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Multiple Proton Donors: The Case of Mildly Acidic Solutions
Containing Weak Acids

Aria Kahyarian, ®** Alex Schumacher, and Srdjan Nesic

Institute for Corrosion and Multiphase Flow Technology, Department of Chemical and Bimolecular Engineering, Ohio
University, Athens, Ohio, USA

The present study provides a theoretical framework for mechanistic investigation of the hydrogen evolution reaction (HER) in acidic
solutions containing a secondary proton donor in the form of a weak acid. The mechanistic, thermodynamic, and kinetic implications
associated with the presence of a weak acid are discussed. The presence of a weak acid was shown to be able to significantly influence
the polarization behavior of the HER from H* through its corresponding chemical dissociation reaction. This effect could lead to
an increased limiting current, increased apparent Tafel slope, or even appearance of a secondary limiting current. The theoretical
discussions were then applied to the case study of the HER in mildly acidic solutions containing acetic acid, on gold surface. The
polarization data showed two Tafel slopes of 65mV at lower current densities and 120mV at higher current densities. A mechanistic
mathematical model based on the initial theoretical discussions was developed and used to analyze and quantify the polarization
behavior of this system. It was shown that, while in low Tafel slope range the presence of acetic acid has no effect on the HER, at
120 mV Tafel slope range the HER from acetic acid is significant, and it is occurring through a Heyrovsky type electro-desorption
reaction.
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The investigation of the mechanism and the kinetics of the hydro-
gen evolution reaction (HER) at the conditions particular to metallic
corrosion in acidic media is perhaps amongst the more challenging
and least discussed scenarios involving this reaction. In the context of
metallic corrosion in acidic aqueous environments, the hydrogen evo-
lution reaction can be considered as a family of cathodic reactions with
molecular hydrogen as their final product.'=> These reactions serve as
the electron sink required for the spontaneous anodic metal dissolu-
tion reaction, and have been commonly assumed to include the reduc-
tion of hydrogen ion (H™), as well as reduction of other weak acids
such as organic acids, carbonic acid, and hydrogen sulfide."** How-
ever, the presumed electrochemical mechanisms for these reactions
are generally not supported with any strong experimental or analytical
evidence.?

This can be in part due to the fact that the conditions commonly
encountered in industrial applications, as well as academic research in
this field of study, do not present an ideal setting for a detailed mech-
anistic investigation of the HER. The reason is the complexity arising
from: mixed kinetic control, mass transfer interference, changing elec-
trode substrate due to corrosion, fast homogeneous chemical reactions,
and the presence of multiple proton donors. Some of these aspects have
been address in previous studies by the aid of micro-kinetic models
of the HER.’>"'3 These models allow for more accurate quantitative
analysis of the polarization behavior under mixed kinetics resulting
from the alternating rate determining step, or when multiple reaction
routes are in play simultaneously.>*!! Furthermore, the effect of mass
transfer from the bulk solution and the local deviations in surface con-
centration of H' or other (electro)chemical active species are also
included in calculations to provide more comprehensive models.'%!3
Amongst various approaches in micro-kinetic modeling of the HER,
the adaptation of Newman’s approach'* in modeling the electrochem-
ical systems provides the flexibility required for more generic discus-
sions. Even though they are computationally demanding, these models
can be readily adopted to various hydrodynamic conditions, expanded
to include complex homogeneous chemical systems and absorb the
complexity arising from numerous elementary steps and multiple ad-
sorption/desorption sites. All with maintaining detailed mechanistic
description of the underlying physiochemical processes and using
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minimal conditional assumptions. Such a comprehensive and flexible
computational approach is of great interest in the present study, which
is focused on the mechanistic implications of the HER from multiple
proton donors due to the presence of a weak acid in the solution.

The significant effect of weak acids on polarization behavior of
the HER reaction has been known for decades. The increased limiting
currents in a buffered solution was reported by Hurlen et al. in 1984
and associated with a CE reaction mechanism due to the presence of
the weak acid. Similar mechanism is repeatedly used to explain the
increased limiting currents of the HER in acidic buffered systems in
the literature.'>'-?> Furthermore, the presence of two peak currents
for some weak acids in specific pH ranges has been reported and
associated with a similar CE mechanism.'>!7-?%>* The presence of two
current peaks is known to be influence by the nature of the weak acid
(pKa) and the pH at the vicinity of the electrode surface.'>'”?3 In
such scenario, when the pH at the vicinity of the electrode surface
reaches a high enough value under mass transfer limitation of H, the
dissociation of the weak acid becomes favorable. This process results
in the observation of a second peak current at more negative potentials.

On the other hand, following the example of HER from direct
reduction of water, in other reports the increased limiting currents as
well as the observation of two current peaks in the presence of weak
acids was frequently associated with the direct reduction of weak acids
rather than the abovementioned CE mechanism.>*?*~** In some early
studies, even a EC’ (catalytic) mechanism was proposed that implied
the HER is occurring mainly via electrochemical reduction of the
weak acid (carbonic acid in this case’'3?) followed by association
of the conjugate base (bicarbonate ion) with H*.*1*2 In other cases,
the presence of a secondary peak current was readily associated with
the direct reduction of the involved weak acid, e.g. for the case of
hydrogen sulfide,?*?”33 and the case of sulfurous acid.** Even though
the deficiencies of some of the abovementioned arguments are now
understood,'*2122 the direct electrochemical reduction of weak acids
remain a valid possibility that needs to be considered alongside their
chemical activity in mechanistic and quantitative discussions.

This investigation is an attempt to develop a comprehensive and
generic theoretical framework for mechanistic investigations of the
HER in such systems. In the following sections, first the possible ef-
fects of weak acids, as a secondary proton donor, on the HER in acidic
solutions is theoretically discussed. The second part of the manuscript
is a case study that demonstrates how this theoretical discussion can be
used for analysis of the polarization curves associated with the HER
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in acidic solutions, and to ultimately extract mechanistic information
from them. The discussion in that part covers the case of hydrogen
evolution in mildly acidic solutions containing acetic acid and sodium
chloride, on a gold surface.

Theoretical Background on HER in Presence of a Weak Acid

By definition, a weak acid (HA in this discussion) is only par-
tially dissociated in aqueous acidic solutions as shown by Reaction
1. Therefore, the undissociated and the dissociated forms are concur-
rently present, while their relative concentration is defined by the dis-
sociation equilibrium as shown in Equation 2. Hence, the HER could
possibly occur both from reduction of the H" and the direct reduction
of the undissociated weak acid.

HAwp = Hip+ A [1]
Cy+Cy-
Kiyp = 242 2]
CHA

The hydrogen evolution reaction is most commonly described for
the case of HT by the set of three elementary reaction steps known
as the Volmer step, the Heyrovsky step, and the Tafel step. How-
ever, depending on the electrode composition and environmental con-
ditions, other elementary steps such as surface diffusion or another
based on H,* intermediate species have also been proposed in the
literature.'3*3 The mechanism of the HER from weak acids such
as water (H,0), organic acids, carbonic acid (H,CO;), and hydro-
gen sulfide (H,S) are also described by analogous elementary steps.
Using a generic formulation, these elementary steps can be expressed
through Reactions 3 to 5, where HA represents the proton donor (such
as H', H,0, HAc, H,CO; H,S, etc.) and A~ represents the corre-
sponding conjugate base. Here, in order to limit the present discussion
to cathodic reactions, the reverse reaction — hydrogen oxidation — was
assumed to be insignificant.

HA +e” = Hy + A~ [3]
HA +Hy+e” — Hy, +A~ [4]
2H.4 — Hy [5]

The overall HER mechanism can be seen as a combination of these
elementary steps, where the net cathodic reaction can be expressed as:

1
HA—}—e’—)EHQ—l—A’ [6]

Even though the overall reaction is always the same, the rate of
HER reaction is defined by the kinetics of the rate determining step.
Hence, the kinetics of this reaction and its potential and pH dependence
may vary dramatically depending on the governing mechanism. That
denotes the significance of mechanistic studies when attempting to
quantify and predict the rates of these electrochemical reactions.

Conventionally, one of the main tools in mechanistic investigation
of the HER is the analysis of the characteristic kinetic parameters
such as Tafel slope and reaction order obtained from steady state po-
larization data.’’*' These parameters are experimentally obtained by
measuring the change in the current as a function of potential (for Tafel
slope) and a function of pH or other species in solution (for reaction
order). The mechanism of the HER at various conditions is determined
by identifying a reaction sequence where theoretical kinetic parame-
ters match the experimental values best. The theoretically calculated
characteristic parameters are usually determined based on simplified
kinetic rate expressions, at certain limiting conditions.***%> However,
these simplifying assumptions greatly limit the validity range of the
resulting theoretical discussions. Additionally, they do not provide
any insight for more elaborate scenarios like, the case of mixed ki-
netics (multiple reaction pathways), the effect of solution chemistry

in presence of weak acids, or the case of the transition from one rate-
determining step to another. Such deficiencies may result in misinter-
pretation of the experimentally obtained characteristic parameters.

The present study develops a theoretical framework for interpre-
tation of the polarization behavior of the HER in the more elaborate
scenario of hydrogen evolution from multiple proton donors. The fol-
lowing sections provide a theoretical discussion on the plausible ways
that the presence of a weak acid could influence the charge transfer
processes of the HER in acidic solution.

Water chemistry.—In an aqueous solution containing a weak acid,
the two homogeneous reactions are the weak acid dissociation shown
by Reaction 1, and water dissociation as shown by Reaction 7.

Hy,O¢) = OH ™ (u) + H" 4y [7]

=K, (8]

The chemical equilibria corresponding to the weak acid and wa-
ter dissociation can be mathematically expressed as Equation 2 and
Equation 8, respectively. In addition to the chemical equilibria, the
ionic speciation also needs to satisfy the electro-neutrality constraint

as shown by Equation 9:
> uG=0 9]

The solution speciation is defined by the chemical equilibria and the
electro-neutrality equation at any given pH and concentration of the
weak acid. However, since weak acids partially dissociate in an aque-
ous solution, the concentration of the undissociated weak acid is usu-
ally not known explicitly. Instead, the initial amount (i.e. the total
amount) of weak acid is commonly known (Cj,,,), which is the sum of
the undissociated weak acid (HA) and its corresponding dissociated
anion (A™). This can be expressed in terms of mass conservation for
the anion as Equation 10.

Cmm = CHA + CA* [10]

Considering the equilibrium relationship of the weak acid
(Equation 2) along with Equation 10, it can be readily seen that the
fraction of the weak acid in its undissociated form is directly related
to the acidity of the solution as shown in Equation 11. That suggests at
more acidic solutions, the weak acid tends to remain in its undissoci-
ated form, while in less acidic solutions the dissociate form becomes
thermodynamically more favorable.

Cwm KHA

=1
CHA + CH*

Cot (4 Cri* )

(1]

Thermodynamic feasibility of the HER from a weak acid.—The
thermodynamics of the HER reaction from a weak acid, HA, according
to Reaction 6, can be discussed based on the Nernst Equation:

. RT _(P%Ca
Epns = Ejy = —In (”CHA [12]

For the case of HER from weak acids, the concentration of the
undissociated weak acid and its corresponding anion are bound by
the chemical equilibrium, shown via Equation 2. Hence, the Nernst
equation describing the reversible potential of the HER from a weak
acid can be stated as Equation 13, which incorporates the chemical
equilibrium of the weak acid. Considering that the first two terms on
the right hand side are defined based on the standard Gibbs free energy
of the involved species, their difference can be shown to be equal to

Eg..Hence, Eroyya = Epepp+.
RT 0.5
A [13]
nF CH+

The treatment above leads to the conclusion that the thermody-
namic feasibility of HER from any given weak acid is identical to

. RT
Er(»v,HA = EHA - E In (KHA) -
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that of H* ion reduction reaction. Since the above discussion does
not include any specific assumptions, this conclusion is universal and
is valid in all acidic solutions and for all weak acids. Therefore, the
HER reaction from different weak acids is thermodynamically feasi-
ble whenever the H reduction is occurring. That leaves the kinetics
of charge transfer reactions as the only means of differentiating these
two processes.

Kinetics of the HER in presence of a weak acid.—As discussed
in more details in our earlier study,'? the rate of each elementary step
(Reaction 3 to Reaction 5) can be expressed via Equations 14 through
16, respectively.

% o —p FEapp
UV,H+ = kf,V.H* (1 — 9) Cﬂ+e VHT e PVt T

_ _ FEapp
— kg Ot vt 0Py 4 )T [14]
B N FEapp
UH,H+ = kaH,H+CH+96(I )MH*H*» )“ee BHvHJr RT [15]
ur = kaTeZeZ(lf)\T)ue [16]

In the equations above, the symbol k stands for the reaction rate
constant, 0 is the surface coverage by adsorbed hydrogen atoms (H,qs).
The first exponential terms describes the effect of interaction between
H,qs on the surface where u is the correlation coefficient of the change
in Gibbs free energy of adsorption, and whenever present, the second
exponential term accounts for the effect of potential with E,,, being the
applied potential with reference to the standard hydrogen electrode.
It should be noted that the standard potential term as a constant value
parameter is lumped with the reaction rate constant in the above rela-
tionships. The current density corresponding to each reaction route is
calculated based on: i; = n,F vj, for each rate determining step j,
with n,,., being the total number of electrons transferred in each route,
and F being the Faraday’s constant.

When a weak acid is present, two additional elementary steps are
plausible and should be included to account for the HER from the weak
acid: a Volmer type electro-adsorption of H,qs from the weak acid in
form of Reaction 3, and a Heyrovsky type electro-desorption in from
of Reaction 4. The elementary steps which only involve the adsorbed
hydrogen atoms as reactants (e.g. the Tafel step) are not directly af-
fected by the presence of the weak acid and remain unchanged. The
rates of reactions associated with the presence of the weak acid (HA)
can therefore be expressed via Equations 17 and 18, for Volmer and
Heyrovsky type reactions, respectively.

= v HAud ,—By HA Eapp
Vy,aa = kyypaa (1 —0)Cyp e e "hHt R

— Kyyaia 6C,— (vl (1=bvn) S 17
FEapp
Un.aa = kyna Cua 0 e(1=2m.1a)0 =i " [18]

The reaction rate expressions defined above serve as the basis of the
discussion in the following sections and are able to describe various
mechanistic scenarios depending on the values of the physiochemical
constants such as reaction rate constant k, correlation coefficient i, and
transfer coefficients § and . It should be noted that, when needed,
the rate of other elementary reactions such as those involving Hp ™
or surface diffusion step'? (included in the model developed in the
following case study section), can be expressed in the same fashion to
those above.

As it appears from reactions 14 to 18 and their corresponding rate
expressions, the HER from the H* and the weak acid are inter-related
and the mechanism and the kinetics of these reactions may not neces-
sarily be treated as two separate processes. The role of the weak acid in
the overall reaction may vary, depending on its physiochemical prop-
erties and the catalytic behavior of the electrode surface. That is due
to the coupling of the reactants, Ht and the weak acid, through the

homogeneous chemical Reaction 1, as well as the in-common inter-
mediate species H,qs. The role of the weak acid in the overall process
is discussed in term of two main scenarios; first where the electro-
chemical adsorption of hydrogen atoms is the rate determining step,
and second where the reaction rate is defined by the desorption step.

Rate determining adsorption step.—The rate determining adsorp-
tion step is the simplest mechanistic scenario for the HER, where the
rate of the overall reaction is defined by the forward partial of the
Volmer steps, and the surface coverage by H,qs is negligible. There-
fore, the two reactions:

H" + e~ — Hy [19]
HA +e — Hy + A~ [20]

can be treated as two parallel electrochemical processes. Considering
that the surface coverage by H,g; is negligible, the rate expressions 14
and 17, can be simplified to Equations 21 and 22 to describe the rate
of the HER from each species:

FEapp

v+ = kyy g+ Cyre Prat TR [21]
—Bv.HA Frapy
vpga = kyypa Cua e "VHATRD [22]

As Reactions 19 and 20, and their corresponding rate expressions
suggest, in this scenario the two species (H" and the weak acid) are
acting electrochemically independent, and the net cathodic current is
the sum of that from each reaction.

Rate determining desorption step.—In the case where the desorp-
tion steps are rate determining, the mechanism and the rate of reactions
depend on the surface coverage of H,q4s, as the reactant of these reac-
tions (e.g. Tafel step). In this scenario, one can assume that the Volmer
reactions are at a quasi-equilibrium state. This assumption is valid if
the rate of the forward and backward partials of the Volmer reaction
is significantly faster than the rate of the desorption reactions.

The presence of two parallel Volmer type reactions, one for H*
and another for the weak acid, means that 6 is defined by two quasi-
equilibrium relationships. However, as discussed in the following, it
can be shown theoretically that these two relationships are not linearly
independent (see Appendix A). Hence, the presence of the weak acid
does not affect the state of the surface coverage at a fixed pH and
potential. In the case of H" reduction, the rate expression shown in
Equation 14 can be restated for the quasi-equilibrium condition as
Equation 23:

0
1-6

Equation 23 essentially is a Frumkin type adsorption isotherm for
the surface coverage by H,qs, represented by 6, where K, y+ is the Equi-
librium constant. The same argument applies to the Volmer reaction
of the weak acid, leading to Equation:

—FEapp

e = Ky y+Cyre [23]

Cyaec —FEapp
HAce e

[24]

e =K
1— 9 V.HAc CAC7
A further examination of the rate expression as shown in
Appendix A, considering the chemical equilibrium of the weak acid as
expressed via Equation 2, showed that the two equilibrium constants
in Equations 23 and 24 are related:

KV,HA = Kpa X Kv,H+ [25]
hence:
CHAC
Ky u+Ch+ = Kvpae— [26]
CAC*

suggesting that the two equilibrium expressions above for 6, Equa-
tions 23 and 24, are in fact identical relationships. Similar to the ther-
modynamic discussion, since the only assumption in above arguments
is the quasi-equilibrium of Volmer type reactions, the conclusion is
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universal to all acidic solutions and all weak acids. That is, the pres-
ence of a secondary proton donor in the form of a weak acid does not
influence the state of hydrogen atom adsorption on the metal surface.

The discussion so far denotes that the only way for the weak acid
to electrochemically contribute to cathodic currents, when the rate is
limited by the desorption steps, is through a Heyrovsky type reaction.
The rate of this step is defined by the surface coverage of the adsorbed
hydrogen atoms as well as the concentration of the weak acid at the
metal surface. In this sense, the desorption step may occur through
two parallel Heyrovsky type reactions, one involving H™ and the other
involving HA.

Mass transfer and chemical reactions in presence of a weak
acid.—The above discussions on the influence of the homogeneous
chemical equilibria associated with the presence of a weak acid on the
electrochemistry of the system signifies the importance of the solution
speciation at the vicinity of the electrode surface. The surface concen-
trations of the chemical species when the system is influence by mass
transfer or the chemical reactions are not usually known. However, the
concentration distribution of the chemical species inside the bound-
ary layer, stretching from the electrode surface to the bulk solution, is
defined based on the mass conservation law through the well-known
Nernst-Planck equation (Equation 27):

aC;
at

The R; term in Equation 30 reflects the effect of homogeneous
chemical reactions such as weak acid and water dissociation reac-
tions, while the flux of any given species i (N;) is described through
Equation 28.'

=—V.N,+R; [27]

]Vl' = —z,-uiFC,-V(I) - D,’VC,' + VC,' [28]

For a one-dimensional semi-infinite geometry in the direction x
normal to the metal surface, Equation 28 and Equation 27 can be
simplified to Equation 29 and Equation 30 respectively, assuming a
steady state and an infinitely diluted solution conditions.

aC; ziDiFC; 0¢

N= -Di— — — — C; 29
dx RT ox + [29]

aC; d 0C; 0 (zD,FC; 0 aC;
—0=p- 2, D (EDIGI0) 0GRk 30

dt dx 0x ox RT ox ox

The first term in Equation 30 describes the molecular diffusion,
and the second term accounts for the electro-migration of the charged
species. The flux of ionic species as a result of electro-migration is
defined by their concentration and the potential gradient inside the
solution. The potential inside the solution can be specified by assuming
that the electro-neutrality constraint (Equation 9) remains valid in the
boundary layer. The effect of convective flow in the direction normal
to the surface is accounted for by the v,C term, where v, is the normal
velocity component at a given distance away from the metal surface.
For the laminar flow regime of the rotating disk electrode, the velocity
profile and the diffusion layer thickness are obtained via Equation 31
where a = 0.510, and Equation 32, respectively.*

)\ 2
Vy = —aQ(—) x? (31]

v

30,0\ B2\ R
§=(—" = (32]
av v

The rate of production/consumption of a species i through homo-
geneous chemical reactions (R; in Equation 30) can be expressed in
a matrix format, as Equation 33. This term incorporates the effect of
the homogeneous dissociation of the weak acid in defining the speci-
ation inside the boundary layer. As it can be seen this term is defined

by the kinetics of the reaction and does not involve a thermodynamic
equilibrium assumption.

RH+ 1 1
(aq)
RHA(zu/) — -1 0 x kf.HA Cya — kb,HA Cy-Cy+ [33]
Al 1 0 k_f,w - kb.w C()H*CHJr
R v 0 1
OH,

aq

Speciation at boundaries.—At the bulk solution (x = 3) the con-
centrations of chemical species are constant, known values, dictated
by the chemical equilibria of the solution. The concentrations of the
chemical species at the metal/solution interface (x = 0) are defined by
the rate of electrochemical reactions and their local fluxes. For an elec-
troactive chemical species, the flux at the metal/solution boundary is
equal to the superposition of corresponding electrochemical reaction
rates. Therefore, for species i involved in j electrochemical reactions,
the flux at the metal surface can be described through Equation 34.

Ni|x=0 = — ZS,']'UJ' [34]
J

For non-electroactive species, the flux at the metal surface as a
non-porous barrier is zero:

Nilx=0 =0 (35]

Equation 34 and Equation 35 can be applied to describe the flux
of all chemical species at the metal surface. The electric potential in
the solution at the boundary may also be calculated with the aid of the
electro-neutrality constraint (Equation 9).

In addition to surface concentration of the chemical species, the
rate of electrochemical reactions (Equations 14 to 18) are also defined
by the surface coverage of hydrogen atoms. At steady state condition,
the mass conservation of adsorbed hydrogen atoms suggests:

do
E = ZSerj =0
J

With the governing equations, and the boundary conditions dis-
cussed above, the system is fully specified and may be solved to obtain
the values of the unknown parameters such as aqueous concentrations
of chemical species and electric potential at any point inside the bound-
ary layer, and the surface coverage by the adsorbed hydrogen atoms.

The Effect of Homogeneous Chemical Dissociation of a Weak
Acid on Electrochemical Response of the System

In investigation of the HER mechanism in solutions containing
weak acids, it is crucial to separate the influence of the weak acid on
H* reduction through its homogeneous chemical reaction from that
through its electrochemical activity. With the possible contribution of
the weak acid on the electrochemical processes covered earlier in this
manuscript, the purpose of this section is to examine the influence of
the homogeneous dissociation of a weak acid on the observed polar-
ization behavior of the HER reaction from H*. In order to visualize
such effects, the discussion here is developed based on the results from
a comprehensive mathematical model. The model was built based on
the governing physiochemical processes described earlier. In attempt
to focus the present discussion on the effect of chemical dissociation
of the weak acid, a simplified charge transfer scenario with a Volmer
rate determining step for H' reduction is assumed, while the weak
acid was assumed to be non-electroactive. The structure of the model
and the numerical methods in use are similar to that described in detail
in our earlier study, which can be used for further information.'

The effect of a weak acid on the polarization behavior of HER in
its simplest form, is demonstrated in Figure 1. As it can be readily
seen, the presence of the weak acid significantly increases the limiting
current density. That is the results of the partial dissociation of the
weak acid in the solution. The presence of the weak acid is expected to
increase the cathodic limiting current by acting as an additional source
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Figure 1. Simulated polarization behavior of the HER from HT with, Volmer
rate determining step, in presence of a weak acid with pKa = 5, at pH 4, 30°C,
2000 rpm RDE, and at various sum weak acid concentrations (Cgp)-

of protons inside the boundary layer. Reaction 1 suggest that, when the
surface concentration of H* is decreased at limiting current conditions,
the equilibrium shifts toward dissociation to “buffer” the pH at the
vicinity of the metal surface. The extent of this buffering ability is,
of course, defined by the thermodynamic and kinetic properties of the
weak acid.

Figure 2 demonstrates the effect of weak acids with various disso-
ciation equilibrium constants on the polarization behavior of the HER
at pH 4. The presence of the weak acid is shown to be able to dramat-
ically alter the polarization behavior of the system. That is not limited
to the form of an increase in limiting current as shown in Figure 1, but
perhaps more importantly for this discussion, it may be in the form of
deviations in the apparent Tafel slope, like that seen for a weak acid
with pKa = 6, or even appearance of a secondary limiting current for
the case of a weak acid with pKa = 7. These behaviors are due to the
influence of the dissociation reaction on surface concentration of H*
that is also noted in earlier studies.'>!” Weak acids with low pKa values
can readily dissociate when the surface concentration of H* starts to
deviate from that in the bulk, as shown by Equation 11. In this case, the
presence of weak acid merely results in an increased limiting current,
as shown for example in Figure 1. In fact, Equation 11 suggests that
the buffering action is most significant where the surface pH is close
to pKa of the weak acid. Hence, the weak acids with higher pKa value

— -pKa=3 - pKa=4 ---pKa=5 --

pKa=6 pKa=7 — pKa=8 —

\

Potential vs. SHE / (V)

PR

e
A
¥

|

i

0.01 0.1 1 10
Current density / (A.m?2)

=
=)
S

1000

Figure 2. Simulated polarization behavior of the HER from HT with, Volmer
rate determining step, at pH 4, 30°C, 2000 rpm RDE, Cg,,, = 10 mM, in
presence of weak acids with variying pKa values.
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Figure 3. Calculated current density (primary vertical axies) and surface con-
centration of HA and A~ (secondary vertical axies) versus calculated surface
pH at bulk pH of 4.0 for a weak acid with pKa of 7 correpounding to the
conditios of Figure 2.

require a higher surface pH before they have the favorable conditions
to dissociate and buffer the surface pH to any significant extent. Such
high surface pH values can be reached when the potential is substan-
tially in the limiting current range. This effect may therefore appear as
an increase in the apparent Tafel slope, or in more extreme cases, as a
secondary limiting current, in polarization curves. This can be readily
seen in the behavior of the calculated surface pH and concentrations
of the weak acid and its conjugate base as shown in Figure 3. Here the
dissociation of the weak acid is shown to occur only after the surface
pH reaches the values close to the weak acid pKa. At the same con-
dition the second limiting current associated with this CE mechanism
emerges in the polarization curve.

In either cases mentioned above, the cathodic current response in
this range is not fully controlled by charge transfer processes, but they
are also influenced by the kinetics and thermodynamics of weak acid
dissociation. Additionally, the extent of these various behaviors are
highly dependent on the bulk solution pH. That is, a weak acid may
not exhibit any significant buffering ability in highly acidic solutions,
but it’s presence in mildly acidic and near neutral solutions leads to
appearance of secondary wave, deviation in Tafel slopes, etc. Such
effects, if not carefully accounted for, may be easily mistaken with
additional charge transfer processes or misinterpretation of electro-
chemical mechanisms that are incorrectly associated with the presence
of the weak acid.

Furthermore, the increased value of limiting current with increas-
ing pKa of the weak acid, denotes the importance of partitioning of the
weak acid to the undissociated and dissociated forms. The simulated
data shown in Figure 2 is calculated for total 10mM concentration
(Cyum in Equation 10) of any weak acid. At a given pH in the bulk
solution, weak acids with relatively lower pKa values are dissociated
more than those with higher pKa values. Therefore, the weak acids
with higher pKa values that remain in their undissociated form at bulk
pH, are able to increase the limiting currents further when the surface
conditions are favorable.

A Case Study: Mechanism of the HER Reaction in Mildly Acidic
Solutions Containing Acetic Acid on Gold

In order to demonstrate the application of the above theoretical
discussions on mechanistic investigations of the HER from multiple
proton donors, a case study was considered in this section. That is,
the HER in mildly acidic solutions containing acetic acid, on a gold
surface, with sodium chloride supporting electrolyte. The choice of
acetic acid and sodium chloride was made, as they relate to existing
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Table I. Summary of the experimental conditions.

Test apparatus
Electrode material
Rotation rate
Supporting electrolyte
Solution Volume
Temperature
pH

Total acetic acid concentration

corrosion concerns in the oil and gas industry,>*? hence, giving the
discussion more of a practical purpose.

The mechanism of the HER from H" on a gold surface was in-
vestigated in our earlier study,'> which is used as the foundation of
the discussion here. That allowed this discussion to be focused on the
effect of acetic acid, for the most part. Changing the supporting elec-
trolyte from sodium perchlorate to sodium chloride was found to have
no influence on the governing mechanism of this reaction, as discussed
in the text below.

In the following, the experimentally obtained polarization data is
first qualitatively analyzed. The detailed quantitative evaluation was
done using a comprehensive mechanistic model developed based on
the governing physiochemical laws described earlier. Using this ap-
proach, the contribution of acetic acid to the total cathodic currents
was separated from that of H, which allowed the mechanism of the
HER from acetic acid to be determined.

Methodology.— Experimental procedure.—The experimental ap-
paratus and the procedures were similar to those described in an ear-
lier publication.' In the present study, the supporting electrolyte was
0.1 M solution of research grade sodium chloride in deionized water
in all experiments. The targeted solution composition was achieved by
addition of the desired amount of glacial acetic acid and further adjust-
ing the solution pH using small amounts of HCI or NaOH solutions.
The solution was then de-aerated using nitrogen gas for minimum
of 90 min while the oxygen content of the outlet gas was monitored
(Orbisphere 410). The maximum allowed dissolved oxygen content
before introducing the working electrode into the solution was 1 ppby,.
The experimental conditions are summarized in Table 1.

The mathematical model.—Considering the discussion in theoret-
ical background section, the comprehensive mechanistic model de-
veloped in our earlier study for the HER in mildly acidic solutions on
gold,'3 is extended to incorporate the effect of the presence of acetic
acid. This model does not have any built-in mechanistic presumptions
(e.g. quasi-equilibrium) as it relates to the elementary electrochemical
reactions, which makes it a universal simulation tool for the HER.
Here the governing electrochemical mechanisms are formed automat-
ically, according to the kinetic parameters obtained directly from the
polarization data. Besides the presence of acetic acid, the only differ-
ence with the previous study is the use of sodium chloride supporting
electrolyte instead of sodium perchlorate.

As the first step, the solution speciation was obtained for a known
pH value and NaCl concentration by simultaneous solution of equilib-

Rotating disk electrode (RDE) Three electrode glass cell
99.99 wt% Polycrystalline gold
2000 RPM
0.1 M NaCl
1L
30°C
2.0,3.0,4.0,5.0
0 mM
1.66 mM (100 ppmyy,)
8.30 mM (500 ppmy,)

rium relationships of acetic acid and water along with mass balance
of acetate ion, and electro-neutrality of the solution. The equilibrium
constants used here are listed in Table II. An example of the partition-
ing of acetic acid to undissociated form is shown in Figure 4, where
the calculated ratio of Cya. /Cyum ac 1s shown at various pH values and
two temperatures, 30°C and 60°C. It should be noted that, at a constant
temperature the ratio Cya. / Csum nac 1 only a function of solution pH,
for example at 30°C, at pH 4 Cya. / Coumpac = 0.8510 and at pH 5
Crac / Csum,HAz‘ = 0.3636.

The mechanism of the HER on gold found in an earlier study'
was used as the foundation of the model developed here. There, it was
shown that the HER on a gold surface follows the set of elementary
steps as shown by Reactions 36 through 39.'3 Compared to the set
of generic reactions 3 to 5, the additional Reaction 37 represents the
surface diffusion step, which may be limiting the rate of the Tafel
reaction. It should be noted that the surface diffusion step is an inherent
aspect of the HER mechanisms, which differentiates the Tafel step
from the Heyrovsky step. In other words, the Tafel recombination
of adsorbed hydrogen atoms requires this species to be mobile at the
metal surface; a process that is represented here by the surface diffusion
step. The surface diffusion step is generally assumed to be faster than

—30°C --60°C

N
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Figure 4. Calculated ratio of undissociated acetic acid (Cyac) to total acetate
(CtHAc) concentration at various pH values.

Table II. Equilibrium and reaction rate constants where K = k¢/ky,

Reaction rate constant Reference
Kiae = 10 150065 _ 6.50923 xlog(T) — 0.0076792 xT+18.67257) (M) 48
Ky = (10-3p, 2 10~ @+ P+ +FH@H R+ 2D10s10700) 40
a; = —4.098, ay = —3245.2, a3 = 2.2362, agy = —3984E7, as = 13.957, ag = —1262.3, a7 = 8.5641ES5 49
kpHac = 8.7 x 105 (1/s) 50
kp, = 1.4 x 1011 (1/M.5) 51,52
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Table III. Summary of equations used in the mathematical model.

Electrode surface boundary conditions

Nilx=o = —)_sijv; for electroactive species
J

Nilx=0 =0 for non-electroactive species
Z ziCi =0

i

do

T = Uy gt + VW HAc — Uy A gt — VHAHAc —UD =0

% = Up — Uy g+ — VH.BHAc — 2vr =0

Boundary layer
G _ .8 3G | 8 (uDiFC 3dy | 3G _
f =Dig 5t + 5. 5) — gt + Ri=0 Sfor all species
ziCi =0
i
Bulk boundary conditions

C=C? for all species
=0

the Tafel recombination step, hence, it is not commonly included in
mechanistic analyses of the HER. The particular significance of this
step on the gold surface is believed to be the result of scarce low
coordinated gold atoms at the surface that have a significantly high
activity for Tafel recombination,'3* as discussed in more details
in the original study.'® In such a scenario, the surface diffusion step
could be slow as compared to the Tafel step and should be included in
mechanistic discussions.

HY +e™ = Hyga [36]
Hugs,a = Huasn [37]

Hus aos+ H +¢” = Hy [38]
2 Husp = Ho [39]

In the above reactions, A and B represent two distinct reaction
sites on the gold surface. As suggested by Reaction 38, the Heyrovsky
reaction may occur everywhere at the surface, while the Tafel reaction
is considered to be significant only on sites B. The rate relationships
for Volmer, Heyrovsky, and Tafel steps can be described as discussed
earlier. The rate of the surface diffusion step can be described in a
same fashion, as shown in Equation 40."

Up = kf,DeAe(17XD)ue [40]

In the presence of acetic acid, two additional elementary steps are
plausible and should be included in order to account for the HER by
direct reduction of acetic acid, according to Equations 41 and 42.

HAc + e~ = Hygsa + Ac™ [41]
Hads, AorB —+ HAc + e — Hz —+ Ac™ [42]

Other aspects of the model follow the discussion in the theoretical
background section. The mathematical relationships used to develop
this model are summarized in Table III.

HER from hydrogen ion.—The analysis of the polarization data
was done in two parts. At first, the mechanism of the HER reaction
from H* alone in a chloride containing electrolyte on a gold surface
is discussed. This discussion was then used as the foundation for the
second part, which is dedicated to the HER from acetic acid.

The steady state voltammograms obtained in 0.1 M sodium chlo-
ride acidic solutions at various pH values are shown in Figure 5. The
cathodic polarization curves showed a similar general behavior, with
currents initially increasing linearly up to the limiting current, which
is associated with the charge transfer controlled hydrogen evolution
from H™. This is followed by the mass transfer limiting current at more
negative potentials, and finally another linear increase of the cathodic
currents, as a result of hydrogen evolution from water. The reported
current densities in Figure 5 are limited to ~50 A.m~2; a practical
limit that was imposed to avoid any interference caused by the block-
age effect resulting from accumulation of the evolved hydrogen gas
bubbles.

arbitrary reference potential

The polarization behavior associated with the HER from H* was
found to closely resemble that previously reported in perchlorate
solutions,'® where a Tafel slopes of 65 mV, at lower current densities,
and 120 mV at higher current densities, were observed. Similarly, in
the pH range from 2 to 5, the apparent reaction order vs. H' at the
lower current density range was found to be slightly below 1 (~0.95)
asitseen in Figure 5. The similar electrochemical behavior obtained in
sodium chloride and sodium perchlorate solutions,'* suggest that the
mechanism of the HER was not affected by addition of 0.1 M chloride
ions. Therefore, the same reaction mechanism can be used to describe
the HER in both cases.

The kinetic parameters for elementary HER reactions from H*
in 0.1 M NaCl solution were obtained by finding the best fit of the
model to the experimental data, as shown in Figure 5. The following
simplifying assumptions were used in the process:

— the interaction coefficient (#) is the same at both adsorption/
desorption sites A and B;

— the effect of Hyy, s interaction (#65) was assumed to be negligible
considering 63— 0;

— all symmetry factors (f and \) were assumed to be 0.5.

Different features of the steady state voltammograms were used to
obtain the relevant physiochemical constants. The current density at
which the shift in Tafel slope from 65 mV to 120 mV occurs is solely
defined by the rate of the surface diffusion step, which was used to es-
timate k;p = 2.0 x 10~ (mol.m™?.s~"). With the known rate constant

+ pH 2.00 4 pH 3.00 = pH 4.00 + pH 5.00
s r e B e
<06 H % “u,
w g N
T R 'E \
%] Y H
4-08 1 P {
3 RER
g T Y
5 11 T,
o [ =
12 4 el E
14+ : : :
0.05 0.5 5 50

Current density / (A.m?)

Figure 5. Cathodic steady state voltammograms obtained in 0.1 M NaCl so-
lution, at 30°C, 2000 rpm, and pH values from 2 to 5 on polycrystalline gold
surface. The points show the averaged values of at least three repeated experi-
ments at selected potentials. Error bars show the standard deviation.
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Figure 6. Cathodic steady state voltammograms obtained in 0.1 M NaCl solution, at 30°C, 2000 rpm, and C; gya. = O (blue circles), C; ga. = 1.66 mM (green
squares), C; gac = 8.3 (purple diamonds) on polycrystalline gold, at A) pH = 4 and B) pH = 5. The points show the averaged values of at least three repeated

experiments at selected potentials. Error bars show the standard deviation.

of the surface diffusion step, the current density at 65 mV Tafel slope
range was used to obtain the equilibrium parameters for the Volmer
step. It should be noted, when the rate is defined by slow desorption
steps, the steady sate voltammograms do not carry any explicit in-
formation about the kinetics of the Volmer reaction. Nevertheless, the
rate of the proceeding slow surface diffusion step is proportional to the
magnitude of surface coverage of adsorbed hydrogen atoms (6), which
is defined by the equilibrium of the Volmer reaction as expressed by
Equation 23. This criteria can be used to estimate the constants defin-
ing that equilibrium: K, = k;,/kp,, = 5.0 x 10~7(m*>.mol~!) and u =
3.3.In addition, the minimum limit value of k;y = 8.0 x 1076 (m.s™/)
can be estimated based on the constraint that Volmer reaction is not
rate limiting in the experimental conditions considered here. These
values of K, and k;y were used to obtain k;,, = k;,/K,.

The 120 mV Tafel slope range was used to determine the reaction
rate constant of the Heyrovsky step (kg ;= 7.0 x 10~/%(m.s~")), con-
sidering the known values of 6 from the previous steps. Additionally,
the minimum limit value of the reaction rate constant for the Tafel step,
kpr=1.0 x 1077 (mol.m™2.s~!), was estimated by using the same con-
siderations as described for the Volmer reaction. Since the estimated
constants are implicitly coupled, the abovementioned procedure was
reiterated in order to obtain the refined reported values.

The results of the model predictions, using the kinetic rate con-
stants obtained above, were reasonably comparable to the experimen-
tal data as shown by the dashed lines in Figure 5. The model was able
to properly reflect both the lower and higher Tafel slopes, while the
pH dependence of the experimental polarization curves was success-
fully captured as well. That suggest the kinetics and the mechanism
of the HER from H™ in chloride containing solutions can be reason-
ably explained by the elementary steps used in developing the model
(Reactions 36 through 38). Furthermore, the model also predicted the
limiting current density and the mixed mass transfer/charge transfer
range, with a good accuracy.

HER from acetic acid.—Considering the dominance of H* in
more acidic solutions, the investigation of the effect of acetic acid was
focused in mildly acidic solutions, where the concentration of the H*
and undissociated acetic acid are in a reasonably comparable range.
The change in the behavior of the steady state voltammograms due
to the addition of acetic acid at pH 4 and pH 5 are shown in Fig-
ure 6. The addition of acetic acid significantly increased the limiting
current density. As discussed above, the contribution of acetic acid to
the limiting current could be through two pathways: via electrochem-
ical reduction of acetic acid, or by buffering the H* concentration at

the electrode surface through homogeneous dissociation reaction (CE
reaction mechanism).

The two straight lines added to Figure 6A, highlight the Tafel slopes
of 65 mV and 120 mV. At lower current densities, the polarization
curves in the presence of acetic acid are overlapping with the one ob-
tained when no acetic acid was present. That suggests the addition
of acetic acid did not result in any significant change of the electro-
chemical behavior of the system in the lower Tafel slope range. This
observation accords well with the theoretical discussion of Kinetics
of the HER in presence of a weak acid section. At the lower Tafel
slope range, the rate is determined by a slow desorption steps, and the
magnitude of 6 is not affected by the presence of this species as noted
in Rate determining desorption step section. Furthermore, since the
slow step in this range is the surface diffusion with H,y as its only
reactant, the presence of acetic acid was not expected to have any sig-
nificant effect on the overall rate of reaction at this range. At higher
current densities with increased acetic acid concentrations, a 120 mV
Tafel slope gradually emerges. The higher current densities observed
in 120 mV Tafel slope range could be related to the presence of acetic
acid in the solution.

At pH 5, as shown in Figure 6B, no clear secondary Tafel slope is
observed. However, at low current densities, a 65 mV Tafel slope was
found to fit the observed experimental behavior well. The polarization
behavior of the cathodic current at lower Tafel slope range was not
altered in the presence of acetic acid at pH 5, similar to what was
observed at pH 4.

In order to quantify the observed electrochemical behavior shown
in Figure 6, the polarization curves were analyzed initially without
considering acetic acid as an electro-active species. This step was con-
sidered to examine whether the chemical dissociation of acetic acid at
the vicinity of the electrode (CE mechanism) could fully explain the
increased current densities. An example of the results is presented in
Figure 7, showing that the magnitude of the limiting current density
can be explained even if acetic acid is not considered an electro-active
species. In this initial attempt, while the current densities at 65 mV
range were in good agreement with the experimental data, the model
failed to properly predict the polarization behavior at higher current
densities. This suggests that the HER from H™ alone even by consider-
ing the CE mechanism for acetic acid, was not sufficient to explain the
steady state polarization curves. The main shortcoming is in the range
of current densities associated with the Heyrovsky rate determining
step. The polarization behavior at higher current density range was
therefore associated with electrochemical activity of acetic acid.

As the final step, the kinetic parameters for the electrochemical
contribution of HER from acetic acid and the underlying mechanism
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Figure 7. The illustration of the contribution of each reaction route (V-H: Volmer-Heyrovsky, V-D-T: Volmer-Diffusion-Tafel) to the net current density at pH 4,
30°C, 2000 rpm, and C; g4 = 8.3, undissociated acetic acid was considered A) not electroactive, B) electrochemically active. Experimental data presented as open

circles.

of this reaction is determined. Considering that the HER reaction in
this case study is limited by desorption steps over the whole range of
cathodic currents, the kinetic constants of the Volmer type reaction
from acetic acid cannot be determined from the steady state polar-
ization data. However, the equilibrium constant of this reaction was
shown to be related to that of the Volmer reaction from H* according
to Equation 25. Hence, Kypae = Kynyr X Kpae = 8.75 x 107 (see
Appendix I for derivation). The reaction rate constant of the Heyrovsky
step (Reaction 42) was obtained based on the best fit of the model to
the experimental data at the 120 mV Tafel slope range (kysuac =3 x
10~ (m?.mol~'.s~")), as shown in Figure 7B.

Furthermore, the kinetic parameter obtained from this condition
(Figure 7B) was used to predict the polarization behavior of the system
in a wider range as shown in Figure 6. The results showed a good
agreement with the experimental data. The charge transfer rates at
both lower and higher Tafel slope ranges as well as the magnitude of
the limiting current were predicted by the model with a good accuracy.
That was considered as further validation of the mechanistic arguments
above. The calculated surface coverage at both sites A and B at pH 4
and presence of acetic acid (C,ya. = 8.3 mM) is shown in Figure 8.
The general behavior agrees well with the results reported previously
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Figure 8. The calculated surface coverage at sites A and B with HAc con-
sidered to be electrochemically active at pH 4, 30°C, 2000 rpm, and C; ga. =
8.3 mM.

for the case of HER in acidic solutions at lower pH values.'® That is
a low surface coverage by H,q4s at both A and B sites at low current
densities, corresponding to the low Tafel slope range, and its gradual
increase as the higher Tafel slope range is approached at more negative
potentials. The population of the sites B also remains negligibly small
over the whole potential range (below 0.2%).

The above mechanistic discussion suggests that the HER from
acetic acid was through a Heyrovsky type recombination of adsorbed
hydrogen atom with undissociated acetic acid (Reaction 42) proceed-
ing the Volmer reaction from H* (Reaction 36). Therefore, the net
acetic acid reduction reaction in acidic environments on gold is best
represented by Reaction 43, in order to emphasize the pH dependence
of this electrochemical reaction.

H g+ HAcwg) + 267 — Hy o + Acq, (43]

Reaction 43 suggests that the rate of acetic acid reduction should
be sensitive to both undissociated acetic acid and H* concentrations.
This is shown in Figure 9, where the contribution of each reaction
route, calculated by the model, is presented in terms of a change in the
solution pH (in Figure 9A) and undissociated acetic acid concentration
(in Figure 9B). Figure 9A demonstrates the effect of changing pH from
4 to 5, while the concentration of undissociated acetic acid is constant
(1.4 mM in both cases). Figure 9B shows the effect of increasing
undissociated acetic acid concentration from 1.4 mM to 14 mM while
a constant solution pH of 4 is maintained.

The Volmer-Heyrovsky reaction route from H* (blue long dashed
lines) and acetic acid (red dotted dashed lines) are shown in Figure 9,
which were found to behave rather similarly. At the conditions consid-
ered here, a Tafel slope of 120 mV was obtained for both routs, where
for HER from H* with Heyrovsky rate determining step (Reaction
38) a 1.5 reaction order vs. H* concentration is expected.'® That is
also observed in Figure 9A when comparing the contribution of this
reaction route at pH 4 and 5. The rate of this reaction (Equation 15) is
shown to be dependent on both HT concentration and the surface cov-
erage of H,g, Therefore, the 1.5 reaction order (vs. HT concentration)
is a result of a direct first order dependence on H* concentration as
the reactant, and a 0.5 order dependence on H' concentration through
6 containing terms.

A similar behavior was observed for the HER from acetic acid
through Volmer-Heyrovsky reaction route (Reaction 42). Here, the
first order direct dependence on H* concentration in the previous case
is replaced with a first order direct dependence on undissociated acetic
acid concentration, as the reactant, in accordance with Equation 18.
This first order dependence can be clearly observed in Figure 9B. On
the other hand, the reaction rate dependence on surface coverage of
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Figure 9. The rate dependence of each reaction route (V-H from H*: Volmer-Heyrovsky from HT (long dashed lines), V-D-T: Volmer-Diffusion-Tafel (Short
dashed lined), Volmer-Heyrovsky from HAc (dotted dashed lines)) to the net current (solid lines) at 30°C, 2000 rpm. A) At Cyac = 1.4 mM and pH 5 (dark shade)
vs. pH 4 (light shade). B) At pH 4 and Cyac = 14 mM (dark shade) vs. Cgac = 1.4 mM (light shade).

H,gs remains unchanged, suggesting a 0.5 order dependence on H
concentration through 6 dependent terms. This latter pH dependence
can also be observed in Figure 9A.

Conclusions

* The HER from direct reduction of a weak acid is thermodynam-
ically identical to the HER from H™.

* In the context of the HER, the presence of a weak acid may lead
to two additional electrochemical processes: a Volmer type electro-
adsorption reaction from the weak acid, and a Heyrovsky type electro-
desorption reaction involving the weak acid.

 The surface coverage by hydrogen atoms is not affected by pres-
ence of a weak acid, at any given pH and potential.

» The homogeneous chemical dissociation of a weak acid is able
to significantly alter the polarization behavior of the HER from H™ by
acting as a source of H' at the vicinity of the metal surface. Depending
on the pKa of the weak acid and the solution pH, this effect can be in
the form of an increase in limiting current, increase in the observed
Tafel slopes, or even appearance of a secondary limiting current.

* As a case study, the kinetics and the mechanism of the HER
reaction was investigated in mildly acidic 0.1 NaCl solutions, on a
polycrystalline gold surface. The analysis of polarization data showed
that the governing mechanism of the HER reaction is the same as that
obtained previously in sodium perchlorate solutions, suggesting that
the presence of chloride in the solution up to 0.1 M did not alter the
mechanism of the HER.

* In the presence of acetic acid, the analysis of the polarization
curves revealed that the HER occurs from both H" and undissociated
acetic acid, simultaneously. In the 65 mV Tafel slope range acetic acid
does not significantly contribute to the cathodic currents. However, the
120 mV range was found to be dominated by the reduction of undisso-
ciated acetic acid, through a Heyrovsky type electro-desorption step.

¢ Considering the mechanistic discussions, the net reaction de-
scribing the cathodic reduction of acetic acid to hydrogen gas in acidic
solutions is best expressed as:

H+(aq) + HAC(“‘]) + 267 - H2 (8) +AC(:MI)
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Appendix A

The quasi-equilibrium of the Volmer reaction in the presence of a weak acid using a
more fundamental treatment for expressing the charge transfer rate of a redox couple,*’
the rate of Volmer step (Reaction A1) can be expressed via Equation A2.

H' 4+ e~ = Hugsa [A1]

» F(E—=Egy, )
Uyt = kot | (1= 0) eV e T

-y 96(17).\,),406(175‘,) RT [A2]

FE-Fyy, >:|

‘Where kg g is the standard reaction rate constant, Eg g is the standard potential of
Reaction A1, and s is the surface concentration of H,gs when 6 = 1. At quasi-equilibrium
condition, the surface coverage of Hygs (0) can be expressed through Equation A3, con-
sidering that vy ~ 0.

—FE-Eyy, )

0
¢ =1/ CyreFT [A3]

1-6
A comparison of the Equation A4 with Equation 23 shows that the adsorption equi-
librium constant can be expressed as:

FEO W,
Ky g+ = 1/\!16 R [A4]

A similar treatment can be applied for the Volmer-type reaction from a weak acid,
such as acetic acid in the present discussion (Reaction A5).

HAc +e™ = Hagsa +Ac™ [A5]
Assuming identical symmetry factors (\ and B) to those of HF, one can write:

FE-Eyy, )
pud —By —— o HAC T
vy, HAc = Ko.HAc |:(1 — ) Cpce V" e PV RT

— 0C, (1=1y )ub ,(1=By ) RT

FE-Eyyy, )
HA :| [A6]

Considering the chemical equilibrium of acetic acid dissociation (Reaction A7), the
concentration of Ac™ can be expressed in terms of Cy; and Cyy. based on Equation AS8.

HACwy) = Acgy +HY g [AT]
Cpo-Cyr
Kaiss = Acﬁiﬂ [AS8]
Ac

By introducing Equation A8 into Equation A6, at quasi-equilibrium conditions, the
surface coverage of Hygs (8) resulting from Reaction A5, can be expressed in terms of
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Equation A9.
0 w1/ Cur ’F(E’EQVHA(»)
uo —HT RT A9
1-6 /wa/iJAe (A9
Furthermore, by introducing the definition of Equilibrium constant (Kgiss =
exp(-AGis/RT)) and the standard potential (Egpsa. = —AGyua/F) based on the

Gibbs free energy, a simple mathematical manipulation shows that exp(FEg ga-/(RT))/
Kaiss = exp(FEy 1/RT). Hence, Equation A9 is simplified to that obtained for the quasi-
equilibrium from H* (Equation A3), and:

FEOViac FEov, 4
TP0VHAC %t
Ve RS = Ky e ™R = Kaigs x Ky v = Kviac [A10]
List of Symbols

b Tafel slope (mV)
C; Concentration of species i (mol.m™3)
D; Diffusion coefficient of species i (m?.s™")
Eupp Applied potential (V)

Faraday’s constant (C.mol~1)

Current density (A.m~2)

Equilibrium constant of reaction j (varies)

Forward reaction rate constant of reaction j (varies)
Backward reaction rate constant of reaction j (varies)
Flux of species i (mol.m™2.s)

2FI T
Iz

R Universal gas constant (J.mol~!.K~')
R; Rate of homogeneous reaction i (mol.s~!.m~3)
u Correlation coefficient of H,gs interaction energy (unitless)
Sij Stoichiometric coefficient of species i in reaction j (unitless)
T Absolute temperature (K)
t Time (s)
u; Mobility of species i (m>.mol.j~'.s™")

Velocity (m.s~!)
X Spatial dimension (m)
Zi Charge of species i (unitless)

Greek

B; Electrochemical symmetry factor of reaction j (unitless)
) Diftusion layer thickness of RDE (m)
] Potential in the electrolyte (V)
nj Symmetry factor of reaction j due to interaction of adsorbed species (unitless)
v Kinematic viscosity (m2.s~")
Q Rotation speed (rad.s™")
0 Surface coverage of H,gs (unitless)
v Reaction rate of surface reaction j (mol.m=2.s~!)
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