolyte pH and/or by the clusters of Ni(OH)2 at the surface through their
influence on the potential of zero charge and the resulting interfacial electric
field. These results showed that the interfacial electric field affects the
structure of the water network at the interface which in turn controls the
HER kinetics in alkaline media. 2! Nevertheless, in order to arrive at a clear
molecular picture of what dictates the activity of HER in alkaline media, it is
vital to also probe the short-range interactions that can affect the metal-
water interface locally.

In this regard, the non-covalent interactions between the water molecules
and alkali metal cations have been shown to play a significant role in
determining the HER activity by locally interacting with the
reactants/products of HER. Most notably, Markovic and co-workers have
probed the promotional role of Li* ions in improving the HER activity in
alkaline media®> 22, More recently, Grimaud and co-workers have shown
that these effects are also operational in organic electrolytes.?3 In general,
these studies attribute the promotion of the electrochemical water
dissociation step to favorable cation-water interactions. However, various
discrepancies still exist in the current literature since the HER activity has
been observed to decrease from Li* to Cs* on the different facets of Pt and
Ir, while the opposite trend has been observed on Au and Ag.?* The trend
on Pt and Ir is in good agreement with the previous works of Markovic and
co-workers, however, the discriminant behavior of the alkali metal cations
on the transition metal electrodes (Pt, Ir and Rh) and the coinage metal
electrodes (Au and Ag) indicates that a wide range of electrode-electrolyte
combinations needs to be probed in order to completely understand the role
of metal-adsorbate interactions in the kinetics of HER in alkaline media.

In this work, we address these issues by systematically studying HER in
alkaline media on Au electrodes. We will show that the HER activity on
polycrystalline Au and Au(111) surfaces is enhanced significantly with the
increasing alkali metal cation concentration in the electrolyte, but only in a
limited pH region around pH 11. We propose that the cations near the
interface interact favorably with the transition state of the rate-determining
Volmer step by stabilizing the (partially) negative hydroxide which is being
split off from the reacting water molecule (*H--OH%--cat*). Remarkably, at
higher pH, the effect of the concentration of alkali cations is diminished, and
it is even negative at pH=13. Furthermore, capacitance curves obtained
from impedance spectroscopy suggest that the electrolyte pH also
influences the near surface composition of the electrolyte such that an
increasing electrolyte pH leads to a corresponding increase in the near-
surface cation concentration. This results in an apparent pH dependence for
the HER activity on the Au electrodes where similar to the cation
concentration effect, saturation is observed at extreme pH values (pH 13 to
pH 14). We attribute the saturation and inhibitive effects observed at high
pH and at high cation concentration to a blockage of the surface by cations
when they reach a threshold concentration.
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This work shows that the electrolyte pH and the near-surface cation
concentration are inter-dependent parameters, which cannot be easily de-
coupled in alkaline media. Hence, our work provides foundational insights
on the complex molecular origin of the pH dependence of HER, and we
believe that these insights will be instrumental in guiding further
fundamental work and eventually the design of optimized catalyst-
electrolyte conditions for HER in alkaline media.

3.2. Experimental section

3.2.1. Chemicals

The electrolytes were prepared from H2S04 (98% by wt. solution, EMSURE,
Merck), HCIO4 (60% by wt. solution), NaClO4 (99.99%, trace metals basis,
Sigma-Aldrich), NaOH (32% by wt. solution, analysis grade, Merck) and
Ultrapure water (MilliQ gradient, 218.2 MQcm, TOC < 5 ppb). Ar (6.0 purity,
Linde) and Hz (5.0 purity, Linde) were used for purging the electrolytes. To
prepare the roughened Au electrodes for in situ Raman studies, KAu(CN)2
(99.95 %, trace metals basis, Sigma-Aldrich), KAg(CN)z (Sigma-Aldrich),
Na>COz (= 99.5%, Sigma-Aldrich) and HCIOs4 (60% by wt. solution,
EMSURE, Merck) were used.

3.2.2. General electrochemical methods

The electrochemical measurements at pH 10 to pH 12 were carried out in
home-made borosilicate glass cells and measurements at pH 13 were
carried out in a home-made PTFE cell. The reference electrode was
separated from the working compartment with the help of a Luggin capillary
and the counter electrode was a Au wire (99.99% purity), unless otherwise
stated. The glassware was cleaned prior to each experiment by boiling it
five times in ultrapure water. When not in use, the glassware was stored in
1 g/L solution of KMnO4 (acidified). Before boiling, any traces of KMnO4 and
MnO. were removed from the glassware by submerging it in a diluted
solution of acidified H20 (few drops of conc. H>SO4 and 10-15 mL H>0> in
excess water) for half an hour. Before every experiment, the electrolytes
were purged for ca. 20 minutes with Ar to remove any dissolved oxygen
form the electrolyte. Moreover, during the measurement, Ar was also
bubbled over the headspace of the electrochemical cell, in order to eliminate
any interference from the ambient oxygen. A home-made reversible
hydrogen electrode (RHE) or a Ag/AgCl reference (Pine research
instrumentation, sat. NaCl, E = 0.197 V vs standard hydrogen electrode)
were used as the reference electrode in all the experiments. All the
electrochemical measurements were carried out using a Biologic (VSP-300)
potentiostat and a MSR rotator (Pine Research). For all the CVs taken, 85%
Ohmic drop compensation was performed and for all the steady-state
potentiostatic measurements 100% Ohmic drop compensation was applied.
The Ohmic drop of the electrolyte was determined by carrying out
electrochemical impedance spectroscopy (EIS) at 0.05 V (vs RHE; double-
layer region). All the measurements with Au polycrystalline were performed
with E6/E5 ChangeDisk tips in a PEEK shroud (Pine Research) and all the
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measurements with Au(111) were performed with a home-made PEEK
shroud compatible with the MSR rotator.

For the pre-electrolysis studies, a home-made PTFE cell was used in which
overnight (16 hrs.) chronopotentiometry was performed in 0.1 M NaOH
electrolyte at a constant current of -1 mA and polycrystalline Pt wires were
used, both as the counter and as the working electrode. Thereafter, the
electrodes were removed from the electrolyte under potential control. The
results from the pre-electrolysis studies are shown in Figure S7 (Appendix
B).

3.2.3. Working electrode preparation

Au Polycrystalline: Before each experiment, the Au polycrystalline disk
(diameter = 5mm, Pine instruments) was mechanically polished on Buehler
micro-polishing cloth (8 inches) with decreasing sizes of diamond polishing
suspension, namely, 3um, 1 pm and 0.25um. Next, the disk was sonicated
in ultrapure water and acetone for 10 minutes to remove any
organic/inorganic impurities, and mounted on the RDE tip. Thereafter, the
Au polycrystalline disk was electrochemically polished in 0.1 M H2SO4 (0.05
V to 1.75 V vs RHE, 200 cycles at a scan rate of 1 V s1) by going to the Au
oxide formation and reduction region.?> Prior to each experiment, a
characterization cyclic voltammetry (CV) of the disk was obtained in the
same potential window where the electrochemical polishing was performed
(at a scan rate of 50 mV s!), as shown in Figure S1 (Appendix B). For
calculating the current densities in the HER activity the electrochemically
active surface area (ECSA) of the disk was determined by calculating the
charge from the reduction peak for the Au oxide in the characterization CV
and dividing it by the specific charge of one monolayer of Au (390 uC cm-
2).2> The working electrode was then used for the electrochemical
measurements.

Au(111): Before each experiment, the Au(111) disk (diameter = 7mm)
was prepared by performing multiple cycles (= 10) of flame annealing (ca.
1 min) and quenching (MilliQ water).2® Thereafter, it was transferred to the
electrochemical cell with a protective layer of MilliQ water. The quality of the
single crystal preparation was ascertained by checking its double layer
features in 0.1 M H>SO4 (0.1 V to 1.15 V vs RHE), as shown in Figure S1
(Appendix B). For calculating the current densities in the HER activity
experiments, the geometric surface area of the crystal (0.38 cm?) was used.

3.2.4. Electrochemical measurements for HER activity

Table 1 Compositions of the electrolytes employed for the pH dependence studies of HER

10 — — 2x101
102 — 9x 1072 2 10
1073 — 9.9 x 1022 2 x10°1

- - 10 2x10t
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— 10 9.99 x 102 2x10°1
— 10° 9.9 x 1072 2 x101
— 10 9 x 102 2 x10°1
— 10 — 2x101
- 10° — 2 %100

All the studies for the pH dependence of HER were done in Ar sat. 0.1 M
electrolytes (except pH =14), as shown Table 1. The CVs were taken in the
potential window of 0 V to -0.65 V vs RHE at a scan rate of 25 mVs and
the working electrode was rotated at 2500 rpm in every measurement.
Additionally, to obtain the Tafel data, chronoamperometry was performed
in the potential window of the CVs at 50 mV potential steps while rotating
the electrode (2500 rpm). Generally, 20 seconds per potential step were
enough to reach the steady-state. EIS measurements were performed at
different pH values (pH 10 to pH 13) with Au(111) in two potential windows,
the double layer region (0.1 V to 0.6 V vs RHE) and the near HER region (0
V to -0.3 V vs RHE), with frequencies ranging from 30 KHz to 1 Hz and a
peak to peak amplitude of 5 mV. Moreover, a 10 uF shunt capacitor bridge
was added between a secondary counter electrode (Au wire) and the
reference electrode in order to eliminate any artefacts caused by the non-
ideal behavior of the potentiostat at high frequencies. The impedance data
was fit with the help of EIS Zfit (part of Biologic’s EC-Lab software) by using
the equivalent electric circuit shown in Figure 5a. The typical EIS plots (and
fits) obtained during the experiments are shown in Figure S9, S10 and S11
(Appendix B).

All the studies for the bulk cation concentration dependence of HER were
done at pH 11 (103 M NaOH), pH 12 (102 M NaOH) and pH 13 (0.1 M NaOH)
where the cation concentration was varied in the electrolyte by adjusting
the concentration of NaClO4, as shown in Table 2. The CVs were taken in
the potential window of 0 V to -0.65 V vs RHE at a scan rate of 25 mVs
and the working electrode was rotated at 2500 rpm in every measurement.
Additionally, to obtain the Tafel data, chronoamperometry was performed
in the potential window of the CVs at 50 mV potential steps while rotating
the electrode (2500 rpm). Generally, 20 seconds per potential step were
enough to reach the steady-state. Impedance measurements were also
performed in the double-layer region (0.1 V to 0.6 V vs RHE) and the near
HER region (0 V to -0.3 V vs RHE) at 2 different concentrations of NaClOg,
namely 5 mM and 50 mM and different electrolyte pH values (pH 10 to pH
12). The parameters of the EIS measurements were same as above.

Table 2 Compositions of the electrolytes employed for the cation concentration dependence studies
of HER

107 5x 103 1.2 x 102
5x 1072 1.02 x 101
2.5 x 10! 5.02x 10!
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~ 100

5 x 10
100 2 x10°
1072 5 x 103 3 x 102
5 x 102 1.2 x 10
2.5 x 10 5.2 x 10
5x 101 1.02 x 10°
10° 2.02 x 100
10 5x 103 2.1 x 10
5 x 102 3 x 101
2.5 x 101 7 x 101
5 x 10 1.2 x 10°
10° 2.2 x 100

3.2.5. In situ surface enhanced Raman Spectroscopy measurements
In situ surface enhanced Raman spectroscopy (SERS) measurements were
performed with a LabRam HR800 (Horiba Jobin Yvon) confocal microscope,
which featured a HeNe laser (632.81 nm) where the laser beam was
introduced through an objective lens to the roughened Au electrode in a
vertical arrangement.?” In order to avoid beam damage the laser beam was
attenuated by a factor of 10 resulting in a measured beam energy at the
location of the Raman cell of 0.28 W. The measurements were performed
with electrolytes of different pH (pH 10 to pH 13) with a fixed total ion
concentration (0.2 M; refer to Table 1) where the spectra were recorded in
the potential window of 0.2 V to -0.6 V (vs RHE and vs NHE) at 200 mV
potential steps. It was not possible to go more negative than -0.6 V (vs
RHE) because beyond these potentials, the hydrogen bubbles attached to
the surface disturbed the vertical spatial resolution in the optical window.
The polycrystalline Au electrode was prepared for the SERS studies by
electrochemically depositing roughened nano-porous Au channels at the flat
Au electrode by following the procedure outlined by Searson and co-workers
and Eich and co-workers.28-29 Briefly, a binary alloy solution of AgscAu2o was
prepared with KAg(CN)2 and KAu(CN)2z in 0.25 M Na2COs buffer solution and
it was electrochemically deposited onto the Au substrate electrode at -1.2 V
(vs Ag/AgCl) for 7 min. Thereafter, Ag was de-alloyed from the film by
electrochemically cycling (20 cycles) the electrode in a 1 M HCIO4 solution
between 1.05 V to 1.2 V (vs Ag/AgCl) at 5mVst. Thereafter, the electrode
was ready for the SERS measurements.

3.3. Results

3.3.1. Role of cations in the HER kinetics in alkaline media

First, we examine the effect of cation concentration on the kinetics of HER,
for constant values of the electrolyte pH. In Figure 1a and 1b we show that
at moderately alkaline electrolyte pH (pH 11), the HER activity increases
significantly with increasing Na* cation concentration in the electrolyte, both
on polycrystalline Au and Au(111) surfaces. These experiments illustrate
that on a Au electrode, at pH=11, increasing the (near-surface)
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concentration of the cations positively affects the kinetics of HER in the
alkaline media. Interestingly, measurements at higher pH (shown in Figure
2) show that HER reaction orders in cation concentration are pH dependent.
The HER reaction order in cation concentration is around 0.5 at pH 11
(shown in Figure 2a and 2b), around 0 at pH 12 (shown in Figure 2c and
2d), whereas at pH 13 negative reaction orders are obtained (shown in
Figure 2e and 2f). We note that for isolated data points in Fig.1 (especially
pH=11 and 5 mM NaClO4), we cannot neglect the possible contribution of
OH- migration to the measured current. However, this effect can be safely
neglected for the higher concentrations of NaClO4, and therefore there is no
significant effect of OH- migration on the derived reaction orders. The pH
dependence of the (fractional) reaction orders suggests that the cation
induced alteration in the rate limiting step affects a species which is
adsorbed at the electrified interface. The Tafel slope of ~120 mV/dec in the
low overpotential range (see Figure S2 in Appendix B) further indicates that
the first electron transfer step (H.0 + e- + * - H—=* + OH"; Volmer step) is
rate determining.?® In this scenario, fractional reaction orders at pH 11
correspond to a regime with intermediate cation concentration in the double
layer which will in-turn lead to an intermediate coverage of the activated
water molecule at the interface.

(a) Au Polycrystalline (b) Au(111)
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Figure 1 Cyclic voltammograms obtained for HER on (a) Au polycrystalline surface and (b) Au(111)
surface at 2500 rpm in 0.001 M NaOH (pH 11) for different concentrations of NaClO4 ( 5 mM, 250
mM, 500 mM and 1000 mM) in Ar sat. environment at 25 mVs,

The near zero reaction orders obtained at pH 12 indicate that, in addition to
the bulk cation concentration, the electrolyte pH also affects the near-
surface concentration of cations. A pH dependent cation concentration near
the interface can be rationalized based on the fact that the potential of zero
charge (Epzc) shifts positively with the increasing electrolyte pH (Epzc = E°zc
+ 0.059pH; Ep,c = 1.12 V/RHE at pH 11), thus resulting in a quite negative
interfacial electric field (AE= E-Epz) under the conditions used in these
measurements.31-33 Hence, it can be expected that at these moderately
alkaline conditions the near surface cation concentration starts to approach
saturation.

Interestingly, a closer look at the effect of the cation concentration changes
at pH 12 (see Figures 2c and d and Figure S3 in Appendix B) reveals that
while an initial increase in the cation concentration shows a small positive
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effect on the activity of HER, at higher concentrations, a slight drop in the
HER activity is observed. Furthermore, at pH 13 the increasing cation
concentration exhibits an entirely inhibitive effect on HER activity (see
Figures 2e and f and Figure S3 in Appendix B). These results show that
above a certain threshold concentration, the promotional effect of the
cations first plateaus and then inhibits the kinetics of HER.
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Figure 2 Reaction order plot of HER in the cation concentration at pH 11 on (a) Au polycrystalline and
(d) Au(111), at pH 12 on (b) Au polycrystalline and (e) Au(111) and at pH 13 on (c) Au Polycrystalline
and (f) Au(111), at 50 mV potential steps (vs RHE) plotted as a function of the logarithm of the
current density on the y-axis and logarithm of the [Na*] concentration on the x-axis. The
corresponding slopes (reaction orders) are indicated next to the plots, where the slope at the bottom
corresponds to the applied potential of -0.45 V (vs RHE) and the slope at the top corresponds to the
applied potential of -0.60 V (vs RHE) in all the graphs.

Here, the pH dependence of HER reaction orders in cation concentration
would signify a correlation between the electrolyte pH and the near-surface
cation concentration. In the next section we elucidate these effects further
by studying the role of electrolyte pH in tuning the kinetics of HER for a
constant value of bulk cation concentration.
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3.3.2. HER kinetics in alkaline media as a function of the bulk pH
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Figure 3 Cyclic voltammograms obtained for HER on (a) Au polycrystalline surface and (b) Au(111)
surface at 2500 rpm in 0.1 M NaOH (pH 13), 0.01 M NaOH +0.09 M NaClO4 (pH 12) , 0.001 M NaOH
+ 0.099 M NaClO4 (pH 11) and 0.0001 M NaOH +0.0999 M NaClO4 (pH 10), in Ar sat. environment
at 25 mVsl. Steady-state current obtained at 50 mV potential steps at 2500 rpm on (c) Au
polycrystalline surface and (d) Au(111) surface at different pH values (same as above), plotted as
function of the applied overpotential on the y-axis and the logarithm of the current density on the x-
axis where the corresponding Tafel slopes at each pH value are indicated next to the plot. Tafel slopes
obtained from the differentiation of the cyclic voltammograms in (a) and (b) plotted as a function of
the applied potential (vs RHE) for (e) Au polycrystalline and (f) Au (111) at different pH values.

In Figures 3a and 3b we show that both polycrystalline Au and Au(111)
exhibit an increase in the HER activity on the RHE scale with increasing
electrolyte pH, at a constant concentration of cations (0.1 M) in the bulk.
Moreover, chronoamperometry measurements in Figures 3¢ and 3d show
that the steady-state currents for the HER also increase with the increasing
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pH. The Tafel slopes thus obtained decrease with the increasing pH,
confirming that the increasing electrolyte pH enhances the potential
dependence of the HER reaction on Au electrodes. Additionally, in Figures
3e and 3f we plot the Tafel slopes, as derived from the cyclic
voltammograms, as a function of the applied potential, confirming the trend
of the steady-state chronoamperometry: Tafel slopes of around 120 mV/dec
are obtained at low overpotentials for all the pH values and they increase
with lower pH.

The pH dependence of the HER kinetics is interesting because
thermodynamically, the onset for HER is expected to remain constant on
the pH dependent RHE scale (Ernve = Enne + 0.059pH), because for a given
potential on the RHE scale, the thermodynamic driving force is the same,
regardless of pH.

However, if the Volmer step is indeed rate limiting (as indicated by the Tafel
slopes), the kinetics for this reaction should not depend on the electrolyte
pH because no proton or hydroxide is involved in the reactant side of the
rate limiting reaction equation (H20 + e- + * - H—+* 4+ OH"), implying that
the rate should be constant on the pH independent NHE (Normal Hydrogen
Electrode) reference scale. Figure 4 shows the data of Figures 3a and 3b on
the NHE scale. Remarkably, there is also a pH dependence of the kinetics of
HER under alkaline conditions on the NHE scale: the HER kinetics become
slower with increasing pH, in contrast to the situation on the RHE scale,
where the reaction becomes faster. Since the (bulk) cation concentration is
constant in these measurements, this result appears to imply an intrinsic
pH dependence of the HER on Au.
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Figure 4 Cyclic voltammograms for HER plotted on the NHE scale for (a) Au polycrystalline surface
and (b) Au(111) surface at 2500 rpm in 0.1 M NaOH (pH 13), 0.01 M NaOH +0.09 M NaClO4 (| )
, 0.001 M NaOH + 0.099 M NaClO4 (pH 11) and 0.0001 M NaOH +0.0999 M NaClO4 (pH 10), in Ar
sat. environment at 25 mVs! where the data has been obtained from Figures 3a and b respectively,
by converting the potentials from the RHE scale to the NHE scale (Enve = Erue - 0.059pH).

The enhancement in the HER kinetics with the increasing electrolyte pH (on
the RHE scale) agrees with the observed pH dependence of cation
concentration effects. Together, these results indicate that the increasing
electrolyte pH leads to an increase in the near-surface concentration of
cations which positively affects the HER kinetics on the RHE scale.
Remarkably, the near saturation effects are also captured for the reaction
order of HER in the bulk electrolyte pH, as shown in Figures 5a and 5b where
the reaction order on the bulk pH decreases from around 0.2 to 0 in going
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from pH 7 to pH 14. Similar trends in the experimental reaction orders for
the cation concentration and the electrolyte pH suggest that these two
parameters are tuning the same active species at the interface.

3.3.3. Probing the Au interface in alkaline media
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Figure 5 Reaction order of HER in bulk electrolyte pH for a constant concentration of cations in the
bulk (0.1 M; except pH 14 where it is 1 M) on (a) Au polycrystalline and (b) Au(111) at 50 mV
potential steps (vs RHE) plotted as a function of the logarithm of the current density on the y-axis
and bulk pH on the x-axis. The corresponding slopes (reaction orders) are indicated next to the plots,
where the slope at the bottom corresponds to the applied potential of -0.50 V (vs RHE) and the slope
at the top corresponds to the applied potential of -0.65 V (vs RHE).

In order to gain a better understanding of the pH dependence of the Au-
water interface in alkaline media, we performed electrochemical impedance
spectroscopy (EIS) to determine the capacitance of the Au(111) electrode-
electrolyte interface at different pH values. Figure 6 summarizes these
results, where we fit the EIS data with the circuit shown in Figure 6a and in
Figure 6b and 6¢ we plot the specific capacitance as obtained through these
fits as a function of the applied potential (vs RHE) in the double layer region
and the near HER region, respectively. It should be noted here that in order
to fit the double-layer capacitance (Cai) we have to employ a constant phase
element (CPE; Zcpe = Car'(jw)™ ) indicating that the double layer behaves
non-ideally in these experiments, possibly due to interfacial heterogeneities
arising from the surface disorder or due to the surface position dependent
ion adsorption/diffusion phenomena.3*

Interestingly, even with the Au(111) electrode, the CPE exponent term (n)
decreases with the increasing pH (see Figure S10 in Appendix B), indicating
that the CPE behavior of the double layer must originate from the changes
in the metal-electrolyte interactions as the electrolyte pH is changed. In
fact, Lipkowski and co-workers have shown using in situ infrared
spectroscopy measurements that anions such as OH-, SO42- and ClI- can
adsorb on Au(111) surface in the double layer region under near-neutral
and alkaline conditions.3> Thus, it can be expected that in our experiments,
OH- specific adsorption at the interface contributes to pseudocapacitive
charging resulting in the CPE behavior of the double layer. Consequently, it
is impossible to differentiate between the physical meaning of the double-
layer capacitance (Cq) term and the adsorption capacitance (Cad) term in

67

Chapter 3



Chapter 3

the EEC (shown in Figure 6a) of the system, since both of these terms
represent changes in the ion adsorption behavior at the interface.
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Figure 6 Electrochemical impedance spectroscopy on Au(111) in 0.1 M solutions at different pH
values. (a) The equivalent electrical circuit (EEC) that was used to fit the data, featuring the Rso term
for the internal solution resistance, constant phase element term (Zcpe) which is used to derive the
double layer capacitance (Zcpe = Cuil(jw)™ ) under the assumption that C'q represents the true double
layer capacitance (Cq;) in the limit of n 2 0.95 and Ra4, Caq terms for the charge transfer resistance
and the capacitance related to any adsorption phenomena at the interface. In the double layer region,
where no Faradaic adsorption processes happen, Raq and Casq terms can be neglected as the main
contribution in the overall capacitance comes from the Zcpe (C'a;) term whereas near the onset of HER
it is assumed that the main contribution in the overall capacitance comes from the Csq term as the
exponent term (n) for Zcpe becomes quite low (n~0.2), thereby losing any physical meaning. We plot
the specific capacitance (uF/cm?) as obtained through these fits in (b) double layer region and in (c)
near-HER region, given by the Cq term and Caq term respectively, as a function of the applied potential
(vs RHE).

25 25

(a) Au(111) pH 10 (b) Au(111) pH 10

Double layer region e 5mM Near HER region o 5mM
rCE‘ *— 50 mM ;”50 mM

P
> =l p it o 2Ff 5mM
© g 5 mM = . o 50 mM

£ * 50 mM S ° ° pH 12
e} o e o PH 12 w ) o 5mM
2151 3 0 g g ? M o 5mM 3 . X o 60 M
e e 1 . e
i o ° e % o @ 4 ® 50 mM 08 s | . . .
(o) B o o ° - ° ° < 8 ®
¢
oo o8 % o ST g
10 |- e > °
b -

» 10 K -

°

sl " " L " " L L " " "

0,1 02 03 04 05 06 07 03 0.2 0,1 0.0 0.1
EN vs RHE EN vs RHE

Figure 7 Electrochemical impedance spectroscopy on Au(111) at different cation concentrations (and
pH) in the electrolyte, where the capacitance is derived from the same EEC as in Figure 5a. Here we
plot the specific capacitance (ufF/cm?) as obtained from the fits at pH 10, pH 11 and pH 12, in the (a)
double layer region (Ca) and (b) near HER region (Caq) at two different concentrations of the NaClO,,
namely, 5 mM and 50 mM, represented by light and dark data points respectively.

Additionally, it should be noted that all the potentials applied during the
impedance measurements are more negative than the Epx. of Au(111)
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(0.474 V vs RHE at pH 0; Epzx = E%z + 0.059pH), 33 resulting in a net
negative interfacial electric field (AE= E-Epz) at the electrode at all the
investigated potentials. Hence, an increase in the interfacial capacitance
(both Caiand Caq) with the increasing pH suggests a corresponding increase
in the interfacial concentration of the cations. In order to confirm this effect,
we performed additional EIS measurements at a constant pH with varying
concentration of the cations in the electrolyte (shown in Figure 7). In
agreement with our hypothesis, we observe an increase in the interfacial
capacitance with the increasing cation concentration in the electrolyte.
These analogous variations in the capacitance curves evidence that these
two parameters, namely, the electrolyte pH and the bulk cation
concentration, affect the electrode-electrolyte interface in a similar manner.
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Figure 8 In situ surface Raman spectra of hydrogen adsorption on roughened Au polycrystalline
electrode at (a) 0.0 V, (b) -0.4 V vs RHE and (c) 0.0 V, (d) -0.4 V vs NHE obtained in 0.1 M NaOH
(pH 13), 0.01 M NaOH +0.09 M NaClO4 (pH 12) , 0.001 M NaOH + 0.099 M NaClO4 (pH 11) and
0.0001 M NaOH +0.0999 M NaClO4 (pH 10), in Ar sat. environment.

In order to gain further insights into the intrinsic pH dependence of the Au-
water interface during hydrogen evolution we also performed in situ surface
enhanced Raman spectroscopy (SERS) to probe the changes in the Au—H
vibrational band as a function of the electrolyte pH. Figure 8 presents the
SERS results, where we attribute the band located around 2100 cm™ to the
H bonded on top of the Au surface atom.36-38 These results show that the
Au—H vibrational band shifts to lower wavenumbers with the increasing
electrolyte pH (pH 10 to pH 13) indicating that the nature of the adsorbed
hydrogen is indeed pH dependent. Moreover, the pH dependent shift in the
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band occurs both on the RHE scale and on the NHE scale, suggesting that
these changes have an intrinsic pH dependence and they are not convoluted
by the changes in the near-surface cation concentration. In principle, a shift
to a lower wavenumbers with the increasing pH could indicate that the
hydrogen bond strength decreases with the increasing pH, though one must
be careful in electro-sorption systems to correlate changes in metal-
adsorbate frequencies to corresponding changes in binding energies
because there is no theoretical basis for such a correlation.39-40
Interestingly, Mao and co-workers have previously observed a similar pH
dependence for the Pt—H vibrational band.3® Notably, the observed Stark
tuning effect for the Au—H band (see Appendix B Figure S12) is also similar
to the previously reported Stark tuning effect for the Pt—H band.38

While these spectroscopy measurements do not allow us to draw detailed
quantitative conclusions, together with the impedance data, they do lead to
two important qualitative conclusions that are in line with the conclusions of
the previous section: (i) there is an intrinsic pH dependence of the (double
layer structure of the) gold-aqueous electrolyte interface, presumably
resulting in associated changes in the (weak) specific OH" adsorption in
double layer and the strength of the hydrogen adsorption in the HER
window , and (ii) cation and pH effects are convoluted in the sense that
higher pH invoke higher near-surface cation concentrations. We believe that
an investigation into the nature of conclusion (i) requires a detailed study
of its own.

3.4. Discussion

It is now well established that in alkaline media, the HER kinetics cannot be
described aptly by only taking the changes in the HBE into account. There
is ample experimental proof that in the alkaline pH window traditional
descriptors fail to capture the complex non-Nernstian pH dependence of HER
activity.*'Instead, various groups have successfully identified alternative
interfacial parameters that impact the HER kinetics in alkaline media, for
example the potential of zero charge pzc (or the interfacial electric field
strength), the binding energy of the co-adsorbed hydroxyl ion or
oxophylicity of surface sites in general, and the solvation energy of the
spectator cations.!® 25 24,42 These parameters are believed to influence the
rate-determining step in alkaline media, i.e. H,O + e- + * > H—x* + OH".
However, in order to arrive at a unified theory that can capture all the
experimental anomalies that exist in present literature, it is important to
understand how these key parameters influence each other and which
reaction conditions can be realized to amplify their effect on the HER
kinetics.

Our results show that on Au electrodes, the overall activity for HER in
alkaline media is indeed controlled the first electron transfer step, hence by
the barrier of the electrochemical water dissociation (H20 + e- + * — H—=
+ OH"). This rate of this reaction is enhanced in the presence of cations near
the surface under moderately alkaline conditions (pH 11). We note here that
the cation concentration dependence of HER is reminiscent of the studies
that have been conducted by Markovic and co-workers on modified
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transition metal electrodes.'>'” Moreover, based on their experimental
findings, they proposed a bi-functional mechanism for HER where in addition
to the H adsorption, the HER activity is also dependent on the OH adsorption
at the interface. However, in accordance with the recent studies by Tang
and co-workers, we believe that any direct involvement of the adsorbed OH
species in the HER mechanism would not be expected.*? It is more likely
that the cations improve the intrinsic kinetics of HER by bringing down the
kinetic barrier for the electrochemical water dissociation step. This is very
similar to a model suggested recently by our group in which the hydroxide
is (transiently) stabilized by an oxophilic adatom on the platinum
electrode.*? Therefore, the reactivity scales with (theoretical) oxophilicity of
the adatoms, even though under conditions of HER, no OH is (or is expected
to be) adsorbed at the interface, as supported by first-principles density
functional theory calculations. Hence, we propose here that the cations in
the (outer-)Helmholtz plane promote the hydrogen evolution by likewise
favorably interacting with the transition state of the reaction (H.O + e + *
+ cat* — *H -- OH%--cat* + (1-8)e" — *H + OH" + cat*) thereby increasing
the probability of electrochemical water dissociation at the metal interface.
An alternative explanation would invoke the idea that the electric field in the
double layer is affected by the cation concentration. We have previously
argued that this electric field effect may influence the reorganization of
interfacial water and thereby the rate of OH- transfer through the double
layer. We advocate here the model that cations favorably interact locally
with the negatively-charged transition state because it is a simple and
intuitive idea, but as in our recent paper, [1°1 we cannot fully discard the
more “global” electric field model (generating global field lines normal to the
electrode surface). We note that this local promoting effect of cations
(generating electric field radiating from the ion), stabilizing a key
intermediate, has also been suggested for the electrocatalytic CO:
reduction.** However, a more global effect has also been suggested, by
some of the same authors.4>

At increasingly negative potential, we expect the concentration of cations
near the surface to level off and to eventually to reach a maximum (very
much like in @ Langmuir or Frumkin isotherm). This would explain the near-
zero reaction order in cation concentration at pH=12 (as shown in Figure 2)
and, at very high cation concentration, the observed negative reaction
order. The negative reaction order suggests an inhibitive effect, which is
traditionally modeled by site blocking. Since it is unclear whether the cations
actually chemically adsorb on surface sites (but see the computational work
by Janik and co-workers)#6 or rather accumulate in double layer, the exact
origin of this inhibition may not be fully clear. We do expect however that a
high accumulation of cations in the double layer may have an adverse effect
on the extent to which reactive water can reach the gold surface.
Therefore, an “empirical” rate law accounting for the observed cation effects
would take the form:

v, = kfff'o(l - —r““"s)exp (— aFE) r’ (1)

rma.\' RT cat's
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k{770 is some effective standard rate constant, « is the transfer coefficient,
F is Faraday’s constant (96485 C mol?l), E is the applied potential with
respect to the standard potential of the reaction, R is the universal gas
constant (8.314 J K! mol?), T is the temperature (K), I'ctsis the surface
concentration of cations (in mol cm=2), I'max is the maximum (saturated)
surface concentration of cations, and y is the (empirical) reaction order in
the (local) cation concentration. This expression could be rewritten to show
more explicitly that the activation energy of the reaction is lowered by a
factor yRTIn (T'cat,s /Tmax) due to the presence of cations near the interface.
The potential dependence of Teats is then given by its corresponding
isotherm expression (the Frumkin isotherm probably being the simplest
reasonable candidate):

Tcat,s -k eXp(F(E;iPZC)) exp(—g Tcat,s ) [C(lt+]b (2)

I'max-Tcats I'max

where K'is the standard equilibrium constant for cation adsorption at the
bare surface, Epzc is the potential of zero charge (Epzc = E%zc + 0.059pHsurface
vs RHE) which incorporates the pH dependence of the HER kinetics, T'max is
the maximum (saturated) surface concentration of cations, g is the Frumkin
interaction parameter (g>0 signifying repulsive interactions), and [cat*]y is
the bulk cation concentration. We stress that equations 1 and 2 are not
supposed to model our data quantitatively; they are only meant to illustrate
the various interrelated effects of cations in a simple model.

Alternatively, it can also be argued that the buffering effect of Na* cations
due to their hydrolysis at more alkaline conditions (pKhydrolysis = 14.2) can
lower the OH- surface concentration [OH']s as the bulk electrolyte pH
becomes more alkaline, thus countering the increase in the ... .** However,
the experimentally (and theoretically) observed drop in the electrolyte pH
with the increasing cation concentration (at pH 13; see Figure S13 in
Appendix B) is small in comparison with the observed drop in the HER
activity. Hence, it is much more likely that high cation coverage impedes
the HER kinetics due to blockage effects.

Interestingly, the pH dependence of the observed reaction orders in cation
concentration suggests that in addition to the bulk cation concentration,
Icat,s Can also be tuned via the electrolyte pH. Essentially, we observe that
increasing electrolyte pH leads to a corresponding increase in the near
surface cation concentration, at a constant potential on the RHE scale, and
reaches saturation at pH=12. These results can be reconciled with the
previously reported pH dependence of the interfacial electric field (AE= E-
Epzc) due to the positive shift in the Epzc with the increasing electrolyte pH
(Epze = E°pzc + 0.059pHsurface VS RHE)?1 31-32 which will in-turn lead to an
increase in the T'cat,s (Ssee eqn.2). An important consequence in terms of
Eq.1 and 2 is that it may reproduce the pH dependence of HER on the RHE
scale as an implicit function of the cation dependence of HER kinetics.
Experimental results shown in section 3.2 confirm this prediction as we
observe an increase in the HER activity on Au with the increasing pH (on the
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RHE scale; refer to Figure 3). This is interesting because previously, the pH
dependence of the local field strength has been correlated rather to the
changes in the local solvent structure.?!' 4 Here we emphasize that any
changes in the interfacial electric field will also affect the local composition
of the electrolyte thus establishing a direct correlation between the pH
dependence and the cation dependence of HER activity. The combined effect
of the cations/interfacial electric field on the kinetics of HER will be hard to
decouple in an experiment, since they essentially emphasize local vs. global
electric field effects that may be difficult to unequivocally separate.

It should be noted here, that on a pH independent scale (NHE or Ag/AgCl)
where the Ep.c does not change with the electrolyte pH (Epzc = E%:zc), eqn. 1
predicts a pH independent I.,.. and hence a pH independent reaction rate
at a fixed potential (on the NHE scale). This agrees with the expectation
that for a rate-limiting electrochemical water dissociation step an inherent
pH dependence should not exist since no protons or hydroxide ions are
involved in the reactant side of the rate limiting reaction (H.O + e- + * —
H—= + OH"). However, the experimental results on the NHE scale show that
the HER kinetics become more sluggish with the increasing pH (Figure 4),
suggesting that the electrolyte pH has an intrinsic effect on the HER kinetics.
These results show that in addition to its subsidiary role in tuning the near-
surface cation concentration on the RHE scale, the electrolyte pH also affects
the HER Kkinetics directly. One possible reason for the intrinsic pH
dependence of the HER kinetics could be the changes in the HBE with the
changing electrolyte pH. In fact, the pH dependence of the Au—H vibrational
band, as shown in Figure 8, suggests that the nature of the adsorbed
hydrogen changes with the electrolyte pH. However, further experimental
and theoretical work is required in order to completely understand the
intrinsic pH dependence of the HER kinetics on Au in the alkaline media.
Importantly, of these two effects, the role of electrolyte pH in tuning I, is
dominant as it dictates the overall activity trend on the RHE scale where
both effects of electrolyte pH should be operational. Additionally, the
existence of these two opposing effects also explains the slightly lower
reaction orders in the bulk electrolyte pH (= 0.2; pH 7 to pH 12) for a
constant cation concentration (0.1 M) in comparison with the reaction orders
obtained in cation concentration at moderately alkaline pH (» 0.5 at pH 11).

3.5. Conclusion

From the experimental evidence presented in this paper we conclude that
that there exists an intricate interrelation between the cation and the pH
effects on the HER kinetics in the alkaline media. We have shown here that
on Au electrodes, the rate for the sluggish Volmer step is increased when
the near-surface cation concentration is increased. Based on these results,
we propose that the cations tune the kinetic energy barrier for HER by
favorably interacting with the transition state of the rate determining step
(*H -- OH%--cat*). Moreover, with the help of kinetic measurements and
interfacial capacity measurements we elucidate the indirect role of bulk pH
in tuning the near-surface cation concentration and shed light on the
convoluted nature of pH effects for HER activity. Essentially, we observe
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that on the RHE scale increasing pH results in increasing near-surface cation
concentration, thereby improving the HER kinetics. Interestingly, it appears
that in addition to these effects, electrolyte pH also affects the HER kinetics
directly, by tuning the pre-exponential factor of the reaction. However, the
overall activity trends demonstrate that near-surface cation concentration
is the more important parameter in describing the HER activity in alkaline
media on Au electrodes.

Furthermore, we show that on the Au surface cations provide optimal
enhancement of the HER activity at intermediate pH values and that this
promotional effect slows down at very high near-surface cation
concentrations (with increasing pH and increasing bulk cation concentration
in the bulk), even becoming inhibitive above a threshold concentration. This
suggests that the optimal concentration of cations for promoting HER varies
depending on the degree of stabilization required by the transition state of
the reaction indicating that the observed activity trends are strongly
dependent on the strength of the metal-water-cation interactions.
Therefore, in order to optimize the activity of HER on different
electrocatalysts it is imperative to study these interfaces individually.

To conclude, this work has elucidated the convoluted role of interfacial field
strength and the electrolyte cation concentration in tuning the rate of the
alkaline Volmer step. Essentially, we consider both the bulk cation
concentration and the electrolyte pH affect the local surface concentration
of cations, the latter by influencing the local field strength. Interfacial
cations alter the kinetic barrier of the water dissociation step by transiently
stabilizing the transition state in which the hydroxyl ion splits off from the
water molecule. Moreover, the electrolyte pH also affects the nature of the
adsorbed hydrogen at the interface, which further indicates a possible pH
dependence of the hydrogen bond strength. Our results demonstrate that
the different interfacial parameters that are generally proposed to play a
key role in the HER kinetics, all play out simultaneously at the gold-
electrolyte interface, thereby making it very difficult to experimentally
decouple these effects and identify a single activity descriptor for HER in
alkaline media. Instead, different electrode-electrolyte combinations need
to be probed individually in order to assess which parameter is the more
important for describing the HER activity on a given surface.
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Chapter 4

Understanding the role of mass
transport in tuning the hydrogen
evolution kinetics on gold in alkaline
media



Abstract

In this work we present an in-depth study on the role of mass transport
conditions in tuning the hydrogen evolution kinetics on gold by the means
of rotation rate control. Interestingly, we find that the HER activity
decreases with increasing rotation rate of the electrode. As we increase the
rotation (mass transport) rate, the locally generated hydroxyl ions (2H20
+2e” > Hz + 20H") are transported away from the electrode surface at an
accelerated rate. This results in decreasing local pH and, due to the need to
satisfy local electroneutrality, decreasing near-surface cation concentration.
This decrease in the near-surface cation concentration results in the
suppression of HER. This is because the cations near the surface play a
central role in stabilizing the transition state for the rate determining Volmer
step (*H -- OH%--cat*). Furthermore, we present a detailed analytical model
that qualitatively captures the observed mass transport dependence of HER
solely based on the principle of electroneutrality. Lastly, we also correlate
the cation identity dependence of HER on gold (Li* < Na* < K*) to the
changes in the effective concentration of the cations in the double layer with
the changes in their solvation energy.

Optimal HER activity on Au electrodes
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4.1. Introduction

Research on the hydrogen evolution reaction (HER) in alkaline media (2H20
+2e” > Hz + 20H") continues to be of utmost importance for the generation
of green hydrogen via alkaline water electrolysis.'2 Moreover,
understanding the activity trends for HER is also crucial for the development
of other renewable energy technologies, such as CO; electroreduction and
electrochemical biomass upconversion, where HER can bring down the
Faradaic efficiency of the process by acting as a parasitic side reaction.3”
Additionally, understanding the kinetic trends for this reaction is also central
to our fundamental understanding of electrochemistry, since HER has long
served as a model reaction for the theories and laws of electrocatalysis. In
this regard, the slow kinetics of HER in alkaline media remains an active
area of research, since traditional activity descriptors fail to capture/predict
the experimentally observed trends under alkaline conditions.
Traditionally, the hydrogen binding energy (HBE) on the electrocatalyst
surface has been used to describe the HER kinetics in acidic electrolytes,
where it successfully captures the changes in the HER activity on different
metal surfaces.®!! However, this descriptor suffers from certain
shortcomings as it not only fails to capture the experimental trends on
different catalysts in alkaline media, but it also fails to explain the non-
Nernstian pH dependence of HER kinetics.? It is now widely accepted that
in order to describe the HER kinetics completely, especially under alkaline
conditions, there is a need to move beyond HBE as main descriptor, and
instead focus on the influence of the electrochemical environment at the
metal-electrolyte interface. In fact, various groups have successfully
identified different interfacial parameters such as the interfacial field
strength, oxophilicity of the surface sites, and the cation solvation energy,
to name a few, as important descriptors for the kinetics of hydrogen
evolution in alkaline media.'3-1¢ It has been shown that these interfacial
parameters can affect the HER kinetics by means of favorable/unfavorable
interactions with the dissociating water molecule at the interface (H20 + e-
+ * - H—=* 4+ OH"). Hence, it appears that in addition to the HBE, the
interaction of the reacting water molecules and the resulting hydroxyl ions
also need to be considered in order to describe the electrochemical water
dissociation (Volmer step) in alkaline media completely. Eventually, a
combination of different parameters may be required to accurately predict
the overall HER rate.

In this light, alkali metal cations are one of the most crucial electrolyte
parameters in describing the HER kinetics in alkaline media as they can have
a strong interaction with the metal surface as well as the reactants (H20ads)
and products (OHads, OH") of HER. Markovic and co-workers have shown
that on transition metal hydroxide modified Pt electrodes, HER kinetics
improves in Lit ion containing electrolytes, which they attribute to the
stabilizing effect of Li* ions on the adsorbed hydroxyl (*OH--cat*) species
at the interface.'’-18 However, more recently, our group, as well as Tang
and co-workers, have shown that a direct involvement of the adsorbed
hydroxyl species is not always viable under the conditions of HER (very
negative overpotentials).!®> 1° Instead, it is expected that cations affect the
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reacting water molecule at the surface, by changing the barrier height for
the rate determining Volmer step. In addition to the debated role of the
cations in stabilizing the H20ads/OHads at the surface, it has also been shown
that cations can directly adsorb at the interface (by partially losing their
hydration shell), thus disrupting the H>0O-OHags network and weakening the
binding of OHags at the surface.?°-2! However, the exact mechanism behind
the cation assisted HER in alkaline media remains disputed, as
inconsistencies exist in the activity trends with cation identity on HER
kinetics. It has been shown by Bandarenka and co-workers that while on Pt
and Ir electrodes, the HER kinetics improves in going from CsOH < KOH <
NaOH < LiOH, on Au and Ag electrodes the opposite trend is observed.??
Recently, we have shown that in addition to the inconsistencies in the alkali
metal cation identity effects, pH affects the HER rate on Pt(111) and
Au(111) electrodes differently.?® While it was shown previously that on the
Pt(111) surface HER activity increases in going from pH 13 to pH 11, in the
case of Au(111), the opposite trend is observed. We have shown that there
is a direct correlation between pH effects and cation effects for HER kinetics
on gold, showing that as the electrolyte pH is increased, the near-surface
cation concentration also increases due to the increasing negative charge
density at the electrode. This work demonstrated the central role of cations
on the kinetics of HER in alkaline media and explained, in part, the
anomalous pH dependence of this reaction. Moreover, we showed that at
high cation concentrations, the promotional effect of cations plateaus and
eventually becomes inhibitive, which we ascribed to the blockage/crowding
of the reactive surface by the near-surface cations.?*

In this work, we study the role of mass transport in tuning the HER kinetics
on polycrystalline Au electrodes by the means of controlling the local pH
gradients. We exploit the fact that as the mass transport conditions are
enhanced, the local alkalinity at the surface is suppressed due to the
accelerated transport of OH™ ions away from the electrode. Rather than a
direct pH effect, we attribute the effect of mass transport on HER kinetics
to a corresponding decrease in the near-surface cation concentration due to
the need to satisfy the conservation of local electroneutrality. Hence, the
increasing rotation rate lowers HER activity on Au by indirectly controlling
the local cation concentration at the interface, which is a central parameter
in tuning HER kinetics. Moreover, we show that the rotation rate dependence
of HER is dependent on both bulk pH and cation identity. These trends
underscore the lower effective concentration of Lit cations in near-surface
region due to their larger hydration shell. In summary, this work provides
rational guidelines for selectively tuning the HER kinetics in alkaline media
by carefully manipulating the near surface electrolyte environment by
means of bulk pH, cation identity and mass transport.

4.2. Experimental section

4.2.1. Chemicals

The electrolytes were prepared from H2S04 (98% by wt. solution, EMSURE,
Merck), LiClO4 (99%, anhydrous, Alfa Aesar), NaClO4 (99.99%, trace metals
basis, Sigma-Aldrich), KCIO4 (= 99.99%, trace metals basis, Sigma-Aldrich),
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LiOH (99.995%, Alfa Aesar), NaOH (32% by wt. solution, analysis grade,
Merck), KOH (= 99.995%, Suprapur, Merck) and Ultrapure water (MilliQ
gradient, 218.2 MQcm, TOC < 5 ppb). Ar (6.0 purity, Linde) and H> (5.0
purity, Linde) were used for purging the electrolytes.

4.2.2. General electrochemical methods

The electrochemical measurements at pH 10 to pH 12 were carried out in
home-made borosilicate glass cells and measurements at pH 13 (and
higher) were carried out in a home-made PTFE cell. The reference electrode
was separated from the working compartment with the help of a Luggin
capillary and the counter electrode was a Au wire (99.99% purity), unless
otherwise stated. The glassware was cleaned prior to each experiment by
boiling it five times in ultrapure water. When not in use, the glassware was
stored in 1 g/L solution of KMnO4 (acidified). Before boiling, any traces of
KMnO4 and MnO; were removed from the glassware by submerging it in a
diluted solution of acidified H.02 (few drops of conc. H2SO4 and 10-15 mL
H>O> in excess water) for half an hour. Before every experiment, the
electrolytes were purged for ca. 20 minutes with Ar to remove any dissolved
oxygen form the electrolyte. Moreover, during the measurement, Ar was
also bubbled over the headspace of the electrochemical cell, in order to
eliminate any interference from the ambient oxygen. A home-made
reversible hydrogen electrode (RHE) was used as the reference electrode in
all the experiments. All the electrochemical measurements were carried out
using a Ivium technologies (CompactStat.h standard) potentiostat and a
MSR rotator (Pine Research). For all the CVs taken, 85% Ohmic drop
compensation was performed. The Ohmic drop of the electrolyte was
determined by carrying out electrochemical impedance spectroscopy (EIS)
at 0.05 V (vs RHE; double-layer region). In all the measurements the
working electrode was a Au polycrystalline disk in E6/E5 ChangeDisk tips
embedded a PEEK shroud (Pine Research).

Before each experiment, the Au polycrystalline disk (diameter = 5mm, Pine
instruments) was mechanically polished on Buehler micro-polishing cloth (8
inches) with decreasing sizes of diamond polishing suspension, namely,
3um, 1 um and 0.25um. Next, the disk was sonicated in ultrapure water
and acetone for 10 minutes to remove any organic/inorganic impurities, and
mounted on the RDE tip. Thereafter, the Au polycrystalline disk was
electrochemically polished in 0.1 M H>SO4 (0.05 V to 1.75 V vs RHE, 200
cycles at a scan rate of 1 V s') by going to the Au oxide formation and
reduction region.?> Prior to each experiment, a characterization cyclic
voltammetry (CV) of the disk was obtained in the same potential window
where the electrochemical polishing was performed (at a scan rate of 50 mV
s1), as shown in Figure S5 (Appendix C). For calculating the current
densities for the HER activity, the electrochemically active surface area
(ECSA) of the disk was determined by calculating the charge from the
reduction peak for the Au oxide in the characterization CV and dividing it by
the specific charge of one monolayer of Au (390 uC cm2).2> The working
electrode was then used for the electrochemical measurements.
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Table 1 Compositions of the electrolytes employed for the pH dependence studies of HER

10 9.99 x 1072 2x101
107 9.9 x 102 2x101
10 9 x 102 2x101
10 — 2x10%

4.2.3. Electrochemical measurements for HER activity

The studies for the pH dependence and the disk rotation rate dependence
of HER were done in Ar sat. 0.1 M electrolytes, as shown Table 1.
Additionally, studies were done in 1 M and 2 M KOH containing electrolytes
in @ PTFE cell. The CVs were taken in the potential window of 0 V to -0.65
V vs RHE at a scan rate of 25 mVs! and the working electrode was rotated
at different rotation rates (2500 rpm, 2100 rpm, 1800 rpm, 1600 rpm, 1400
rpm and 1200 rpm) in every measurement. The rotation rate was always
changed from the highest to the lowest rate, to make sure that any changes
in the local pH from the previous measurement do not interfere with the
current measurement. Moreover, in between different measurements, the
electrode was rotated at a given rotation rate for two minutes, to make sure
that the system had enough time to reach steady state conditions.

All the studies for the bulk cation concentration dependence of HER were
done at pH 11 (103 M CatOH), and pH 13 (0.1 M CatOH) where the cation
concentration was varied in the electrolyte by adjusting the concentration
of CatClOg4, as shown in Table 2. The CVs were taken in the potential window
of 0 V to -0.65 V vs RHE at a scan rate of 25 mV s and the working
electrode was rotated at 2500 rpm in every measurement.

Table 2 Compositions of the electrolytes employed for the cation concentration studies for HER

103 LiClO4/NaClO4 5 x 103 1.2 x 102
5 X 1072 1.02 x 10t
2.5 x 101 5.02x 101
5x 10 ~ 10°
10° 2 x100
KClO4 5x 103 1.2 x 102
2.5 x 102 5.2 x 1072
5 X% 102 1.02 x 10t
10 2.02 x 10!
101 LiClO4/NaClO4 5 x 103 2.1 x 101
5 x 102 3 x 10!

2.5 x 101 7 x 1071
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5x 101 1.2 x 10°
10° 2.2 x 10°
KCIO4 5 x 1073 2.1 x 10!
2.5 x 102 2.5 x 101
5x 1072 3 x 10t
10 4 x 101
4.3. Results and discussion
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Figure 1 Negative-going scan of the cyclic voltammograms obtained for HER on Au polycrystalline
surface in 0.1 M Li* ion containing electrolytes at (a) pH 11 and (b) pH 13, in 0.1 M Na™ ion containing
electrolytes at (c) pH 11 and (d) pH 13, and in 0.1 M K* ion containing electrolytes at (e) pH 11 and
(f) pH 13 at a fixed cation concentration in the bulk (0.1 M) at different rotation rates (2500 rpm,
2100 rpm, 1800 rpm, 1600 rpm, 1400 rpom and 1200 rpm) at a scan rate of 25 mVs.,

In Fig. 1 we show that on the polycrystalline Au surface, HER activity
improves as we go from a lower rotation rate to a higher rotation rate in
different alkali metal ion containing electrolytes. These results are counter-
intuitive since HER under alkaline conditions proceeds via water reduction
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reaction (2H.O +2e- > H; + 20H") and in principle, it should be mass
transport independent. However, in addition to the enhanced mass
transport of the reactants to the electrode surface, the rotation rate of the
electrode also tunes the local pH gradients. It is well known that during HER
the local pH in the diffusion layer is higher compared to the bulk, both in
acidic conditions (proton reduction) and in alkaline conditions (water
reduction), due to proton consumption and hydroxyl ion generation,
respectively.26-286 Here, the rotating rate of the electrode tunes these
gradients via the control of the diffusion layer thickness.3 2° Briefly, an
increasing rotation rate results in an accelerated transport of OH"ions away
from the electrode surface, thereby leading to a lower local alkalinity.
Hence, the observed rotation rate dependence, as shown in Fig. 1, suggests
a local pH dependence for HER on Au.
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Figure 2 Negative-going scan of the cyclic voltammograms obtained for HER on Au polycrystalline
surface in (a) Li*, (b) Na* and (c) K* containing electrolytes at a fixed cation concentration in the
bulk (0.1 M) at different electrolyte pH (pH 10, pH 11, pH 12 and pH 13) at 2500 rpm and a scan
rate of 25 mVs™1, Tafel slope analysis for HER on Au polycrystalline surface in (a) Li*, (b) Na* and (c)
K* containing electrolytes at pH 11 and pH 13, obtained from the data shown in (a), (b) and (c).

In Fig. 2 we probe this further and we find that the HER activity is indeed
pH dependent. We see that it improves with increasing pH (pH 10 to pH 13)
in electrolytes containing different alkali metal cations. Moreover, the Tafel
slope analysis also confirms that the HER kinetics improves with the
increasing bulk pH. Here, the pH dependence of HER kinetics agrees with
our recent work where we have argued that since the potential of zero
charge shifts positively (on the RHE scale) with the increasing pH (Epz =
E°z + 0.059pH), the interfacial electric field becomes more negative with
the increasing pH at the same applied potential on the RHE scale.30-31
Consequently, the near-surface cation concentration also increases with the
electrolyte pH, to counter the increasingly negative charge density at the
surface (at a constant Erne/V).23 In our recent work, we proposed that
cations near the surface can enhance the HER activity on Au electrodes by
favorably interacting with the transition state of the rate determining Volmer
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step (H20 + e + * + catt —» *H -- OH%--cat* + (1-3)e” —» *H + OH™ +
cat*).23

This shows that the bulk pH dependence of the HER kinetics expresses, at
least in part, a dependence on the near-surface cation concentration. This
can be expressed as an empirical rate law expression for HER as follows:

v, = kfffoexp(—%FTE) [Cat™]¥ (1)

where, k7% is the standard rate constant, « is the transfer coefficient, F is
Faraday’s constant (96485 C mol), E is the applied potential with respect
to the standard potential of the reaction, R is the universal gas constant
(8.314 1 K! mol?'), T is the temperature (K),[Cat*];is the surface
concentration of cations (in mol cm-3) and y is the (empirical) reaction order
in the (local) cation concentration.

We note here that while the results shown in Fig. 2 capture the dependence
of HER kinetics on near surface cation concentration as a function of the
bulk pH, these results still do not elucidate the local pH dependence of HER,
as shown in Fig. 1. This is because the bulk pH and hence, the interfacial
electric field strength at a given potential (vs RHE) remains constant in all
the measurements in Fig. 1, regardless of the rotation rate. However, in
accordance with the conservation of local electroneutrality, we would expect
the near-surface cation concentration to also vary with the local pH
gradients even at a constant field strength. In principle, local
electroneutrality will lead to a lower local cation concentration in response
to a decrease in the local concentration of hydroxyl ions. Hence, increasing
rotation rate will result in a corresponding lower local cation concentration
due to the changes in the local pH, such that [Cat®]; =
[Cat*], + B([OH 1; — [OH7],) (where pis a kind of a local transference
number; see section S1 in Appendix C for more details). This explains the
observed suppression of HER with increasing rotation rate (as shown in Fig.
1). We can express this analytically in a simple model by assuming that
under steady-state conditions the OH™ generation rate (HER rate) must be
equal to its diffusion rate:

ke (= 5F) (Cat*), + B(OH ). ~ [0H 1)) = 32 ((0H™). — [0H"],)

(2)
Where, [0H7]; is the surface concentration of hydroxyl ions (in mol cm-3),
[0H™], is the bulk concentration of hydroxyl ions (in mol cm3), &,5- is the

diffusion layer thickness (8,,- = 1.61 X Dfm_ X vé X w_% ), Doy- is the diffusion
coefficient of OH" (5.273 x 10~° cm?/s), v is the kinematic viscosity of water
(8.9 x 1073 cm?/s) and w is the angular frequency of rotation (in rad/s) and
the rest of the symbols have the same meaning as before. Hence, the
rotation rate/mass transport rate dependence of the diffusion layer
thickness (3; calculated from the Levich eqgn.) indirectly affects the near-
surface cation concentration by controlling the local pH at the surface.
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Figure 3 Negative-going scan of the cyclic voltammograms obtained for HER on Au polycrystalline

surface for a fixed cation concentration in the bulk (0.1 M) at (a) pH 11 and (b) pH 13 at 2500 rpm

and a scan rate of 25 mV/s™! in electrolytes containing different alkali metal cations: Li*, Na* and K*.

Moreover, we note here that the egn. 1 and 2 could be rewritten to show
more explicitly that the activation energy of the reaction is lowered by a
factor yRTIn (T'cat,s /Tmax) due to the presence of cations near the interface,
with Tet,s the surface concentration of cations in the double layer (in mol
cm-2) and I'max the maximum (saturated) surface concentration of cations in
the double layer.?® It is important to distinguish between surface
concentration, which is the cation concentration just outside the double
layer, and the cation concentration in the double layer, which includes the
effect of cation interaction with the surface. For instance, for the same
surface concentration, we expect Cs* to have a higher double-layer
concentration than Li*, due to its weaker hydration and stronger tendency
for specific adsorption. Therefore, Tcat,s is related to [Cat™] by an isotherm
expression including the interaction energy between ion and surface.
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Figure 4 Reaction order plots obtained for HER on Au polycrystalline surface at pH 11 in (a) Li*, (b)
Na* and (c) K* ion containing electrolytes and at pH 13 in (d) Li*, (e) Na* and (f) K* ion containing
electrolytes with varying cation concentration in the bulk at different 2500 rpm at a scan rate of 25
mVs where the slope indicates the corresponding reaction order at a fixed potential (vs RHE).

We further studied the role of these cation interaction effects by varying the
cation identity in the electrolyte. In fig. 3 we see that the HER activity on
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Au electrodes increases in the order: Li*< Na*< K* in alkaline conditions
(pH 11 and pH 13). Here the cation identity trend for HER kinetics agrees
well with the expected interaction strength of cations with the metal
interface and the reacting water molecule. Amongst the different alkali
metal cations, Lit ions tend to have the weakest interaction with the
electrified interface owing to their higher degree of solvation.20-21, 32
Moreover, Bandarenka and co-workers have also shown previously that on
the Au(111) interface, the experimentally obtained double-layer
capacitance increases in going from Lit to Cs* at a fixed bulk cation
concentration, suggesting that the effective double-layer concentration of
the cations increases (Lit < Nat < K* < Cs*) with the decreasing solvation
energy of the cations.33-3% Based on these results, we propose that the
enhancement in the HER activity on Au electrodes in going from Li* to K* is
associated to the increase in effective concentration of the cations near the
surface (Tcat,s) With a lower degree of solvation.
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Figure 5 Negative going scan of the cyclic voltammograms obtained for HER on Au polycrystalline
surface in (a) 1 M KOH (pH 14) and (b) 2 M KOH at different rotation rates at a scan rate of 25 mVs~
1, In contrast to Fig. 4 and S3, under these conditions we find that the HER increases with increasing
rotation rate, in agreement with the idea that we are in the concentration regime where cation inhibit
the HER.

Moreover, in Fig. 4, we plot the reaction order for HER in bulk cation
concentration for different alkali metal cations, at pH 11 and at pH 13,
respectively. At pH 11 the positive reaction order in cation concentration
increases in going from Li* < Na* < K*. This agrees with our hypothesis that
the effective near-surface concentration of the cations depends on their
hydration energy and hence, the increase in the reaction order can be
attributed to the corresponding increase in the near-surface “double-layer”
cation concentration in going from Li* to K*. Interestingly, we see that the
reaction orders for all the cations are less than 1, which indicates that the
inner-layer cation concentration is approaching saturation already at
intermediate pH values. Furthermore, at pH 13, we see that while in Li* ion
containing electrolytes the reaction order in cation concentration (~ 0.3) is
similar to the reaction order observed at pH 11, in Na* and K* containing
electrolytes, the reaction orders become negative. Moreover, the reaction
order is more negative for K* than it is for Na*. In fact, a closer look at the
Na* ion containing electrolyte at pH 13 (Figure 3e) shows that while an
initial increase in the cation concentration shows a near-zero reaction order
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for HER, only at higher cation concentrations the reaction order becomes
negative (also see Figure S2b in Appendix C) while in the case of K* ion
containing electrolyte, a purely negative reaction order (Figure 3f) is
obtained. These results show that as the bulk electrolyte pH, and thus, the
near surface cation concentration increases, above a threshold (saturation)
concentration, the promotional effect of the cations on the HER kinetics
vanishes and effectively becomes inhibitive at very high cation
concentrations. Traditionally, negative reaction orders above a threshold
concentration are attributed to the blocking of the reactive sites at the
surface. However, it remains an active area of debate in the field whether
the cations chemically adsorb at the surface or simply accumulate in the
outer-Helmholtz plane in the double layer.12 24: 35 In either case, it would be
expected that the accumulated cations near the surface can result in
detrimental effects for HER if the cation-metal interactions are boosted at
the expense of water-metal interactions. This hypothesis also explains the
stronger “blocking” effect at pH 13 in K* ion containing electrolytes
compared to Li* and Na* ion containing electrolytes, since Li* cations have
the weakest interaction with the metal surface due to their higher degree of
solvation.20-21 24 Hence, these results suggest that intermediate electrolyte
pH is optimal for the cation assisted HER mechanism in alkaline media and
more extreme near-surface cation concentrations at very high pH can lead
to a diminishing HER activity as the strong cation-metal interactions render
the metal surface less active for HER. Since at extremely high pH values, K+
ions show a negative reaction order for HER (Fig. 3f), we also looked at the
rotation rate dependence of HER in 1 M and 2 M KOH containing electrolytes
(Fig. 5). Interestingly, in contrast with the results obtained at lower pH
values, we observe that under these conditions, an increasing rotation rate
results in increasing HER activity in 1 M and 2 M KOH containing electrolytes.
Here, the reversed rotation rate dependence confirms that at extremely high
bulk pH/cation concentration values, an increasing near surface cation
concentration ([Cat™],) indeed inhibits HER. And hence, lowering the local
pH and thereby the local cation concentration enhances the HER rate. In the
current model eqns.(1) and (2) this effect can modeled by assuming a
negative y, i.e. a negative reaction order in local cation concentration.?3
However, we also note here that the reversed rotation dependence (Fig. 5)
is not as prominent as the inhibitive effect of cations obtained with
increasing bulk cation concentration (Fig. 3e and 3f) and we believe that
this is because while the mass transport changes can regulate the local
cation concentration at the interface, in order to obtain the reversed rotation
dependence we have to employ very high bulk pH/cation concentration (pH
14; 1 M) to begin with. Hence, even at the highest rotation rate (2500 rpm)
the local pH/cation concentration is close to pH 14/ 1 M and therefore, a
drastic improvement in the HER activity would not be expected.

4.4. Simulations from the analytical model for HER on Au electrodes
In this section, we present the simulated J-E curves as well as the calculated
surface pH and surface cation concentration thus obtained from the eqns.
written above and compare them to the experimentally observed trends
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(see section S1 in Appendix C for more details). The model is based on the
idea that the rate of HER depends on the local (interfacial) concentration of
cations, since the cations interact favorably with the transition state because
a (partially) negatively hydroxide is being split off from the reacting water
molecule, which is written analytically in the form of egn. 1 above.
Moreover, the conservation of electro-neutrality within the diffusion layer
dictates that an increase in the concentration of OH™ at the surface must be
accompanied by a corresponding increase in the concentration of cations.
Hence, the rotation rate/mass transport rate dependence of the diffusion
layer thickness (§; calculated from the Levich eqgn.) indirectly affects the
near-surface cation concentration by controlling the local pH at the surface.
We note here, that we make certain simplifying approximations in the model
(see section S1 in Appendix C for more details) and the aim here is not to
reproduce our experimental results quantitatively, but rather to capture the
mass transport dependence of HER qualitatively.

(a) .1 (b)

J calculated (MA/Cm?)

EN vs RHE ENV vs RHE E/NV vs RHE
Figure 6 (a) Simulated linear sweep voltammogram for HER on Au electrodes as obtained from eqn.
S12 (Appendix C) at different rotation rates (2500 rpm, 1200 rpm and 800 rpm). (b) The as calculated
surface pH (eqn. S11) as a function of the applied overpotential (vs RHE) at different rotation rates,
where the bulk pH is 11 in all the calculations. (c) The as calculated surface cation concentration
(egn. S7) as a function of the applied overpotential (vs RHE) at different rotation rates, where the
bulk cation concentration is 0.1 M in all the calculations.

Fig. 6a illustrates that, in agreement with our experimental results, the
simulated curves indeed show an increase in the HER current densities with
decreasing rotation rate. Here, the increase in the local pH with the
decreasing rotation rate (Fig. 6b) results in a corresponding increase in the
local cation concentration (Fig. 6¢) which in turn leads to the increase in
Jealculated With decreasing rotation. Hence, the simplified eqns. written on the
basis of electroneutrality are able to qualitatively capture our experimental
results in the low pH/cation concentration regime (pH =11).

4.5. Conclusions

This work has explored the nature of mass transport effects in tuning the
kinetics of HER on polycrystalline Au electrodes. We show that the HER
kinetics can be selectively steered by tuning the mass transport rate, for
achieving optimal near surface electrochemical environment for HER. It is
shown that with the decreasing rotation speed of the electrode (increasing
diffusion layer thickness) HER activity can be selectively enhanced on
polycrystalline Au electrodes. This enhancement arises from the associated
changes in the cation concentration near the interface, which is responding
to local changes in OH™ concentration to conserve electroneutrality, as the
rotation rate (local pH) is changed. This is because near surface cation

93

Chapter 4



Chapter 4

concentration is a central parameter in tuning the HER kinetics in alkaline
media and we propose that cations assist in the HER mechanism by
stabilizing the dissociating water molecule at the surface (*H--OH%--cat™).
Moreover, we also developed an analytical model based on electroneutrality
that qualitatively captures the observed mass transport dependence of HER
as an implicit function of its near-surface cation concentration dependence.
Lastly, we show that the HER kinetics also improves as the bulk electrolyte
pH is increased (pH 10 to pH 13) as well as with a change in the alkali metal
cation identity in the electrolyte (Li*<Na*< K*). We show that both of these
trends are also correlated to the increase in the near surface cation
concentration, which results in the enhancement of HER. In agreement with
our previous work, we show that as the electrolyte pH increases, the near
surface cation concentration also increases due to the changing interfacial
electric field. Moreover, as we go from Li* to K*, the double-layer cation
concentration increases due to the changing solvation energy of the cations.
Interestingly, the promotional effect of cations saturates above a threshold
concentration and even becomes inhibitive at extreme conditions (high bulk
cation concentration and low rotation at high bulk pH). We attribute this
inhibitive effect to the crowding of the double layer with extremely high
near-surface cation concentrations, which can in turn lead to the
crowding/blocking of the reactive sites for HER. This has interesting
implications for the alkaline water electrolyzers, as it suggests that superior
HER activity can be obtained at intermediate pH values with high ionic
strength electrolytes instead of using the highly corrosive extremely alkaline
conditions. Moreover, our results also suggest that depending on the
strength of metal-water interactions vs metal-cation interactions, divergent
HER activity trends can be obtained for the same electrolyte parameters.
Hence, it is important to probe the different electrode-electrolyte
combinations independently in order to assess the optimal reactions
conditions for HER in alkaline media on a given catalyst.
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Effect of pore diameter and length on
electrochemical CO2 reduction
reaction at nanoporous gold catalysts



Abstract

In this work, we employ differential electrochemical mass spectrometry
(DEMS) to track the real-time evolution of CO at nanoporous gold (NpAu)
catalysts with varying pore parameters (diameter and length) during the
electrochemical CO: reduction reaction (CO2RR). We show that due to the
increase in the local pH with increasing catalyst roughness, NpAu catalysts
suppress bicarbonate-mediated hydrogen evolution reaction (HER)
compared to a flat Au electrode. Additionally, the geometric current density
for CO2RR increases with the roughness of NpAu catalysts, which we
attribute to the increased availability of active sites at NpAu catalysts.
Together, the enhancement of CO2RR and the suppression of competing
HER results in a drastic increase in the Faradaic selectivity for CO2RR with
increasing pore length and decreasing pore diameter, reaching near 100%
Faradaic efficiency for CO in the most extreme case. Interestingly, unlike
the geometric current density, the specific current density for CO2RR has a
more complicated relation with the roughness of the NpAu catalysts. We
show that this is due to the presence of Ohmic drop effects along the length
of the porous channels. These Ohmic drop effects render the pores partially
electrocatalytically inactive and hence, they play an important role in tuning
the CO2RR activity on nanoporous catalysts.
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Catalyst roughness
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This chapter is based on the submitted manuscript:

Goyal, A.; Bondd, C. J.; Graf, M.; Koper, M. T. M., Effect of pore diameter
and length on electrochemical CO; reduction reaction at nanoporous gold
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5.1. Introduction

Electrochemical reduction of CO, (CO2RR) can be used to achieve a carbon-
neutral energy cycle wherein carbon-based fuels can be produced with net
zero emissions by using renewable electricity.!3> However, at present, the
economic feasibility of this reaction remains an issue, primarily due to its
low energy efficiency in commonly employed bicarbonate electrolytes,
especially at high current densities.*> Consequently, significant research
efforts have been made towards optimizing the catalyst design as well as
the reaction process conditions for achieving better CO2RR selectivities.®-®

Recently, meso- or nanoporous electrocatalyst materials have emerged as
an interesting strategy to tune the selectivity of CO2RR. To this end, most
of the research has focused on the effect intrinsic properties of nanoporous
structures (such as high, potentially active surface area, high relative
density of stepped sites and grain boundaries) have on CO2RR activity.10-1>
However, the effect of porosity towards tuning the local reaction
environment by regulating the near-surface concentration of different
reactive species (such as CO2, HCO3™ and OH") has received less scrutiny.
Given that local concentration gradients play a significant role in tuning the
competition between CO2RR and the parasitic hydrogen evolution reaction
(HER) on flat polycrystalline electrodes,® 16-17 jt can be expected that the
mass transport limitations introduced by confinement effects in and around
the nanoporous channels will also affect the competition between these two
reactions.18-20

In this respect, some recent studies have indeed emphasized the
importance of local diffusional gradients in tuning the CO2RR activity on
nanoporous electrodes.?'-2> In general, it has been shown that with the
increasing roughness/thickness of the nanoporous catalysts, the local pH at
the surface also increases, resulting in the suppression of bicarbonate-
mediated HER reaction (HCO; + 2e~ — H, + 2c0%27). However, conflicting
results have been obtained on the effect of local concentration gradients in
tuning the rate of CO2RR reaction on nanoporous catalysts. Surendranath
and co-workers have shown the formation rate of CO on nanoporous gold
(NpAu) is largely independent of the catalyst’s pore dimensions, which they
attributed to negligible concentration gradient for CO2 between the bulk
environment to the surface due to its slow acid-base equilibria in the
electrolyte.?? 26 However, in the case of nanoporous silver catalysts, the
same authors observe that increasing catalyst layer thickness results in
higher partial current densities for CO2RR.?! Meanwhile, Atwater and co-
workers have observed a similar enhancement in the rate of CO2RR in the
case of NpAu catalysts, which they attributed to the presence of grain
boundaries on nanoporous electrodes.?* On the other hand, in a similar
study, Cheng and co-workers have found the opposite effect of catalyst size
on CO2RR and attributed this to the decreasing solubility of CO; with
increasing local pH at the surface.?®

One of the complications in unambiguously elucidating the role of
nanoporous catalysts in tuning the activity of the electrocatalytic reactions
(CO2RR and HER) arises from the ancillary participation of homogenous
acid-base equilibria (€0, (aq.) + OH™ < HCO;; HCO; + OH~ < C0%™ + H,0)
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in regulating the local concentration gradients at the catalyst surface.?’-2°
Consequently, different concentration gradients can be generated near
similar catalysts due to the convoluted interplay between the homogenous
reactions, mass transport, and the heterogeneous reactions, especially in
the case of long-term bulk electrolysis measurements.3® Hence, in order to
more reliably disentangle these effects, it is imperative to track the real-
time evolution of the reaction products as well as the local concentration
gradients by using an online detection technique. Moreover, cell geometries
with well-defined mass transport conditions are also desirable in order to
avoid the time-dependent concentration polarization effects.3! To
circumvent these issues, we have recently developed two online methods,
namely, a gold ring based rotating ring disk electrode (RRDE) technique and
an online differential electrochemical mass spectrometry (DEMS) technique
based on a dual thin-layer flow cell, for the quantitative detection of CO
during CO2RR under well-defined mass transport conditions.8 17, 32-33

In this paper, we present a study on the role of pore parameters (diameter
and length) in tuning the competition between CO2RR and HER on
nanoporous Au (NpAu) catalysts by using our DEMS technique. We find that
with decreasing pore diameter and increasing pore length the Faradaic
selectivity for CO2RR increases dramatically (up to ~100%), even under
sub-optimal reaction conditions (0.5 atm. CO2 in 0.1 M NaHCOs plus 0.4 M
NaClO4). We show that this enhancement arises due to two factors: (i) the
suppression of bicarbonate mediated HER reaction with increasing local pH
at the catalyst surface and (ii) the enhancement of CO2RR at NpAu catalysts
due to the increased availability of active sites with increasing catalyst
roughness. Moreover, we show that the Ohmic drop effects across the
porous channels play an important role in tuning the obtained specific
current densities for CO2RR as they render the pores partially inactive
towards electrocatalysis. Hence, by using the online DEMS technique, we
elucidate the convoluted interplay between catalyst geometry effects and
local concentration gradient effects in tuning the activity/selectivity of
CO2RR at nanoporous catalysts.

5.2. Experimental section

5.2.1. Chemicals

The electrolytes were prepared from H2S04 (98% by wt. solution, EMSURE,
Merck), NaHCOz (= 99.7%, Honeywell Fluka), NaClOs (99.99%, trace
metals basis, Sigma-Aldrich), NaH2PO4 (= 99.0%, EMSURE, Merck),
NaxHPO4 (= 99.0%, EMSURE, Merck) and Ultrapure water (MilliQ gradient,
>18.2 MQcm, TOC < 5 ppb). CO (4.7 purity, Linde), Ar (6.0 purity, Linde)
and CO; (4.5 purity, Linde) were used for purging the electrolytes. To
prepare the nanoporous Au (NpAu) catalysts, KAu(CN)z (99.95 %, trace
metals basis, Sigma-Aldrich), KAg(CN)2 (Sigma-Aldrich), Na2COs (= 99.5%,
Sigma-Aldrich) and HCIOs (60% by wt. solution, EMSURE, Merck) were
used.

5.2.2. NpAu catalyst synthesis and characterization
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Before each experiment, the substrate electrode (polycrystalline Au) was
mechanically polished on Buehler micro-polishing cloth (8 inches) with
decreasing sizes of diamond polishing suspension, namely, 3ym, 1 um and
0.25pm. Next, it was sonicated in ultrapure water and acetone for 10
minutes to remove any organic/inorganic impurities. Thereafter, the NpAu
catalyst layer was formed on the substrate electrode by following the
electrochemical alloying-dealloying procedure outlined previously.34-36
Briefly, a binary alloy solution of 5:1 ratio of Ag/Au was prepared with
KAg(CN)2 and KAu(CN): in 0.25 M NazCOs buffer solution and it was
potentiostatically electrodeposited onto the flat Au substrate electrode at -
1.2 V (vs Ag/AgCl) for 9 min. Thereafter, Ag was de-alloyed from the film
by electrochemically cycling (20 cycles) the electrode in 1 M HCIO4 solution
between 1.05 V to 1.2 V (vs Ag/AgCl) at 5 mVs't. The as-prepared NpAu
catalyst (referred to as "NpAu4”) was thermally coarsened to obtain varying
pore diameter and height, at 523.15 K, for 120 sec., 60 sec. and 30 sec. to
form NpAul, NpAu2 and NpAu3, respectively. To avoid faulty activity
measurements due to any residual CO: in the pores, a new catalyst layer
was prepared for each measurement. To determine the roughness factor of
the catalysts, electrochemical characterization was performed in 0.1 M
H>S04 (0.05 V to 1.75 V vs RHE at a scan rate of 50 mV s!) to obtain the
electrochemically active surface area (ECSA) of the catalyst by calculating
the charge from the reduction peak for the Au oxide in the characterization
CV and dividing it by the specific charge of one monolayer of Au (390 pC
cm2).37

The morphology and the composition of the different NpAu catalysts was
checked by using the ETD detector (for SEM imaging) and the EDS detector
(for Energy Dispersive X-ray Spectroscopy) of Apreo SEM (Thermo
Scientific), respectively. After the electrochemical measurements, the NpAu
samples were rinsed with MilliQ water and upon drying placed on a custom-
made SEM holder for analysis.

5.2.3. Differential electrochemical mass spectrometry (DEMS)
measurements

All the electrochemical measurements were performed with a home-built
DEMS set-up (described in detail elsewhere).3?2 The ionization potential of
the ion source of the mass spectrometer was set to -27.5 V (vs the potential
of the formation room and +72.5 V vs ground) to circumvent the
fragmentation of CO2 at mass 28 (CO*) which allowed for the ionic signal at
mass 28 to be used for the quantitative detection of CO formed during
CO2RR.32 To achieve well-defined mass transport conditions during the
COZ2RR studies, a dual thin layer cell with a flow cell geometry was used
(described in detail elsewhere).3® We note here that for all the CO2RR
measurements, instead of using CO; saturated conditions, we employed a
1:1 (vol.) ratio of Ar/CO.. This was done in order to prevent bubble
attachment in the microfluidic channels of the dual thin layer cell, which
becomes unavoidable when high concentration of hydrophobic CO; is
dissolved in the electrolyte, as it tends to salt out in the thin channels of the
cell body (made of Kel-F) over the course of the measurements.!” Hence for
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all the CO2RR measurements, an Ar/CO. saturated electrolyte (0.1 M
NaHCOs plus 0.4 M NaClOs4 or 0.1 M NaHCOs plus 2 M NaClO4) was
introduced into the top (electrochemical) compartment of the cell where the
working electrode (NpAu or Flat Au) was placed. For all the CO2RR studies,
the cyclic voltammograms were recorded between -0.75 V and -1.2 V vs
normal hydrogen electrode (NHE; where a Ag/AgCl reference was used in
all the measurements and the potentials were converted to the NHE scale
afterwards) at a scan rate of 5 mVst. The flow of the electrolyte (5 pLs™)
through the cell was achieved with a syringe pump which swept the
electrolyte (along with the electrochemical products and the unreacted
analyte) from the top compartment to the bottom compartment of the cell
which was interfaced with the vacuum of the mass spectrometer with the
help of a porous Teflon membrane and a porous steel frit. The products of
HER and CO2RR were detected at the ionic signal at m/z 2 (H2) and m/z 28
(CO), respectively. The ionic current obtained with the DEMS is related to
the molar flux of the species by eqn. 1:

— dang) x
Iionic('i) = Tar XK (1)

where, I, ;) IS the ionic current due to a species /, % is the molar flux of

i into the mass spectrometer and K* is a proportionality constant that
reflects the sensitivity of the DEMS setup for i, which among other things is
dependent on the ionization probability of i.3° Here, the molar flux 2@ s

dt
associated to the Faradaic current It q.ic o) DY Faraday’s law:

ang) _ Iraradaic ()N (2)
dt zF

where N is the transfer efficiency of species /i in a given cell
geometry/assembly, z is the number of electrons involved in the
electrochemical reaction and F is Faraday’s constant. By substituting eqn. 2
into eqn. 1, we obtain:

_ Iraradaic () %K
Iionic i - 2F (3)

where K° = K* x Nis the cell calibration constant. In order to quantify the
ionic signals, in every new cell assembly, calibration measurements need to
be performed to determine the value of the calibration constant (x ) for H;
and CO, respectively. For the calibration of H>, measurements were
performed under Ar saturated conditions with a blank electrolyte (0.1 M
phosphate buffer and 0.4 M NaClO4), as shown in Fig. Sla of Appendix D,
where H; was evolved with 100% Faradaic efficiency (scan window of -0.6
V to -1.8 V vs Ag/AgCl at a scan rate of 5 mVs?). Using eqn. 3, K;; was
determined (Kﬁz = M) For the calibration of CO, bulk CO oxidation

Iraradaic (HER)
was performed under CO saturated conditions with a blank electrolyte (0.1
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M phosphate buffer and 0.4 M NaClO4), as shown in Fig. S1b in Appendix D,
where CO; was evolved with 100% Faradaic efficiency (scan window of -0.6
V to 0.5 V vs Ag/AgCl at a scan rate of 5 mVs). Using eqn. 3, K., was
determined (Kéo = M) Next, the ionic signals obtained at mass 2
Faradaic (CO ox.)

and mass 28 during CO2RR measurements could be used to calculate the
partial current densities for H> and CO formation from eqgn. 3.

The Faradaic selectivity for CO2RR and HER could then be calculated as
follows:

Igar: i 1 x100 Igar, i
FECOZRR — Faradaic (CO) _ [Faradaic (co) % 100 (4)
(Traraaaic (co) *Iraradaic(i,) ) Imeasured
and,
Iraradaic (H,) X100 Iraradaic (4
FEpgg = Seadate (Hz) = faradaic®a) o 100 = 100 — FEcoorr

(Traradaic (co) +Faradaic(us) ) Imeasured

(5)
In summary, by determining the calibration constants (K and k), the
online DEMS technique can be used for quantitatively studying CO2RR on
NpAu catalysts.

5.3. Results and discussion
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Figure 6 (a) Schematic representation of NpAu catalysts illustrating how thermal coarsening results
in the self-similar growth of the NpAu ligaments such that the pore diameter increases and the
effective pore length decreases with increasing coarsening. This also results in a decreasing effective
diffusive flow (Desr) through the porous channels. (b) Roughness factors of different Au catalysts as
determined by the ECSA values obtained from Fig. S2 (Appendix D), where Des decreases with
increasing roughness. (c) Faradaic efficiency for CO formation on the different Au catalysts at different
potentials (vs. NHE), as obtained from the DEMS measurements by using eqn. 4. (d) Total geometric
current density on different Au catalysts during CO2RR, (e) Partial geometric current density for HER
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on different Au catalysts obtained from the ionic current at m/z 2 by using eqn. 3 and (f) Partial
geometric current density for CO formation on different Au catalysts obtained from the ionic current
at m/z 28 by using eqn. 3. All the measurements were done in 0.5 atm. CO, in 0.1 M NaHCOs plus
0.4 M NaClO4 containing electrolyte with a scan rate of 5 mVs and a flow rate of 300 uLmin.

In this work we studied the role of pore parameters (diameter and length)
in tuning the activity/selectivity of electrochemical CO; reduction reaction
(CO2RR). For this we prepared four different nanoporous Au (NpAu)
samples via an electrochemical alloying-dealloying and subsequent thermal
coarsening procedure, as outlined in section 2.2. Electrochemical
characterization (see Fig. S2 in Appendix D) and scanning electron
microscopy (SEM) images (see Fig. S3 in Appendix D) show that the thermal
treatment of the NpAu samples results in the systematic decrease of the
ligament diameter of the porous network. Moreover, in accordance with the
previous studies,34-36: 40 we expect that thermal coarsening of the NpAu
samples results in a more or less self-similar growth of the porous
structures, i.e. an increase in the pore/ligament diameter and a
corresponding decrease in pore length (also shown in Fig. 1a). Thus, in
going from NpAul to NpAu4 the pore diameter decreases and the pore
length increases. This in turn leads to decreasing effective diffusion (Desf)
through the porous channels due to the generation of additional diffusional
gradients along the length of the pores.#! In Fig. 1b, we show the roughness
factor of the different NpAu catalysts with respect to the polycrystalline Au
electrode (Flat Au), calculated by using the as-determined ECSA (shown in
Fig. S2 in Appendix D) of the different surfaces. As expected, the roughness
factor of the catalyst surface increases with decreasing thermal coarsening.
We note here that in all the NpAu samples, we detect around 7 atomic-%
of residual Ag with EDX spectroscopy (shown in Fig. S3 in Appendix D).

Thereafter, we studied CO2RR at these catalysts by using the online DEMS,
where the ionic signals at m/z 2 and 28 were used to quantify the amount
of H2 and CO, respectively, evolved during CO2RR on the different catalyst
surfaces (for further details see section 2.3). In Fig. 1c, we show the
Faradaic efficiency for CO2RR on the different Au catalysts as derived from
the DEMS measurements by using egn. 4. In agreement with the previous
studies on nanoporous Au catalysts,!’: 22 24 we see that the Faradaic
efficiency for CO2RR increases with increasing roughness factor of the
catalysts, i.e. with decreasing pore diameter and increasing pore length
(Flat Au < NpAul < NpAu2 < NpAu3 < NpAu4). Remarkably, in the case of
NpAu4, we achieve ~100% Faradaic efficiency for CO2RR even with 0.5 atm.
of CO2. Here, the sub-optimal reaction conditions for CO2RR (0.5 atm. of
CO:instead of 1 atm. CO3) also explain the uncharacteristically low Faradaic
efficiency for CO in the case of flat polycrystalline Au (Flat Au) catalyst. We
note that in addition to the low partial pressure of CO;, the high Na* ion
concentration in the electrolyte also contributes to a lower Faradaic
selectivity towards CO2RR. We have shown previously with our RRDE
technique that with increasing cation concentration in the electrolyte (at a
fixed bicarbonate concentration) the Faradaic efficiency towards CO2RR
decreases on flat Au polycrystalline electrodes.? 33 In that work we achieved
Faradaic selectivities close to 60% in 1 atm. CO; with 0.5 M Na* ion
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containing electrolytes.33 Hence, the Faradaic efficiency of around 20% in
the case of flat Au catalysts (as shown in Fig. 1c) can be attributed to the
combination of low CO; partial pressure (0.5 atm.) and a high cation
concentration in the electrolyte (0.5 M) in our measurements.
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Figure 2 (a) Partial specific current density for HER on different Au catalysts (obtained from the data
used in Fig. 1e) and (b) Partial specific current density for CO formation on different Au catalysts
(obtained from the data used in Fig. 1f). All the measurements were done in 0.5 atm. CO, in 0.1 M
NaHCOs plus 0.4 M NaClO4 containing electrolyte with a scan rate of 5 mVs and a flow rate of 300
uLmint,

In Fig. 1d, we plot the experimentally measured total geometric current
density, and in Figs. 1e and 1f we plot the corresponding partial geometric
current densities for HER and CO2RR calculated from the ionic currents
measured at mass 2 and 28, respectively. We see that the geometric current
density for HER decreases in going from Flat Au to NpAu4 (as shown in Fig.
le) and hence, the enhancement in the CO2RR Faradaic efficiency with the
increasing roughness of the NpAu catalysts can, at least in part, be
attributed to the suppression of competing HER reaction.?'-22: 2> We have
shown previously with the RRDE technique? 33 that in bicarbonate containing
electrolytes, HER can either be mediated by HCO3™ ions (eqn. 6) or by H>O
molecules (eqn. 7):

HCO; + 2e~ — H, + 2C0%~ (6)
H,0 + 2e~ — H, + OH™ (7)

and that these two branches show a divergent dependence on electrolyte
pH. It was observed that while HER due to the discharge of HCOs ions
decreased with increasing pH, for water reduction reaction the opposite
takes place.8 42 Moreover, the branch of HER that competes with CO2RR is
largely dependent on the identity of the electrolyte that is employed in the
measurements. In brief, the dominating branch of HER switches from water-
mediated to HCOs-mediated with increasing bicarbonate/cation
concentration in the electrolyte.® 33 In accordance with these results, under
the experimental conditions of our measurements (0.1 M NaHCOs plus 0.4
M NaClO4) we expect bicarbonate mediated HER to be the main branch of
hydrogen evolution that competes with CO2RR.
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Moreover, we expect the partial current due to HER to be sensitive to the
local pH which, among other things, is determined by the morphology of the
electrode surface. In the case of nanoporous catalysts, with increasing
catalyst roughness, the effective diffusion through the porous channels will
decrease. As a result, the local pH will increase at the catalyst surface due
to the hindered mass transport of locally generated OH" ions away from the
electrode and at the same time, due to the hindered mass transport of HCO3z"
ions and CO: (aq.) to the surface. Hence, we attribute the decreasing HER
activity with increasing catalyst roughness, as observed in Fig. 1e, to the
corresponding increase in local pH in going from Flat Au to NpAu4. This is
because the increasing local alkalinity accelerates the homogeneous
consumption of bicarbonate near the electrode surface:

HCO; + OH™ < C02™ + H,0 (8)

which in turn leads to a paucity of HCOs" ions for participating in the HER
reaction.® We note here that the partial current density for HER decreases
both with respect to the geometric surface area (Fig. 1e) and with respect
to the ECSA of the catalysts (Fig. 2a).

On the other hand, for CO2RR, we see that the partial geometric current
density increases with increasing pore length and decreasing pore diameter
i.e. with increasing catalyst roughness, as shown in Fig. 1f. This is partially
counter-intuitive since increasing local pH at the catalyst surface should also
lead to a corresponding increase in the homogeneous consumption of COz:

€0, (aq.) + OH™ < HCO; (9)

Hence, similar to HER, we would expect that increasing local pH due to
increasing catalyst roughness will result in the suppression of CO2RR.
However, we see the opposite trend in Fig. 1f. This can be rationalized by
the fact that the rate of homogeneous CO> consumption (k&= 2.23 x 103Kg
mol s1) is six orders of magnitude slower than the rate of homogeneous
HCOs3™ consumption (ki= 6 x 10°Kg mol! s71).27:43 Consequently, the mass
transport rate of CO2 (aqg.) to the interface can outpace the rate of its
homogeneous reaction, especially under the conditions of convection control
(e.g. rotation control, flow control).

To validate this further, we performed measurements where the different
NpAu catalysts were first exposed to a CO:-saturated electrolyte and
thereafter, currents due to CO formation were measured under Ar-saturated
conditions (shown in Fig. 3). Interestingly, we see that all the NpAu catalysts
show appreciable currents due to CO formation even in the absence of a
continuous CO2 supply (Fig. 3a). Moreover, these currents persist after ten
subsequent scans (Fig. 3b) even on the catalyst with the highest roughness
factor (NpAu4). Together, these results show that despite the increasing
mass transport limitations and with this an increasing local alkalinity in the
porous channels, NpAu catalysts are able to furnish an appreciable reservoir
of CO2. Moreover, the local CO; reservoir is able to take part in CO2RR
without completely getting homogeneously consumed. In fact, with
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increasing catalyst roughness we obtain higher currents for CO formation
(Fig. 3a), thus indicating that with increasing pore length we generate a
larger CO; reservoir at the catalyst surface.
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Figure 3 (a) Partial geometric current density for CO formation on different Au catalysts (Flat Au,
NpAu1l, NpAu2, NpAu3 and NpAu4) where the dual thin layer cell (along with the catalysts) was first
flushed with a CO; sat. 0.1 M Phosphate buffer plus 0.4 M NaClOs containing electrolyte; the
measurements were done in Ar sat. conditions (with the same electrolyte) after flushing the cell with
Ar sat. electrolyte for 10 min. and in (b) the 10 subsequent scans under the same experimental
conditions described above on NpAu4 catalyst. Scan rate: 5 mVs? and flow rate: 300 uLmin™.

In Table S1 (Appendix D), we give calculated theoretical currents as limited
by mass transport for CO2RR and they are much larger than the
experimentally obtained current densities on any of the catalysts employed
in our measurements (see Fig. 1f). This shows that under the flow conditions
of our measurements (300 pL mint), we are below any mass transport
limitations for CO2RR. Hence, the slow homogenous reaction of CO; and the
lack of any mass transport limitation for CO2RR explains why the CO2RR
current density does not decrease in going from Flat Au to NpAu4. On the
other hand, the availability of electrochemically active sites at the catalyst
surface increases with increasing catalyst roughness, as a higher surface
roughness automatically comes with more surface defects which are
commonly considered sites of increased reactivity. Together, the increase
in the number of active sites and/or increased surface defects explains the
observed enhancement in CO2RR current density with increasing catalyst
roughness.

Interestingly, unlike HER, we see diverging trends when the partial
geometric current density (current with respect to the geometric surface
area) and partial specific current density (current with respect to the ECSA)
for CO2RR are compared. In Fig. 2b we plot the partial specific current
density for CO2RR and we see that while it increases in going from Flat Au
to NpAul, a further increase in the catalyst roughness results in a lower
specific current density for CO2RR, with no clear trend between NpAu2 to
NpAu4. Given that the CO2RR activity is tied to the availability of active sites
at the catalyst surface, the fact that it scales with the geometric surface
area (Fig. 1f) but does not scale with the ECSA (Fig. 2b) suggests that not
the entire surface of the NpAu catalysts participates in electrocatalysis.
This is understandable because the thin porous channels of NpAu catalysts
generate an additional electrical resistance which scales with increasing pore
length.444> As shown in Fig. 4a, at the orifices of the porous sample an
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Ohmic drop originates solely due to the electrolyte resistance (Rsoi) Which
can be mitigated by positive feedback compensation. However, the
distributed capacitance (C) and the charge transfer resistance (Rc) that
represent the electrocatalytic reaction at the interface are coupled to
additional uncompensated resistance (rpore) along the length of the pores.
This means that there is an additional barrier for the current to pass through
the pores. Hence, with increasing distance from the orifice it becomes more
difficult for the porous channels to participate in the Faradaic reaction.
Essentially, these cumulative uncompensated Ohmic drop effects can result
in an electrocatalytically inactive zone at the bottom of the porous channels
which results in the decoupling of the ECSA and the specific activity at these
catalysts. Hence, the observed trend for the partial specific CO2RR current
density as a function of the catalyst roughness (shown in Fig. 2b) can be
attributed to the fact that the increasing availability of active sites for CO2RR
from Flat Au to NpAu4 catalysts, is countered by a corresponding increase
in the Ohmic drop effects with increasing pore length. As a result, while at
relatively low catalyst roughness (NpAul; Fig. 2b) the increased availability
of the active sites overshadows these Ohmic drop effects, as the catalyst
roughness (pore length) increases further and Ohmic drop effects dominate
the overall activity for CO2RR at NpAu catalysts.

In order to validate the presence of the Ohmic drop effects at NpAu
catalysts, we performed additional CO2RR measurements (shown in Fig. 4)
by increasing the supporting electrolyte concentration in the system. Since
increasing supporting electrolyte concentration will increase the conductivity
of the electrolyte, it should result in a proportional decrease in the Ohmic
drop (rpore) along the porous channels. Hence, we would expect the partial
specific current density for CO2RR to increase with increasing ionic strength
of the electrolyte at NpAu catalysts.

The results in Fig. 4 confirm this expectation: on all the NpAu catalysts (Fig.
4d and 4f) the partial specific current density for CO2RR increases with
increasing concentration of the supporting electrolyte, while on flat Au
catalysts, the partial current density for CO2RR slightly decreases with the
increasing ionic strength (Fig. 4b). This confirms that Ohmic drop effects
along the porous channels play a significant role in determining the obtained
specific current densities for CO2RR on NpAu catalysts.

Notably, the presence of these Ohmic drop effects on NpAu catalysts also
implies even though the total amount of CO; inside the pores increases with
increasing pore size, this CO> does not necessarily react everywhere within
the pore. Because it takes longer for CO; to diffuse out of a more porous
electrode, this “unreacted” CO; can lead to an enhanced current for CO2RR
under non-steady-state conditions, until the pores are depleted of CO; (as
is the case in the results shown in Fig. 3b). Hence, it should be kept in mind
that this local CO2 reservoir can affect the observed CO2RR activities on
NpAu catalysts, however it is a non-steady-state effect.
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Figure 4 (a) Schematic representation of the circuit at NpAu catalysts where Rso is the solution
resistance between the reference electrode and the working electrode, R, C are the distributed
charge transfer resistance and the distributed capacitance associated with the Faradaic reaction at
the catalyst surface and rpore is the distributed resistance of the pore per unit length and per unit
surface area of the porous film. Partial specific current density for CO formation as obtained from the
ionic current at m/z 28 by using eqn. 3 with 0.5 atm. CO; in 0.1 M NaHCO3 plus 0.4 M NaClO4
containing electrolyte (blue) and in 0.1 M NaHCO3 plus 2 M NaClO4 containing electrolyte (pink) on
(b) Flat Au, (d) NpAul and (f) NpAu 4. Partial current density for HER as obtained from the ionic
current at m/z 2 by using eqn. 3 with 0.5 atm. CO; in 0.1 M NaHCOs plus 0.4 M NaClO4 containing
electrolyte (red) and in 0.1 M NaHCO:s plus 2 M NaClO4 containing electrolyte (orange) on (c) Flat Au,
(e) NpAul and (g) NpAu 4. Scan rate: 5 mVs and flow rate: 300 uLmin.
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Figure 5 (a) Comparison of the partial specific current density for CO formation on different NpAu
catalysts (NpAul to NpAu4) as obtained from the ionic current at m/z 28 by using eqgn. 3 with 0.5
atm. COz and 0.1 M NaHCOs in 0.4 M NaClO4 (blue) and 2 M NaClO4 (pink) containing electrolyte at
a scan rate of 5 mVs and a flow rate of 300 uL min. (b) Ratio of the specific current density in 2
M NaClO4 containing electrolyte and 0.4 M NaClO4 containing electrolyte at a fixed NaHCO3 (0.1 M)
concentration towards CO2RR (blue) and HER (red) at -1.2 V vs NHE on different Au catalysts. Here
a ratio greater than 1 indicates a higher specific current density in 2 M NaClO4 containing electrolyte
compared to 0.4 M NaClO4 containing electrolyte.

Moreover, we note that unlike CO2RR, the HER activity increases with
increasing concentration of the supporting electrolyte (Fig. 4c, 4e and 4f)
regardless of the catalyst surface. This agrees with our previous studies on
flat polycrystalline Au electrodes where we have shown that HER shows a
positive reaction order for the cation concentration in the electrolyte. In that
work we ascribed this to the changes in the double layer composition with
changing cation concentration in the electrolyte.33: 42 Moreover, in
agreement with the current study, we also observed near-zero reaction
order in cation concentration for CO2RR at flat polycrystalline Au electrodes,
which we ascribed to the enhancement of HER at the expense of CO2RR
with the increasing cation concentration in the electrolyte.33

Additionally, in Fig. 5a we plot the partial specific current density for CO2RR
on the different Au catalysts in 0.4 M and 2 M NaClOa4 containing electrolyte
and we see that while in the case of NpAul, the increasing ionic strength of
the electrolyte is able to compensate for the Ohmic drop effects completely,
for the other NpAu catalysts, only a slight improvement is observed. This
shows that by increasing the total ionic strength of the electrolyte from 0.6
M to 2.1 M we are still not able to completely compensate for the Ohmic
drop effects, especially in catalysts with higher roughness factors.
Nevertheless, increasing the ionic strength of the electrolyte does improve
the obtained specific current density for CO2RR on all the NpAu catalysts.
Importantly, there is a trade-off here between the increase in the CO2RR
activity (specific current density) and CO2RR selectivity (Faradaic efficiency)
with the increasing ionic strength of the electrolyte. As shown in Fig. 5b, the
enhancement in the HER activity with increasing ionic strength overshadows
the enhancement in the CO2RR activity on all the catalysts except NpAul.
This is also reflected in the Faradaic selectivity for CO2RR, as shown in Fig.
6, where we see that except NpAul, in all the other NpAu catalysts, the
Faradaic selectivity towards CO2RR decreases with increasing ionic strength
of the electrolyte. Hence, these results show that we can partially
compensate for the Ohmic drop effects occurring inside nanoporous
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catalysts by increasing the supporting electrolyte concentration which
enables higher CO2RR activity. However, depending on the
roughness/porosity of the catalysts, the concomitant enhancement of the
competing HER reaction with increasing cation concentration in the
electrolyte can overshadow the enhancement in the CO2RR activity, which
may therefore result in a lower Faradaic selectivity for CO2RR.
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Figure 6 Comparison of the Faradaic efficiency for CO2RR and HER in 2 M NaClO4 containing
electrolyte (top panel) and 0.4 M NaClO4 containing electrolyte (bottom panel) at a fixed NaHCO3
concentration (0.1 M) at -1 V vs NHE in 0.5 atm. CO;.

5.4. Conclusions

We studied the role of pore parameters (diameter and pore length) in tuning
CO2RR on nanoporous Au (NpAu) catalysts by using the online DEMS
technique. We find a higher CO2RR Faradaic selectivity is achieved with
increasingly narrower and longer pores (increasing catalyst roughness), and
in the most extreme case (NpAu4) we achieve near 100% efficiency even in
an under-saturated CO: solution. This enhancement is attributed to two
factors, the enhancement of the CO2RR currents due to the presence of
more active sites with increasing catalyst roughness and the suppression of
competing HER reaction due to the increasing local pH at the catalyst
surface. Interestingly, the partial specific current density for CO2RR shows
a more complicated relationship with catalyst roughness than the partial
geometric current density, as it does not scale with increasing catalyst
roughness. We show that this is due to the presence of additional Ohmic
drop across the length of the thin porous channels which plays an important
role in determining the specific activity of nanoporous catalysts.

These results have important implications as they show that with increasing
catalyst porosity, there is a trade-off between the number of active sites
and the Ohmic drop effects at the catalyst surface. These two effects
counter-act each other for tuning the CO2RR activity. This is relevant as
previous studies on nanoporous catalysts have not considered these offsets
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and some of the discrepancies in the current literature on the role of pore
parameters in tuning CO2RR activity can be explained by the presence of
these counter-acting effects. Additionally, these results also imply that the
increase in the local alkalinity due to the generation of OH" ions via CO2RR
and HER, will diminish along the length of the pores due to the increasing
Ohmic drop effects. Hence, exclusion of these effects can lead to erroneous
estimation/modelling of local pH gradients at the surface of nanoporous
catalysts.

In conclusion, this work provides important new insights into the intricate
role of local pH gradients and intrinsic geometric effects in tuning the
activity/selectivity of CO2RR at the surface of nonporous Au catalysts and
we believe that these insights will be instrumental in the rational
optimization of CO2RR on practical electrode geometries.
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FigureS1 Characterization CV of (a) Ring and Disk and (b) Disk, in 0.1 m H>SO,, recorded at 50
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Figure S3 CO oxidation CV on Au polycrystalline surface at different rotation rates in CO sat. 0.1 M
NaHCO;3 (bulk pH = 9), recorded at 25 mVs™! from 0.2 V to 1.3 V vs RHE. The direction of the arrow
indicates increasing rotation rate. Inset shows the Koutecky-Levich analysis for the CO oxidation
currents at 1 V (vs RHE), where the calculated intercept of the line is 0.006.
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FigureS4 CV for Au polycrystalline surface in H; sat. 0.1 M NaHCO3 (bulk pH = 9) in the potential
window of CO oxidation recorded at 25 mV/s™, at different rotation speeds.
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Table S3 Theoretically calculated diffusion limited currents for the two electron CO; reduction in the
RDE set-up at different rotation rates, by using the Levich equation and Fick’s first law of diffusion.
Where diffusion coefficient of CO; is taken to be 1.6 X 10 > cm?/s, the kinematic viscosity of water is
taken to be 8.9 X 103 cm?/s, the Faraday’s constant is taken to be 96500 C/mol, the number of
electrons involved is taken to be 2 and the concentration of CO; in the bulk is taken to be 33 mM.12

2.7 -36.6
1.9 -51.8
1.6 -63.4
1.4 -73.2
1.3 -81.9
1.1 -91.5
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Figure S1 Characteristic cyclic voltammograms for Au polycrystalline surface (golden) and Au(111)
surface (purple) obtained in 0.1 M H.SO4 in Ar sat. environment at 50 mVsL. The inset shows the
characteristic double-layer features of the Au(111) surface in the potential window of 0.1 V to 1.15

V (vs RHE).
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Figure S2 Tafel slopes obtained for Au polycrystalline surface (pink; right hand side on the y-axis)
and Au(111) surface (red; left hand side on the y-axis) at pH 11 for different Na *cation concentration
in the electrolyte (plotted on the x-axis). The data is obtained from the steady-state currents obtained
at 50 mV potential steps in the HER region.
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Figure S3 Cyclic voltammograms obtained for HER at pH 12 on (a) Au polycrystalline surface and (b)
Au(111) surface and at pH 13 on (c) Au polycrystalline surface and (d) Au(111) surface at 2500 rpm
for different concentrations of NaClO4 (5 mM, 50 mM, 500 mM, 750 mM and 1000 mM) in Ar sat.
environment at 25 mVs,
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Figure S4 Characteristic current densities obtained for (a) Au polycrystalline surface and (b) Au(111)
surface in 0.1 M electrolytes at different bulk pH (pH 10 to pH 13) in Ar sat. environment at - 0.65 V
(vs RHE) at 2500 rpm.
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M NaOH (pH 12), 0.001 M NaOH (pH 11) and 0.0001 M NaOH (pH 10), in Ar sat. environment at 25
mVst under stationary hanging meniscus configuration. In these experiments the ionic strength of

the electrolyte is not fixed.
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Figure S6 Cyclic voltammograms obtained for HER on (a) Au polycrystalline surface and (c) (d)
Au(111) surface at 2500 rpm in 0.1 M NaOH (pH 13), 0.01 M NaOH +0.09 M NaClO4 (pH 12), 0.001
M NaOH + 0.099 M NaClO4 (pH 11) and 0.0001 M NaOH +0.0999 M NaClO4 (pH 10), in Ar sat.
environment at 25 mVs with a Ag/AgCl reference and in (b), (d) the data is plotted on the RHE scale
where the potentials are converted post experiment from (a) and (c) respectively.

128



Supporting Information to Chapter 3

Au(111)
00| |
pH 13
—— Pre electrolysis
03 —— No pre-electrolysis
13
<
E o7}
o«
H
-
10 F
A3 -
1 1 1 L L 1 1 1 L
07 -06 -05 04 -03 -02 -01 00 01 02

EN vs RHE
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Figure S8 First five cycles of the cyclic voltammograms obtained for HER on Au(111) surface at (a)
pH 10, ,(b) pH 11, (c) pH 12 and (d) pH 13 in Ar sat. environment at 25mVs?.
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25000

o

Figure S9 Typical EIS data plotted in the Nyguist impedance representation where the fits are
obtained with the equivalent electric circuit (EEC) shown in (a) and the plots obtained at pH 10 in the
(b) double layer region (0.6 V) and (c) near HER region (-0.3 V) are shown for comparison. In general,
it was observed that in the double layer, where no Faradaic processes happen, Raiqs and Caiq terms
could be neglected as the main contribution in the overall capacitance came from the Zcpe (Zcre =
C’arl(jw)™ ) term whereas near the onset of HER the constant phase (n) for Zcee became quite low
(around 0.5), thereby losing any real physical meaning and the main contribution in the overall
capacitance came from the Caq term.
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Figure S10 Typical Nyguist admittance plots and the fits obtained from the EIS data in the double
layer region (0.5 V, 0.3V and 0.1 V; left to right) at (a) pH 10, (b) pH 11 and (c) pH 12 where the
EEC used to fit the data is the same as shown in Figure S10a. The value of the double layer
capacitance (Cq) and the CPE exponent term (n) as obtained from the Zcpe (Zcpe = Cul(jw)™; itis
assumed that Cy represents the true double layer capacitance (Cga) in the limit of n 2 0.95) term are
indicated in the graph where it is observed that the value of Cy increases from pH 10 to pH 12 and
the value of n decreases from pH 10 to pH 12. At pH 13 (data not shown) the EEC showed a significant
contribution from the Casq term in the double layer such that the exponent term of the double layer
capacitance became quite low (n < 0.9), thus making it difficult to derive any real physical meaning
from the Zcee term in the double layer.
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Figure S11 Typical Nyguist admittance plots and the fits obtained from the EIS data in the near HER
region (-0.3 V) at pH 10, pH 11, pH 12 and pH 13 where the EEC used to fit the EIS data is same as
Figure S11 (a). In the near HER region, the CPE term (Zcpe) representing the double layer capacitance
shows very low values for the exponent term (around 0.5) and hence cannot be used to derive any
physical meaning. In this region contribution from the Ca.s (adsorption capacitance) term becomes
significant such that the value of Csq increases form pH 10 to pH 13. The value for the Casq obtained
through the fits is indicated in the admittance plots.
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Figure S12 Stark tuning rates (V- cm™) obtained from the in situ Surface Raman spectra of hydrogen
adsorption on roughened Au polycrystalline electrode on the (a) RHE scale and (b) NHE scale in 0.1
M NaOH (pH 13), 0.01 M NaOH +0.09 M NaClO4 (pH 12) , 0.001 M NaOH + 0.099 M NaClO4 (pH 11)
and 0.0001 M NaOH +0.0999 M NaClO4 (pH 10), in Ar sat. environment.
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Figure S13 Experimentally measured (blue) and theoretically calculated (cyan) variation in the bulk
pH in a 0.1 M NaOH electrolyte with the changing Na* cation concentration in the electrolyte (5mM,
50 mM, 500 mM, 750 mM and 1000 mM). For calculating the bulk pH, pKnyaroysis of the Na* cation
was taken to be 14.2. The discrepancy between the experimentally observed pH and the theoretically
calculated pH most likely arises from the changes in the local pH of the electrolyte which are not
taken into account in the theoretical calculation of the pH.!
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S1. Analytical model for the HER kinetics on Au electrodes

Here, we will present a simple model for the rate of hydrogen evolution
reaction that can semi-quantitatively explain the experimental data
presented in the main manuscript. The model is based on the idea that the
rate of HER depends on the local (interfacial) concentration of cations, in
the sense that the cations near the surface, essentially in the (outer-
)JHelmholtz plane, promote the hydrogen evolution.

We assume that the rate of the water reduction reaction:

2 H,0 + 2 e — Ha + 2 OH" (S1)

is determined by the first step, as suggested by the experimental Tafel
slope:

H,0 + e + * — *H + OH- (S2)

where * is a free site on the surface and *H is a hydrogen atom adsorbed
on that site. First, we will assume that all sites on the surface are equivalent
and that there are no lateral interactions between the adsorbed hydrogens
(Langmuir model). We will also assume that the rate of this reaction
depends on the local concentration of cations because the cation can
favorably interact with the transition state of the reaction. In a formal
equation, this promoting action of the cation can be written as:

H.0 + e + * + catt — *H -- OH%--cat* + (1-8) e* — *H + OH- + cat*
(S3)

The idea is that the cation interacts favorably with the transition state
because a (partially) negatively hydroxide is being split off from the reacting
water molecule. This model is very similar to a model suggested recently by
our group in which the hydroxide is (transiently) stabilized by an oxophyllic
adatom on the platinum electrode.! The key assumptions of the suggested
rate equation are that it depends only on the concentration of cations near
the surface, not directly on the electrolyte pH, and that this dependence
follows a power law:

v, = k7 exp (f %) [Cat™]¥ (S4)

where, k77 is the standard rate constant, « is the transfer coefficient (
a = 0.5), Fis Faraday’s constant (96485 C mol), E is the applied potential
with respect to the standard potential of the reaction, R is the universal gas
constant (8.314 J K'! mol!), T is the temperature (K), [Cat*], is the surface
concentration of cations (in mol cm-3) and y is the (empirical) reaction order
in the cation concentration.

Moreover, under the steady-state conditions, the OH" generation rate (i.e.
HER rate) must be equal to its diffusion rate:
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k0 exp (— 57 ) [Cat*1Y = 222 ((0H7)s — [0H7],) (S5)

1

where §,4-is the diffusion layer thickness (5,4- = 1.61 x Dfm_ X v% Xwz2),
Doy-is the diffusion coefficient of OH- (5.273 x 1075 cm?/s), Vv is the
kinematic viscosity of water (8.9 x 10™2 cm?/s) and w is the angular
frequency of rotation (in rad/s), [0OH7], is the surface concentration of
hydroxyl ions (in mol cm-3) and [0H "], is the bulk concentration of hydroxyl
ions (in mol cm-3).

The conservation of electro-neutrality with in the diffusion layer (which is a
reasonable assumption except for the double-layer region very close to the
surface < 10 A) requires that:

[0H7]; + [ClOy ] = [Cat™] (S6)

Therefore, the increase in the concentration of OH™ at the surface must be
accompanied by a corresponding increase in the concentration of cations,
which we assume to be linear, i.e.

[Cat™]s = [Cat™], + B([OH"]; — [0H™],) (S7)

where g is a kind of local transference number:

U+ [Cat™]p _ Do+ [Cat™]p
Upqt [Cat+]b+llcloz [CZO;]b DCat+ [Cﬂ t+]b+DCIO4_ [ClO;]b

(S8)

z|FD . . . . .
(where u= % as derived from Nernst — Einstein relatlonshlp)

Hence, eqn. S5 can be re-written by substituting the expression for [Cat™],
from eqn. S7 as follows:

k0 exp (— 57 ([Cat 1, + BUOH 15 — [0H1,))Y = 225 ([0H "], — [0H 1)

(59)

There is no general analytical solution for this equation, but we can use a
first-order Taylor expansion to re-write the term
([Cat™*], + B([OH™]s — [OH7]},))Y as follows:

([Cat*], + B(OH ], — [0H71,))" ~ [Cat*],” " ([Cat*], + yB(OH ] — [0H],))

’ (Ss10)
where we have assumed that [Cat™], » B([OH" ], —[0H"],). Then by using
eqgn. S10 we can solve eqn. S9 for [0H ], as follows:

kiffo exp (—%) [Cat+]b
D — J FE —
0=~y T exp 22 (car" 1,7

14

[0H ], = [0H], + ( (S11)
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As a result, the final current for HER can be calculated as follows:

Y
effo aFE +
effo aFE 4 70 exp(-2EE)1Cat 1"
juer = —2Fk; exp( )([Cat I +8B ((DUH— VBRI “FE)([Car“]b)V 1)

e\p(——
(S12)

Here, the egns. have been written by assuming that the central parameter
that affects the kinetics of HER on Au electrodes is only the near surface
cation concentration ([Cat™];) and the rotation dependence of HER kinetics
is a byproduct of the associated changes in the near-surface cation
concentration with the changing surface pH. In the simulations we take the
standard rate constant for the reaction, i.e. k//°to be 109 cms!, since Au
is a bad catalyst for HER.? However, we note, that the values of the intrinsic
rate constant can depend on the identity of the cation in the electrolyte, but
for the sake of simplicity we neglect these effects in our simulations.
Moreover, we take y to be 0.5 in the simulations since the model is meant
to represent the promotional regime of cations for HER and based on our
experimental results (Figure 3) we expect the reaction order in cation
concentration to be a positive fractional value. Additionally, based on the
theoretically calculated values of p for the different alkali metal cations
(Table S1) we take g to be 0.5 in the simulations.

S2. Supplementary figures
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Figure S1 Characteristic cyclic voltammogram for Au polycrystalline surface (black) obtained in 0.1
M H>SO4 in Ar sat. environment at 50 mVs! where the electrochemically active surface area (ECSA)
was calculated by integrating the area of the AuxO, reduction peak in the scan.
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Figure S2 Experimentally obtained negative going scan of the cyclic voltammogram at polycrystalline
Au electrodes at pH 13 and 2500 rpm for (a) Li*, (b) Na* and (c) K* at different bulk cation
concentrations. The experimentally obtained reaction orders from these measurements are shown in
Fig. 3d, e and f in the main manuscript.
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Figure S3 Negative going scan of the cyclic voltammograms obtained for HER on Au polycrystalline
surface in Li* ion containing electrolytes at (a) pH 10 and (b) pH 12, in Na* ion containing electrolytes
at (c) pH 10 and (d) pH 12, and in K* ion containing electrolytes at (e) pH 10 and (f) pH 12 at a fixed
cation concentration in the bulk (0.1 M) at different rotation rates (2500 rpm, 2100 rpm, 1800 rpm,
1600 rpm, 1400 rpm and 1200 rpm) at a scan rate of 25 mVs,

139




Appendix C

1.2

1.0 -

Li*
08k Na’|

0.6 -

JHER 2500 rpnfYHER 1200 rpm

00 1 A 1 1
pH 10 pH 11 pH 12 pH 13
Electrolyte pH
Figure S4 Ratio of the HER current density at 2500 rpm/ 1200 rpm at -0.65 V (vs RHE) as a function
of the electrolyte pH for Li*, Na* and K* ion containing electrolytes. A ratio lower than one indicates
that the HER current density is higher at 1200 rpm than 2500 rpm. Lower values of the ratio indicate
that the difference between the current density at 1200 rpm and 2500 rpm is larger.

Table S4 The local transference number (J3) as derived from egn. S8.

D+ [Cat™]p
Dot [C“t+]b+DCIOI [Cl07]p
0.37
0.45
0.52

B
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Figure S2 DEMS calibration experiment for (a) H> and (b) CO, performed in 0.1 phosphate buffer and
0.4 M NaClO4 at 5 mVs and a flow rate of 300 uLmin* in Ar sat. and CO sat. conditions respectively.
For determining K,‘,2 the Faradaic current for HER and the ionic current at m/z 2 as shown in Sla in
the top panel and the bottom panel, respectively, were plugged into eqn. 3 (see Section 2.4 in the
Main Manuscript) where z was taken to be 2. For determining KZO the Faradaic current for CO oxidation
and the jonic current at m/z 28 as shown in S1b in the top panel and the bottom panel, respectively,
were plugged into eqn. 3 (see Section 2.4 in the Main Manuscript) where z was taken to be 2.
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Figure S3 Characterization cyclic voltammograms for different Au catalysts in 0.1 M H>SO4 in Ar sat.
environment at 50 mVs! where the charge of the AuxO, reduction peak was used to calculate the

electrochemically active surface area (ECSA) of the different samples
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Figure S4 SEM characterization of different nano-porous Au (NpAu) samples, left to right: (a) NpAul,
(b) NpAu2, (c) NpAu3 and (d) NpAu4 where the upper row shows the low magnification SEM images
and the lower row shows the high magnification SEM images for the different samples. At the bottom,
the residual Ag content (Xag) as determined by the EDX measurements at low magnification is given
for every NpAu sample along with the internal quantification error.
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Figure S5 Determination of the diffusion layer thickness in the dual thin layer cell: cyclic
voltammograms obtained in 0.1 M NaHCO3z and 0.4 M NaClO4 with 10 mM KsFe(CN)s at a scan rate
of 5 mVs!, at different flow rates, where the diffusion limited currents for ferricyanide reduction at

-0.15 V vs Ag/AgCl (indicated by the dotted line) were used to calculate the diffusion layer thickness
by using Fick’s law.
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Table S1 Diffusion layer thickness (middle column) at different flow rates as calculated from the data
shown in Figure S4 by using Fick’s first law of diffusion, where no. of electrons involved were taken
to be 1, concentration of KsFe(CN)s was taken to be 10 mM, diffusion coefficient of Fe(CN)s>* was
taken to be 7 x 10°° cm?s™? and Faraday’s constant was taken to be 96485 Cmoll. Thereafter, the
theoretical diffusion limited current for CO2RR under the condition of our studies was calculated (right
most column) by again using Fick’s law where no. of electrons involved in the reaction were taken to
be 2 and the concentration of CO> (aq.) was taken to be 16.5 mM (0.5 atm. CO;) and the values for

the diffusion layer thickness were taken from the middle column of the table.
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Figure S6 Partial current density for CO formation on Flat Au as obtained from the ionic current at
m/z 28 by using eqgn. 3 (in the main manuscript) with 0.5 atm. of CO in 0.1 M NaHCO3 and 0.4 M
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Figure S7 Partial specific current density for CO formation as obtained from the ionic current at m/z
28 by using egn. 3 (Main Manuscript) with 0.5 atm. COz in 0.1 M NaHCO3z and 0.4 M NaClO4 containing
electrolyte (blue) and in 0.1 M NaHCOs and 2 M NaClO4 containing electrolyte (purple) at a scan rate
of 5 mVs! and a flow rate of 300 uLmin™ on (a) NpAu2 and (c) NpAu3 and Partial current density
for HER as obtained from the ionic current at m/z 2 by using eqn. 3 (Main Manuscript) with 0.5 atm.
COz in 0.1 M NaHCO3 and 0.4 M NaClO4 containing electrolyte (red) and in 0.1 M NaHCOsz and 2 M
NaClO4 containing electrolyte (orange) at a scan rate of 5 mVs™ and a flow rate of 300 uLmin™ on

(b) NpAu2 and (d) NpAu 3.
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Figure S8 (a) Partial geometric current density for CO formation on different Au catalysts as obtained
from the ionic current at m/z 28 by using eqgn. 3 (Main Manuscript) with 0.5 atm. COz in 0.1 M NaHCO3
and 2 M NaClO4 containing electrolyte at a scan rate of 5 mVs™ and a flow rate of 300 uLmin. (b)
Partial geometric current density for HER and (c) Partial specific current density for HER, as obtained
from the ionic current at m/z 2 by using eqn. 3 (Main Manuscript) with 0.5 atm. COz in 0.1 M NaHCO3
and 2 M NaClO, containing electrolyte at a scan rate of 5 mVs and a flow rate of 300 uLmin,
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Figure S9 Faradaic efficiency for CO formation of the different Au catalysts in 0.5 atm. CO; and 0.1
M NaHCO3s, 2 M NaClO4 containing electrolyte at different potentials (vs. NHE) as obtained from the
DEMS measurements by using eqn. 4 (Main Manuscript).
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Summary

This thesis has shed light on some of the ways in which the local electrolyte
composition can differ from the bulk and how these changes in the local
reaction environment can determine the activity and/or selectivity of two
electrocatalytic reactions, namely, electrochemical CO; reduction reaction
(CO2RR) and hydrogen evolution reaction (HER).

In chapter 2 of this thesis we adapted the well-known rotating ring disk
electrode (RRDE) technique to study the role of mass transport in tuning
the competition between CO2RR and HER on Au catalysts. The idea was to
systematically tune the local concentration gradients at the catalyst surface
by the means of hydrodynamic convection control and to quantify the
formed amounts of CO and Hz during the reactions in an online fashion. This
was important to avoid any convolutions due to time-based concentration
polarization effects. We found that the rate of CO2RR increased slightly with
the increasing rotation rate (i.e. mass transport) of the electrode. We
attributed this enhancement to the suppression of local consumption of CO;
via its homogeneous acid-base equilibria. Interestingly, in contrast with
COZ2RR, the increasing rotation rate of the electrode led to the suppression
of the competing HER reaction (in 0.1 M bicarbonate containing
electrolytes). We showed that this suppression stems from the pH
dependence of HER, since on Au catalysts, the HER activity increases with
increasing pH of the electrolyte. Thus, with increasing rotation rate of the
electrode, as the locally generated hydroxyl ions are transported away from
the electrode surface, and the HER activity decreases. As a result, the
Faradaic selectivity for CO2RR enhances significantly with increasing
rotation rate of the electrode, in part due to the slight enhancement of CO
formation rate but mostly due to the suppression of competing HER
reaction.

In chapter 3 we further investigated the pH dependence of HER in alkaline
media on Au catalysts. We found that the pH dependence of HER is in-fact
inter-linked with the cation concentration dependence of this reaction. We
showed that the cations near the surface enhance the rate of HER by
stabilizing the transition state for the rate determining Volmer step (water
dissociation step) of this reaction. Interestingly, since the changing
electrolyte pH leads to changes in the interfacial electric field, this in-turn
results in changing near-surface cation concentration. In particular, with
increasing electrolyte pH, the interfacial electric field becomes more
negative and this results in a corresponding increase in the local
concentration of cations. Hence, the enhancement in HER activity with
increasing electrolyte pH is in-fact due to the increase in the near-surface
cation concentration. Moreover, we showed that if we keep increasing the
near-surface cation concentration, either by increasing the bulk cation
concentration or by increasing the electrolyte pH, at some point the
promotional effect of cations on HER saturates and even becomes inhibitive.
This shows that beyond a threshold concentration, the cations near the
surface can lead to blocking of the active sites for HER, either due to direct
adsorption at the catalyst surface or due to the crowding of the double layer.
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In Chapter 4 of this thesis, we reconciled the findings of Chapter 2 and
Chapter 3 by further investigating the rotation rate dependence as well as
the cation identity dependence of HER on Au electrodes. We pointed out in
this work that though the bulk pH and the local pH affect the HER activity
by tuning the near-surface cation concentration, they do it in two distinct
ways. In the case of bulk pH changes, near-surface cation concentration
responds to the changes in the interfacial electric field strength (as
described in Chapter 3). However, local pH changes (via rotation rate
control) tune the local cation concentration, simply because of the need to
satisfy local electroneutrality. Moreover, we also show in this work that
depending on the hydration energy of cations, the strength of the cation-
metal interactions can be tuned, which can also result in varying HER
activity trends.

Lastly, in Chapter 5 we implemented the understanding gained in the
previous chapters to study the role of pore parameters (diameter and
length) in tuning the local reaction environment and hence the
activity/selectivity of CO2RR and HER on nanoporous Au catalysts. To do so,
we employed our home-built differential electrochemical mass spectrometry
(DEMS) technique which allows for the online, quantitative detection of CO
and Hz over the course of CO2RR and HER. We found that similar to the flat
Au catalysts (Chapter 2), the changes in the local concentration gradients
in nanoporous catalysts mainly affect the HER activity. Notably, we could
show that due to the presence of additional ohmic drop effects in the
nanoporous channels, the entirety of the nanoporous catalysts do not
actually participate in electrocatalysis and these ohmic drop effects scale
with the length of the pores.
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Samenvatting

In dit proefschrift onderzoeken we hoe de lokale samenstelling van een
elektrolyt kan verschillen van de gemiddelde samenstelling, en hoe
verschillen in de lokale reactieomgeving de activiteit en/of selectiviteit van
twee elektrokatalytische reacties, te wezen de elektrochemische
koolstofdioxide reduktie reactie (CO2RR) en de waterstofevolutie reactie
(HER), kunnen sturen.

In hoofdstuk 2 van dit proefschrift hebben we gebruik gemaakt van de
draaiende ring-schrijf elektrode (RRDE) methodiek om de rol van
massatransport in de competitie tussen de CO2RR en HER te bestuderen op
goud katalysatoren. De achterliggende gedachte was om systematisch
verschillende lokale gradiénten in de buurt van het katalysatoroppervlak aan
te leggen door de hydrodynamische convectie te reguleren, en de gevormde
hoeveelheden CO en H; te kwantificeren tijdens de reactie. We hebben voor
deze uitvoering gekozen om mogelijke problemen gerelateerd aan de
opbouw van tijdsafhankelijke spanningsgedreven concentratiegradiénten te
verhelpen. We zagen dat de snelheid van de CO2RR iets omhoog ging
wanneer we de hoeksnelheid (en daarmee het massatransport) van de
elektrode verhoogden. Deze verhoging in snelheid schreven we toe aan het
onderdrukken van de lokale verbruik aan CO: via het zuur-base evenwicht.
In tegenstelling tot de CO2RR, zagen we dat het verhogen van de
hoeksnelheid juist leidde tot afname van de snelheid van de concurrerende
HER (in 0.1 M bicarbonaat-bevattende elektrolyten). We toonden aan dat
deze onderdrukking het resultaat is van de pH afhankelijkheid van de HER,
aangezien bij goud katalysatoren de activiteit voor de HER omhoog gaat als
de pH verhoogd wordt. Daarom gaat de activiteit voor de HER omlaag als
de hoeksnelheid omhoog gaat, aangezien dit leidt tot een toename in de
snelheid waarmee hydroxylionen zich verder weg van het opperviak
verplaatsen. Het resultaat is dat de Faraday efficiéntie voor de CO2RR
significant omhoog gaat als de hoeksnelheid van de elektrode verhoogd
wordt, deels vanwege een toename in de vormingssnelheid van CO, maar
voornamelijk door de onderdrukking van de HER.

In hoofdstuk 3 voerden we diepgaander onderzoek uit naar de pH
afhankelijkheid van de waterstofevolutie reactie aan goud katalysatoren.
We ontdekten dat de pH afhankelijkheid en de kation afhankelijkheid van
de HER aan elkaar gerelateerd zijn, en toonden aan dat de kationen in de
buurt van het oppervilak de reactiesnelheid van de HER verhogen door de
overgangstoestand voor de snelheidsbepalende Volmer-stap (de dissociatie
van water) te stabiliseren. Echter, ze zijn ook nog op een andere manier
met elkaar verbonden. Namelijk, veranderingen in de pH hebben als gevolg
dat de potentiaal aan het grensvlak verandert, en deze verandering in
potentiaal beinvlioedt op zijn beurt de kation-concentratie nabij het
oppervlak. Specifiek, als de pH wordt verhoogd dan resulteerd dit in een
negatievere potentiaal aan het grensvlak, wat dan weer leidt tot een
verhoging van de kation concentratie in de buurt van het oppervlak. Daarom
is de pH afhankelijkheid van de reactiesnelheid van de HER uiteindelijk een
gevolg van veranderingen in de lokale kation concentratie dichtbij het
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oppervlak. Verder laten we zien dat als we deze lokale concentratie aan
kationen blijven verhogen, door meer zout op te lossen in het elektrolyt 6f
door de pH te verhogen, dat het positieve effect dat het verhogen van de
kation-concentratie heeft op de op de reactiesnelheid van de HER verdwijnt,
of zelfs een negatief effect wordt. Dit resultaat toont aan dat, na een bepaald
punt, hoge lokale kation concentraties kunnen leiden tot vermindering van
de activiteit van de katalysator. Dit effect van het resultaat zijn van
adsorptie van kationen aan het katalysatoroppervilak, of door de overmaat
aan ionen in de buurt van het oppervlak die elkaar in de weg zitten.

In hoofdstuk 4 verzoenen we de kennis die we hebben opgedaan in
hoofstukken 2 en 3, door de rotatiesnelheidafhankelijkheid en kation-
identiteitsafhankelijkheid van de HER aan goud elektrodes in meer detail te
onderzoeken. Hierin laten we zien dat, alhoewel zowel de gemiddelde
elektrolyt pH en de lokale pH de reactiesnelheid van de HER beinvloeden
door de oppervlakteconcentratie aan kationen te veranderen, ze dit op
verschillende manieren faciliteren. In het geval van veranderingen in de
gemiddelde elektrolyt pH zijn veranderingen in de oppervlakteconcentratie
van kationen het gevolg van veranderingen in de
grensoppervlaktespanning, zoals besproken in hoofstuk 3. Echter, in het
geval van de lokale pH (welke we controlleren door de rotatiesnelheid aan
te passen), zijn veranderingen in de lokale kation-concentratie gedreven
door het naleven van het elektroneutraliteitsprincipe in de directe omgeving.
Verder tonen we aan dat de mate van interactie tussen de kationen en het
metaaloppervlak afhankelijk is van de hydratatie energie van het kation,
wat leidt tot verschillen in welke mate de HER beinvloed wordt door
verschillende kationen.

Uiteindelijk hebben we in hoofdstuk 5 alle ervaringen die we hebben
opgedaan in de vorige hoofdstukken gebruikt om de rol van verschillende
parameters van porién in het katalysatoroppervlak (specifiek, hun diameter
en lengte) in het reguleren van de lokale reactieomgeving te bepalen voor
goud katalysatoren, waar deze lokale omstandigheden op hun beurt de
activiteit en selectiviteit van de CO2RR en HER beinvioeden. Om dit
ondezoek te kunnen verrichten, hebben we gebruik gemaakt van een
differentieel-gepompte electrochemische massaspectrometrie (DEMS)
opstelling waarmee we online de hoeveelheden gevormde CO en H; konden
kwantificeren tijdens de CO2RR en de HER. In overeenstemming met de
platte (goud) katalysatoropperviakken gebruikt in hoofdstuk 2, vonden we
dat veranderingen in de lokale concentratiegradieénten voornamelijk de
HER beinvloeden voor een nanoporeuze katalysator. Een verdere
belangrijke ontdekking is dat door de aanwezigheid van additionele
weerstand in de porién, deze porién niet deelnemen in het katalyseren van
de reactie; waarbij deze weerstand-gerelateerde inhibitie schaalt met de
lengte van de porién.
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