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Abstract:

In this work, the effect of the temperature on the adsorption states of Pt(111) vicinal surface electrodes in
perchloric acid is studied through a thermodynamic analysis. The method allows calculating thermodynamic

properties of the interface. In this framework, the concept of the generalized isotherm and the statistical

. .. : . ; ; B —0
thermodynamics description are applied to calculate formal entropies, enthalpies and Gibbs energies, AG; , of

the adsorption processes at two-dimensional terraces and one-dimensional steps. These values are compared
. . . . —0 . .
with data from literature. Additionally, the effect of the step density onAG; and on the lateral interactions

. . . —0 .
between adsorbed species, wij, at terraces and steps is also determined. Calculated AG; , entropies and

enthalpies are almost temperature-independent, especially at steps, but they depend on the step orientation. In
—0 R . .
contrast, AG; and wjj at terraces depend on the step density, following a linear tendency for terrace lengths

larger than 5 atoms. However, while AE? increases with the step density, wi; decreases. Results were
explaining by considering the modification in the energetic surface balance by hydrogen, Hags, and water,
H20a4s, cO-adsorption on the electrode, which in turn determines the whole adsorption processes on terraces
and steps.

Keywords: Hydrogen adsorption, free Gibbs energy, stepped surfaces, thermodynamic analysis, step density,
temperature analysis, cyclic voltammetry.

1. Introduction

Electrocatalytic evolution (HER) and oxidation (HOR) of hydrogen are pivotal reactions in electrochemistry,
both fundamentally and technologically, because of their relevance in important processes such water
splitting/formation. During these reactions in the electrode surface, hydrogen, water and other species closely
interact with surface sites of the electrode material and their properties are strongly interrelated. In fact, since

first studies the involvement of adsorbed hydrogen, Hags, in the HER mechanism [1,2], and possibly in the
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HOR [3] has been widely accepted and hence, the adsorption of hydrogen on metal surfaces has been a topic

widely discussed in the literature, particularly at noble metals such as platinum [4-8].

Catalytic surfaces have a complex geometry, containing low coordination or defect sites, together with (111)
terraces, and this surface heterogeneity makes difficult to extract reliable data about reaction mechanisms
from electrochemical studies involving these surfaces, taking into account that the proportion between

different sites on the surface depends on the particle size and shape of the catalyst[9]. Indeed, for many

electrochemical reactions, defects sites are often thought to be the most active sites for catalytic reactions
involving bond breaking and making steps [10].

To gain more insight into the catalytic activity at platinum surfaces, Pt single crystals can be considered as
suitable models. In these surfaces, the {111} facet is modeled by a Pt(111) surface, and defect sites by its
vicinal surfaces: regularly stepped single crystal surfaces with different terrace lengths, allowing the
introduction of defects in a controlled approach. Two different step sites can be distinguished: those with
{100} geometry and those with {110} geometry. Therefore, the study of the influence of steps, with different
orientation, upon the electrochemical reactivity has become a relevant area [11-25].However, the
understanding at microscopic scale of phenomena underneath voltammetric profiles, the distinction among
different processes that could contribute to the voltammetric features and their dependence on various
experimental parameters, is still far from being complete, and more work is still necessary to fully understand
these simple signatures. In this sense, temperature dependence analysis of voltammetric profiles provides
unique information about the electrochemical interface.

First studies on the temperature dependence of the hydrogen adsorption process on polycrystalline [4,5] and

low index single crystal [6-8] platinum electrodes employed concepts from the thermodynamic description of

electrochemical cells, and introduced the concept of a generalized isotherm into the analysis to estimate
thermodynamic properties of adsorption processes at metal/interfaces. Later, works employing more precise
methods to characterize the interface, like the analysis based on the electrocapillary equation [20,21,24],
reported a good agreement with results from the generalized isotherm strategy [15,17].

In this paper, the temperature dependence of voltammetric profiles of stepped platinum electrodes, in contact
with non-adsorbing electrolytes, is studied, and thermodynamic properties of the interface at low potentials
are calculated. In this thermodynamic analysis, the generalized isotherm concept is applied to study the

adsorption at both, two-dimensional terraces and one-dimensional steps. Additionally, the adsorption at steps



is also analyzed by employing the exact solution for the one-dimensional adsorption from the statistical
thermodynamics description [26].

2. Experimental

Pt(111) electrodes and its vicinal surfaces, belonging to the series Pt(s)[(n-1)(111)x(110)]
=Pt(s)[n(111)x(111)]) and Pt(s)[n(111)x(100)] were prepared from small Pt beads, approximately 2-3 mm in
diameter, by the method described by Clavilier et al.[27]. All the experiments were performed in a two-
compartment, three-electrode all-glass cell following a well established experimental protocol [28]. The
electrochemical cell was immersed in a water bath whose temperature was controlled within £0.1 K by a
thermostat (Haake FK). The temperature in the water bath was measured with a platinum resistance
thermometer (0.1 K, Crison 638Pt). The experiments were carried out at different temperatures in the range
283 K < T <333 K. Prior to each experiment, the electrodes were flame-annealed, cooled in a Hu/Ar.
atmosphere, and transferred to the cell protected by a drop of ultrapure water saturated with Ha/Ar.
Supra-pure perchloric acid (Merck) was used to prepare the solutions in ultrapure water (Purelab Ultra, 18.2
MQ cm, Elga-Vivendi). H, and Ar. (N50, Air Liquid) were also employed. All potentials were measured
against the Reversible Hydrogen Electrode (RHE), immersed in the same solution and at the same
temperature as the working electrode (i.e. the so-called isothermal configuration), a large, flame-cleaned, Pt
wire coil (99.99%) was used as a counter electrode, and each experiment was repeated at least three times,
with consistent results. All voltammetric scans were collected at a sweep rate of 50 mV s at freshly annealed
surfaces, and cycled first in the low potential region to verify their quality, as well as the cleanliness of the
surface. The stability of the voltammetric profiles with time was also carefully checked to ensure solution
cleanliness.

3. Results and discussion

Stepped surfaces are characterized by a step orientation, a terrace orientation and a terrace width. Therefore,
surfaces vicinal to {111} plane are composed by close-packed {111} terraces of width equal to (n-1) or n
atoms, separated by regular intervals of well-defined monoatomic steps with{110} = {111}x{111}
orientation, Pt(s)[(n-1)(111)x(110)] =Pt(s)[n(111)x(111)]), or with {100} orientation, Pt(S)[n(111)x(100)]
[11,12,14]. Figure 1 shows positive-going voltammetric scans of Pt(776) (or Pt(s)[14(111) x(111)]
=Pt(s)[13(111) x(110)]) and Pt(544) (or Pt(s)[9(111)x(100)]) in 0.1 M perchloric acid at 50 mV s, at selected
temperatures. In these experiments, the so-called isothermal configuration is employed, i.e. the RHE reference

electrode is kept at the same temperature as the working electrode to avoid the formation of thermo-diffusion



potentials.

Negative counterparts of voltammetric scans presented in Fig. 1 are completely symmetrical with respect to
the x-axis, as corresponds to a reversible adsorption dynamics, only at low potentials (E < 0.5 V). Thus, the
thermodynamic analysis in this work will be devoted to this region. As seen, cyclic voltammetric profiles
(CV) for stepped surfaces vicinal to the {111} plane in non-adsorbing electrolytes, within the temperature
range 283.15 to 333.15 K, are quite similar to each other, and only subtle changes are seen in the CV,
especially in the low potential region. For this reason, the analysis of temperature effects in this latter region

should be made with great caution.
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Fig. 1. Positive-going scans of cyclic voltammograms for Pt(776) and Pt(544) electrodes in 0.1 M HCIO,, at
selected temperatures, as indicated. Scan rate 50 mVs™.
CVs in Fig. 1 are characterized by three distinctive potential regions. At E < 0.35 V, hydrogen adsorption,
Hags, on {111} terraces is responsible for the broad pseudo-capacitive currents, while well-ordered monatomic
steps give characteristic peak contributions at 0.13 V, for {110} steps, and 0.28 V vs. RHE, for {100} steps,
although their origin is not entirely clear [11-14,29,30]. Steps of {110} orientation can also be seen as {111}
steps, but the {110} notation is preferred because the voltammetric peak resembles that one for Hags at the
Pt(110) basal plane [13]. At higher potentials, between 0.6 and 0.85 V, the voltammetric charge is attributed
to hydroxyl formation, OHags, from water dissociation, certainly on {111} terraces [19,23,25], but also
possibly to step oxidation, although OHags and Oags adsorption potentials on steps still are under controversy
[23,31]. Theoretical and experimental results have suggested that OHags is less stable at steps than at terraces,
because of the lack of a stable H>Oa4s/OHags network, while Oags could adsorb on steps at lower potentials than
on terraces [31, 32]. Connecting the Hags and OHags regions, an apparent double layer region exists, where the

current density is small, but not constant.



As mentioned, the exact origin of the sharp peaks seen in the cyclic voltammogram (CV) of stepped surfaces
at low potentials is unknown. Commonly, they have been attributed to Hags 0N step sites [11,12,14], because
peak potentials are constant and charge densities linearly increase with step density, in good agreement with a
process where one electron is exchanged per step atom [11-14]. However, because of their unusual pH-
dependent shift of 50 mV NHE/pH unit[22,33], and their sharp shape, which can be only modeled by
assuming net attractive interactions between adsorbed species [30] in contrast to repulsive Hags lateral
interactions on {111} terraces [15,17,20,24], it has been recently also suggested that these peaks at 0.13V and
0.28 V could be caused by competitive co-adsorption of OHags, or even adsorbed oxygen, Oags, from water
dissociation at steps, through a more complex reaction scheme [33]:

Haas + [x + y]lH,0 2 x0445 + YOHqs + [2x + y + 1]JHY + [2x + y + 1]e~ (1)

This is because narrow and sharp peaks only appear on CVs under conditions of attractive intraparticle
interactions [34], or during competitive co-adsorption of interacting molecules with high adsorption energies
[35]. In Eq. (1), the peak potential (on RHE scale) may in principle depend on pH if the ratio of Oags/OHads
would depend on pH in a non-trivial way [33]. Nevertheless, a more simple reaction scheme, explicitly
considering modifications in the double layer triggered by Hags adsorption, owing to possible changes in the
inner layer of chemisorbed water, H2O,qs, could also explain the pH-dependence and the sharpness of these
peaks, as discussed below:

Hggs + Hy0l4 2 Hy0%, + HY +e7(2)

In this scheme notations H,0},. and H,0?,.are used just to indicate changes in the water adlayer structure
before and after the adsorption of hydrogen, because of interactions between Hags and H2O,gs With, or without,
desorption of water molecules. This is because, although solvent substitution by adsorbates is not usually
considered in electrosorption processes [36], the interaction between Hags and the H2Oaqs network already
adsorbed on the electrode may strongly modify the energetic balance on the surface, which in turn may affect
the whole adsorption process [31]. In this sense, results from temperature programmed desorption (TPD)
experiments on Pt(111) and vicinal surfaces have shown that pre-adsorption of hydrogen, or deuterium, atoms
on Pt(111) causes a stabilization of the adsorbed water on the electrode [37—41], together with a small
decrease in the H,Oags coverage. Conversely, on {111} vicinal surfaces it weakens the H,O—metal bonding at
{110} and {100} steps and, at high coverages, also at {111} terraces [37,42-44]. In contrast, pre-adsorption

of hydrogen on Pt(100) destabilizes the adsorbed water [45].



3.1 Thermodynamic analysis of temperature effects in the low potential region adsorption processes
Temperature effects on interfacial processes taking place at metal/solution interfaces can be well
characterized by the application of a generalized isotherm, which allows determining thermodynamic

properties of the global reaction of the electrochemical cell [4-6]. This is a simple, but efficient, method to

estimate metal/solution thermodynamic properties of adsorption processes at Pt single crystals, in good
agreement with other more precise methods, like the analysis based on the electrocapillary equation
[20,21].Despite several of its implicit approximations, such as the assumption of the separability of a
Langmuirian configurational term from the adsorbate chemical potential, the charge number in the adsorption
process is equal to the charge of the adsorbing species in solution and the calculation of species coverages by
integration of voltammograms at different temperatures, arbitrarily double-layer charging corrected. The full
derivation of the mathematical expressions in this scheme has been already described in detail, and so, only
main equations will be given here [15,17,20,21].

For the single adsorption of hydrogen, the half-cell reaction is given by:

H* +e™ 2 Hyys(3)

and because the RHE electrode is employed here, the half-cell reaction on the reference electrode is:

1/2H, 2 H" + e~ (4)

Then, the global reaction of the electrochemical cell is:

1/2H, 2 Haas(5)

Application of thermodynamic equilibrium conditions to these half-cell reactions [17, 20], leads to the mean-

field expression for the adsorption on two-dimensional terraces, also known as the generalized isotherm [4—

6]:

—f
OHuas —AGH , ;5.Global~FERHE
1-6 = exp( RT
Hads

)(6)
=f gHads
AGy,,.clopar = —FErug — RTln(m)U)

where6y, . is the potential-dependent coverage of hydrogen adsorbed on the surface, Erwe is the electrode

potentials vs. RHE, F is the Faraday constant, R is the ideal gas constant, T is the temperature and

AE[,a 1s,clopariS the formal, coverage-dependent, standard Gibbs energy, given by:

—f —0
AGy,4s61o0ar = AGH 4 lobal T+ wHadS—Hadngad5(8)



. —0 . . -
with AGy_ . ciopar, the standard molar Gibbs energy of adsorption andwy ;. a Frumkin-type lateral

—Hggs’
interaction parameter.
In the case of adsorption in one-dimensional steps, the exact solution for the statistical thermodynamics

description is known, and it is given by [26]:

—f
—AGH 4 45Global~FERHE
RT

ﬁ—1+29yad5
ﬁ+1—29yad5

= exp( )(9)

_f ﬂ—1+29Ha s
AGy,,.c1opar = —FEryp — RTI"(W)(lO)
ads

with

B=1[1-46y,,,(1—06p,,)(1— eXp(—wHadS_Hads/RT))]%(ll)

Note that, the only difference between Eqns. 6 and 9 for one and two-dimensional adsorptions is the
expression employed to calculate the configurational entropy term, which in the case of a two-dimensional
adsorption is approximated by a Langmuirian configurational expression, while for a one-dimensional
adsorption it is exactly derived from statistical thermodynamics for the adsorption of interacting particles

[26]. These configurational terms are explicitly subtracted from the adsorbate chemical potential in Egns. (7)

. . L —0 .
and (10), in order to increase the linearity of AGy ,_ciopaiVS- On,,, at low and high coverages and allow

abetter estimation of all deviations from ideality, especially those ones owing to lateral interactions
[17,36,46].

When possible changes in the inner layer of H,Oas, because of Hags/H20ags interactions, are explicitly taken
into account (Eqn.2), and a negligible coverage of non-occupied platinum sites is considered, the expression

for 6y,,,.(E) becomes [20,26]:

—f [ . .
AGy 458Hy0445Global = —FErpp — RTln(l_H—“ds) on two-dimensional terraces (12)

OH 445
—f BL-1+20gh R .
AGy . &H,0 446 Globat = —FErpg — RTln(/HTGHZZ) on one-dimensional steps (13)
with

—f —o0 —o0
AGh 4 &H,0445Global = AGh 4y 61opat — BGH,0,444,610pa1 — OHy0445-Ha0gqs T ©Hygs—Ha0gas T

(14)

WHZOads_HadseHadS
1

B =[1-46y,,,(1—064,,)(1—exp(—W/RT))]2(15)

and

WHZOads_Hads = wHads_Hads + wHZOads_HZOads - 2wHads_HZOads(16)



in which, AEEadS,mobal - Aﬁgzoad&cmbal is the standard molar Gibbs energy change for Eqn. 2. When

comparing Eqns. 12 (13) and 7 (10) a similar mathematical structure is found, with an slightly different

physical meaning for equation parameters: in Egns. 7 (10) AE{Global and w;_; corresponds to the formal,
coverage-dependent, standard Gibbs energy and the Frumkin-type lateral interaction parameter for adsorption
of Hags, while in Egn. 12 (13) they correspond to the simultaneous adsorption of Hags and the subsequent
energetic change in the water adlayer adsorbed on the surface:

Hy 0% 2 Hy0245(17)

Once hydrogen coverage is measured as a function of the applied potential, the value of

AE[,a ds,Global(Aﬁ,ﬁa 1s&Hz 0445 Global) CaN be calculated through Eqn.7 (12), or 10 (13). By extrapolation to the

zero coverage limit, the standard molar Gibbs energy of adsorption can be also calculated, according to:

—0 ) —f
AGy 45 610001 = 0 lim OAGHadS,Gzobaz(18)

Hggs™
—0 . —=f =0 =0
AGHads&HZOadg,GlObal = Hllm—>0 AGHads&Handg.GlObal = AGHadg.GlObal - AGHZOadg.GlObal - szOads_HZOads +
ads
wHads_Hzoads(lg)
L . R~ —f .
Additionally, wy_, 4. OF W t,0 qgs—Hags' CON be determined from the derivative of AGy_,  ciopar With the

coverage:

=f
0AGH , ;¢,Global

)7(20)

w _ =
Hads—Hads ( 90H 4

=
0AGH 4 44,Global

WHZOads_Hads = ( 0y d )T = wHads_Hads + wHZOads_HZOads - ZwHads_HZOads(Zl)
ads

. . —f . .
Figures 2 to 5 summarize the calculated AG; ¢;,54; Values as function of normalized coverages, at selected

temperatures, and of temperature, at fixed coverages, at steps, Figs. 2 and 3, and terraces, Figs. 4 and 5, for

Pt(776) and Pt(544), respectively. In the case of steps, AEZ clobarValues were calculated by employing both,
one-dimensional and two dimensional expressions: Figs. 2A and 3A vs. 2C and 3C, in order to estimate the
inaccuracy that emerges when considering a Langmuirian configurational term to describe the process at step
sites, through the mean-field expression, Eqn. 7 (12). Error bars on figures are given only for T = 308.15 K,

because they are similar in all data.



Fig. 2Formal Gibbs energies vs. hydrogen coverage, at selected temperatures for 1D (A) and 2D descriptions

(C), and vs. Temperature (B), at selected coverages, at steps, for Pt(776) electrode in 0.1 M HCIOa.
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Fig. 3 Formal Gibbs energies vs. hydrogen coverage, at selected temperatures for 1D (A) and 2D descriptions

(C), and vs. Temperature (B), at selected coverages, at steps, for Pt(544) electrode in 0.1 M HCIOa.



2 -10- P
2
=, 5]
oz
2 -204 g A
0.2 0:4 0.6
E 0
5 _ M
E -8-6‘_-0_6-"_"'7' ---- v- - - v- -
X
\g -167 - - .-
K :L L - - - 4= -
O 24w caa--- . -
< 0=0.0 B
280 300 320 340
T/K
247 " wTerrace
214 — Teme
(@]
E _3 wstep D
2 — .
~. -6
g_ [O)
e Step MFA
9| ® ‘.\. tep " . C‘
280 300 320 340
T/K
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selected coverages, at terraces, and calculated lateral interaction parameter vs. Temperature (C), for Pt(776)

electrode in 0.1 M HCIOQ,.
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In estimating equilibrium coverages of adsorbed species at low potentials and different temperatures, charge
densities values, calculated by integration of CVs after subtraction of the double-layer contributions, were
normalized by the corresponding surface atomic density expressed in electrical units [11,12,14]. As in
previous works, the separation of the voltammetric current in the CV corresponding to the step and terrace
contributions was done by assuming that the step site current is simply superimposed to that of the terrace
sites [11,12,14]. Thus, these step charges are independent of any hypothesis about the double layer
contribution, which is fully included in the terrace charge. In this work, because double-layer capacity values
at stepped surfaces are not available, the minimum current measured in the double layer region is chosen as a
constant baseline for carrying out double-layer corrections. This is clearly an approximation but, as explained
above, good agreement has been found between this and other more precise methods [20,21].
As can be appreciated from Figs. 2A to 5A, formal Gibbs energies at steps are almost coverage-independent,

while greater variations are seen at terraces. Nevertheless, for both: steps between 0.2 < 6, < 0.8 ML, and
terraces between 0.1 <60y, <0.55 ML, AE{Globalexhibits a linear dependence on coverage. At low and high

coverages, AE{Globaldeviates from the linear tendency, especially at steps. This could be due to the inability
of the model to describe the system at these coverages [47], i.e. the real configurational entropy contribution
deviates from the configurational entropy term subtracted, Eqns. 7 (12) and 10 (13), or due to the large
uncertainty in the determination of 8, , which will result in a much large uncertainty in calculatedAEfGlobal
values, because of the logarithmic term in Eqgns. 7 (12) and 10 (13). Anyway, linear dynamics at 0.2 < 6y, <
0.8 ML and 0.1 <6y , <0.55 ML for steps and terraces, respectively, suggest that the adsorption can be
described by a Frumkin-type isotherm in this potentials region, as anticipated in Eqns. 7 (12) and 10 (13), and
therefore, calculated thermodynamic parameters are extracted from linear fits in this coverage region.

Linear fits of AE{ Globar VS- Oy, give the standard Gibbs energies of adsorption at different temperatures

from intercepts, Figs. 2Bto5B for 6, , = 0, and the lateral interaction parameters, as a function of

temperature, from the slope, Figs. 4Cand 5C. In agreement with that reported for adsorption of Hags on
Pt(111), positive values for w;_; at {111} terraces suggest repulsive interactions between adsorbed particles,
while negative w;_; values at {110} and {100} steps would indicate attractive interactions, as highlighted
above. The possible origin of these differences will be discussed below.

Now, taking in to account that:

—=f —f =f
AGHadS,Global = AH Hgqs,Global — TASHadS,Global(Zz)
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The formal, coverage-dependent, standard entropy change, A§,§a 4s,Globals €aN be evaluated from the

dependence of AG; 1,54 ON temperature, at constant coverage, Figs. 2B to 5B, as

—f
=f OAGH , 44,Global
AS Hgqds,Global = _(—6T )eHa ds (23)

And then, the formal, coverage-dependent, standard enthalpy change, Aﬁ[]ads_clobal, can be determined as:
—f —=f =f
AHy  4o610pat = DGy, Globar T TASH 4 Glovai (24)

. . =f —f .
In addition, by extrapolating ASy . ciopar aMd AHy _, cioba: 1O Z€TO COVerage limit, the standard molar

entropy and enthalpy of adsorption can be also calculated:

—0 . _f
ASH,4s.Global = eHhmeo ASHadS,Global(zs)
ads

AHy 4 6lopal = lim

-

—=f
0 AHHads,Global (26)

Hads

when possible changes in the inner layer of HzOags, because of Hags/H2Oausinteractions,are explicitly

considered, these Eqgns. turn into [20]:

—0 . —f —0 —0
ASH 4 45&H,0445Global = eHhm—>o ASH 4 45&H,0445,Global = DShHgq4610pal = BSH,0445Global —
ads

d(wHads_HZOadS - wHZOadS_HzoadS)/dT(27)

—o —o —o
AH Y, 4s&H,04q5Gl0bal = DHH 40 clovat = BH1,0,446100al = OH,0,445~H;040s T PHags—HzO0qqs —

T d(wHads_Hzoads - szoads_HZOads)/dT(ZS)

Figures 6 to 9 show formal entropies, A§£Global, and enthalpies, Aﬁ{mobal, of adsorption at steps, Figs 6 and

7, and terraces, Figs 8 and 9, for Pt(776) and Pt(544), respectively, as a function of hydrogen coverage. For

the sake of comparison, Agfalobaland AEZGZO,,M, values at steps from AE{Globaldata,calculated by employing
two-dimensional expressions, Figs 2C and 3C, are included in Figs. 6 and 7. Error bars for calculated data are

also given.
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Alternatively, by taking the derivative of Eq. 22 with respect to 1/T, at constant coverage, Agf,ads,mobul

—f
andAHy, . Giobar CaN be also evaluated:

—=f
—f 0AGH , 4,Global/T
AHHadS,Global - ( aT-1 )GHadS(Zg)

—=f —f
AHHadS,Glohal_AGHadS,Global(30)

=f
ASHadS,Global = T

=f —f . . .
As expected, values of ASy . ciopa aNd AHy , ciona Calculated with this second method agree well with

those reported in Figs. 6 t09. However, byemploying Eqns. 23 and 24it is possible to estimate the temperature

effect on Aﬁf,adsmobal, while Eqgns. 29 and 30 allow it for A§£ads_clo,,al. As anticipated from Fig. 1, all
. —f =f —f .
thermodynamic parameters:AG; giopair ASi ciobars A cropar @Nd w;_;, areweaker functions of temperature

than coverage. The weak dependence of A§£Global with T suggests a low contribution of the vibrational
entropy to the total entropy change associated with the adsorption processes [26].

From Figs. 6A to9A, it can be appreciated that entropic changes at steps are weaker functions of the coverage
than at terraces, with changes in A§£,a 1s&H20g45,Global = 9-8 and 6.1 mol! K at steps for Pt(776) and

Pt(544), between 0.2 < 6,_, < 0.8 ML, respectively, and ~ 16.3 J mol™ K™at terraces for both Pt(776) and
Pt(544), with 0.1 < 0y, < 0.55 ML. In contrast, while A§£a 1s&Ho0445Global At terraces for stepped electrodes
are complex functions of coverage,for Pt(111) Agf,a 1s&H,0445,Global 1S @ Weak, linear function of coverage and
the change in A§£ads&H20ads,Gmba1for Hags is = 10 J mol™* K, for 0 < 6, < 0.6 ML[20]. A close look into

Fig. 8A suggests that for Pt(776) terraces, Agf,a 4s&H20445,Global 1S @ Weak, linearfunction of coverage for =
0,45 < 0.40 ML, but grows much faster at higher coverages, when E< 0.16 V and the adsorption at steps

begins. Thus, it could be said that Hags adsorption at steps modifies the adlayer ordering at terraces.

For Pt(544), the shape of A§Zads&H20ad&Global is more complex, Fig. 9A: it changes fast with

0,4 70r01,,,,,<0.2 ML, which corresponds to E< 0.22 V and the Hags adsorption at steps occurs. For 0.2 <
0,4 < 0.4 ML, and Hags adsorption at steps is completed, it becomes a plateau-like function. Finally, for
higher coverages, when E < 0.16 V, it increases again, even faster than when 6 ., < 0.2 ML. Therefore,

similar to Pt(776), it looks like adsorption at steps modifies the adlayer order at terraces. In this case, the

increase in AEﬁads&HzOads,mobalwhenEs 0.16 V, is due to adsorption of Hags on the {111} terrace atomic row
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adjacent to the step site (the border of the terraces), i.e. at the edge of the steps [16]. This adsorption is also
given at Pt(s)[(n-1)(111)x(110)] surfaces, as can be appreciated inFig. 1. In this case, the adsorption on this
site parallels the adsorption at {110} step sites.

Table 1resumes calculated thermodynamic properties of adsorption, at steps and terraces, on Pt(776) and
Pt(544) by means of the generalized isotherm, Eqn. 7 (12), and the exact solution of the statistical
thermodynamics description for adsorption in one-dimensional steps, Eqn. 10 (13). In this table, the nearest-

neighbor interaction energy between two adsorbed molecules is given in parenthesis, andis positive (negative)

. . . . .. —=f =f —f
for repulsive (attractive) interactions. Additionally, temperature averaged AG; giopais ASi Giovars AH; Gropar 8N

w;_; values, at low and high coverages for steps, 0.2 < 8y, < 0.8 ML, and terraces, 0.1< 8y, <0.55 ML, are

provided in Table2.As can be appreciated, for both steps, coverage effects on Aﬁl{mobal can also be
considered negligible, despite attractive effective interactions between adsorbed molecules.
Table 1. Thermodynamic data for the global adsorption processes involved in the low potentials region of

cyclic voltammograms of Pt(776) and Pt(533) in 0.1 M HCIO,4, T = 298.15."

AG, siopa | KI MO (V) @i /KIMOIT (8V)  dw;_;/dT /IOl AT, 0 /I molt  AH, giopa | kI Mol

Step on P1(776) 1D -105+0.2 (-0.11) -3.7£0.8 (-0.038)  -16.5 2.6 -9.6 % 2.0 133%0.8
Step on Pt(776) 2D -7.8+0.8 9.0+15 -28.0%5.0 17.6+2.6 13.0+16
Step on Pt(544) 1D -25.6+1.1(-0.27) -3.1+1.2(-0032)  -7.9%3.9 -9.2+35 283+2.1
Step on Pt(544) 2D -23.0+1.8 -83%27 -20.0+8.9 -145+5.9 27.3+3.6
Terrace on Pt(776)  -23.4+2.0(-0.24) 22.0%0.7(0.038)  -11.7+2.2 -41.1%6.0 -35.7+3.7
Terrace on Pt(544)  -21.7+0.9(-0.23) 19.3+35(0.033) -305+113  -159+29 264+18

“Reported errors reflect the uncertainty associated to AE{ clobar @Nd w;_; vs. Tleast-square regressions.
Table 2. Temperature averaged thermodynamic data for the global adsorption processes involved in the low
potentials region of cyclic voltammograms of Pt(776) and Pt(533) in 0.1 M HCIO,, at low and high

coverages.”

G iopa KIMOIE @i [KIMOI AST . ymolt AR gioper / kI Mol

Step on Pt(776) (1D) 6 = 0.20 ML -10.9+0.2 20403 47+04 135+0.1
6; = 0.80 ML -135+0.1 o= 51+0.6 -13.8+0.1

Step on Pt(544) (1D) 6 = 0.20 ML -26.0+0.2 39400 76+04 -27.8+0.1
6; = 0.80 ML -28.2 +0.1 o= -155+0.4 -28.3+0.1

Terrace on Pt(776) 6 = 0.10 ML -205+0.7 219403 -35.3+0.7 -31.8+0.2
6; = 0.55 ML -10.6+05 c= -19.1+0.7 -16.8+0.2

Terrace on Pt(544) 6; = 0.10 ML -19.7+0.3 189407 154405 -24.6+0.2
6 = 0.55 ML 115404 i 12+13 -115+0.4

“Reported errors correspond to standard deviationsoftemperature average values.

When results at steps from the 1D and 2D approximations are compared, it is found that AE{Globa, VS.

Oy 4 Plotscalculated by means of the generalized isotherm, Eqn. 7 (12), show a stronger dependence on 6,
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and more pronounced deviations from linearity, at low and high coverages, than similar curves obtained from

the one-dimensional adsorption expression, Figs. 2A and 3A vs. 2C and 3C. These deviations are a direct

consequence of the different configurational entropy terms involved in each approximation: RTln(lziads)
“YHggs

for the 2D adsorption and RTln(%) for the 1D adsorption. Note that when g =1 (w;_; = 0), the

‘8+1_29Had5‘

configurational entropy term in both approximations is the same. Additionally, slopes of AE{Globa, Vs.

O 4 least-square regressions from the 2D equation are steeper, Figs 4C and 5C, and, therefore, higher
—0 —0 L . . -
AG; 1opa; and lower AS; ¢10pq; and w;_; values are calculated within this approximationat 298.15 K, Table 1.

. . . — —0 . .
Nevertheless, in both theoretical frameworks similar AHﬁGlobal and AH; g1opq; Values are estimated, Figs 6B
and 7B.

Regarding the interaction energy between adsorbed species, W ty0ugs—Haas’ the thermodynamic analysis

performed above allows to distinguish between enthalpic, w;_; — Tdw;_;/dT, and entropic contributions,
Tdw;_;/dT, owing to lateral interactions, Table 3. In this framework, while the enthalpic term is related to
changes in the minimum of the potential energy surface (PES), the entropic term deals with variations in the

curvature of the PES [21]. As mentioned above, calculated at steps suggests attractive

WHZOads_Hads
interactions between adsorbates.However, when enthalpic and entropic contributions are calculated, it is seen
that thesenet interactions between species are practically due toentropic contributions. Therefore, it could be

said that interactions between adsorbed species arrives because of global changes/reordering of the

interface/adsorbed adlayer, and not because of adsorption energy changes of adsorbates, as anticipated from

the non-coverage dependence of Aﬁf,a 1s&Ha0445Global At StEPS, Table 2. Contrarily, at terraces, entropic
changes are less important and repulsive lateral interactions reflect the decrease in the adsorption energy at
increasing coverages.

Table 3. Thermodynamic data for the lateral interactions between adsorbed species at adsorption processes

involved in the low potentials region of cyclic voltammograms of Pt(776) and Pt(533) in 0.1 M HCIO4, T =

298.15.
wi_; 1 kJ mol-! dw;_;/dT 1] mol! Tdw;_;/dT | kJ mol?! wi_; —Tdw;_;/dT | k] mol!
Step on PY(776) 1D -3.7 0.8 16526 49+08 12+16
Step on Pt(544) 1D -31+1.2 7.9+39 24+12 07424
Terrace on Pt(776) 22.0+£0.7 -11.7+2.2 -35+£0.7 255+29

Terrace on Pt(544)  19.3+35 -30.5+11.3 -9.1+34 28.4+6.9
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From UHV studies, a repulsive energy of ~28.9 kJ mol for Hags on Pt(111) has been reported [48], while on

stepped surfaces, a coverage independent binding energy for Hags at steps, i.e.wy =0, and a repulsive

—Hgds

energy of ~37.8 kJ mol™ at terraces, have been reported [49]. At first sight, a more repulsive wy_,_ at

—Hads
terraces is contrary to what has been calculated here, becausethe interaction parameter at terraces is less
repulsive than that onecalculated for Pt(111), equal to 34.9 kJ mol* [15,17,20,21]. However, if changes in the
inner layer of H,Oags are explicitly considered, the calculated interaction parameter represents the net effective
energetic balance in the adlayer, Eqn. 21, and thus it can be lower than that one at Pt(111), even if wy,_

—Hads

is more repulsive on stepped surfaces. This is because on stepped surfaces wy, o, ,.~H,0,4, INtEractions at

terraces are less attractive than on Pt(111) as the step density increases [31, 43,50-52], and wy, — are

H3044d5s
repulsive [31,37,42-44], while on Pt(111) they are attractive [37-41,43,44,53].

Once thermodynamic properties of adsorptionhave been calculated, they will be compared with data
fromliterature. Table 4 resumes theoretical free adsorption energies for H,O, hydrogen, OH and O on
different Pt surfaces. Tabulated values correspond to free energies at most stable adsorption sites reported in

Refs. [31] and [54]. In these data, solvation and electric field effects in DFT calculations were only includedin

Ref. [31] for Pt(111) and Pt(332), using the revised Perdew—Burke—Ernzerhof (RPBE) functional for the

—0
exchange—correlation energy. However, calculated AGy, .. for {110} and {100} stepped surfaces are quite

- . =0 . .
similar and thus, changes in AG;,,, because of solvation and the electric double layer from Ref. [31] can be

0

lads

used, as first approximation, to “correct” theAG; . vacuum data calculated in Ref. [54]. Additionally, because

. . . —0
PBE gives a better result for Hags than RPBE, while RPBE gives a better result for Oags than PBE [31],AG;

on electrically neutral surfaces in vacuum, calculated using the PBE functional in Ref [31], were also
“adjusted” and reportedinTable 4.

Because the water adlayer is considered in Table 4, tabulated values are good approximations for
-0 . —0 R . —0 .
AGy  438Hy0445Globar, EAN. 19. When comparing AG , values in Table 4 with AGy_, &#,0,4sGlobarVAIUES IN

. . N =0 . .
Table 1 a good agreement is found if the comparison is done withAG , values at steps that include solvation

and electric double layer effects, but higher differences are found for the adsorption at terraces. Note that,

according to data in Table 4, the adsorption of hydroxyl from water dissociation in principle could happen at

steps (on Pt(533), AE,‘;OMS =0.11 eV). However, this value was estimated from calculations for {110}

stepped surfaces, for which a stabilization of OHags at steps from the OH/water network at terraces is
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anticipated. Contrarily, for {100} stepped surfaces, a destabilization of OHags at steps, because of OH/water

network at terraces, is expected [32]. Therefore, approximated Aﬁzoa 4sfor Pt(533) to include solvation and
electric field effects in Table 4 is underestimated.
Table 4. Free adsorption energies for H,O, hydrogen, OH and O on different Pt surfaces (most stable

adsorption sites)

AEZ 00y | €V Aﬁga . leV AE,O,OQ . leV Aﬁga . leV

Pt(111)2 0.28 -0.29/-0.29 1.02/0.48 1.23/1.27
Pt(111)° 0.28/0.18" -0.13/-0.30 0.69/0.61 0.84/0.79
Pt(332) Step® 0.07/0.04" 0.04/-0.12 0.76/0.45 0.94/0.91
Terrace 0.19/0.00" -0.10/-0.25 0.82/0.69 0.96/0.89
Pt(553) Step ? 0.07 -0.28/-0.16 0.66/0.50 1.45/1.56
Terrace 0.24 -0.21/-0.18 1.16/0.75 1.08/1.08
Pt(533) Step? 0.06 -0.41/-0.29 0.27/0.11 1.41/1.52
Terrace 0.27 -0.21/-0.18 1.08/0.67 0.94/1.18

aFirst and second values correspond to theoretical data from Ref. [54] and valuescalculated from these data
butincluding solvation and electric field effects reported in Ref. [31], respectively.

b First and second values correspond to RPBE results in Ref [31], and estimated values from PBE free
adsorption energies on electrically neutral surfaces in vacuum and including solvation and electric field
effects calculated in the same work, respectively. * Estimated values from adsorption energies per H,O for
interfacial water. First and second values correspond to adsorption energies of isolated molecules and most
stable water bilayers, respectively.

From the entropy of the global reaction, Eqn. 27, and the tabulated value of the entropy change to the reaction

on the RHE reference electrode, A§2HE =61.75 J mol* K1 [20,21], the entropy of the adsorptionprocess can

be calculated from [20,21]:
—0 —0 —0
ASy 4e&H2 0005 = ASH4s8H20445,Global T ASruE(31)

Table 55ummarizesA§za 1s&H,044,Values for Pt(776) and Pt(544) at steps and terraces.From these values and a

model based on simple statistical thermodynamic considerations, the entropy of the adsorbed species as a

function of the coverage can be compared with the entropy of a fully mobile or immobile adlayer, in order to
gain some knowledge about the mobility of the adsorbed species. For Pt(111), A§ga 4simmobite @nd
A§,0,a 4emobite Values are 5.3 and 32.3 J mol™ K, respectively [20], and they are similar to A§E,a s immobile@Nd

A§,0,a 4smobite Values for Pt(100)and Pt(110) surfaces [20]. Therefore, because A§2,a 1s&H2044 IN Table 5

liesbetween20.6 to 52.6 J mol* K-, it could be assumed that in all cases adsorbed hydrogen has a high surface
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diffusion. However, calculated A§,0,ads&,,20adsis a global parameter that includes Agzads, A§zzoads and
d _ - _ . ..
(@ 45-H;000s = PHa0qas Hzoads)/ 47 terms, Eqn. 27. Therefore, if Hags destabilizes the adsorbed water
—0
adlayer, as on stepped surfaces [31,37,42,43,44], lower ASy, . values than those reported in Table 5 are

—0
expected. Contrarily, if Hagsstabilizeswater adsorption, as on Pt(111) [37-41,43,44,53], higher AS, . values
are anticipated.

—0 —0
Table 5.ASy, &H,044s0 AH Hygc&H,0,4,8Nd Epe—pfor the adsorption processes involved in the low potentials

region of cyclic voltammograms of Pt(776) and Pt(533) in 0.1 M HCIO,4, T = 298.15."

—0 —0 -
ASy_ . &iy000s 1 I MOl AHy a0, I kImolt  Epe_y /' K) mol™

Step on Pt(776) 1D 522+20 51+0.8 231.3
Step on Pt(544) 1D 52.6+3.5 -99+21 246.3
Terrace on Pt(776) 20.6+£6.0 -17.3+ 3.7 253.7
Terrace on Pt(544) 458+29 -8.0+1.8 244 .4

. —0 . .

Finally, AHy_, &,0,4.c10paValues in Table 1 can be employed to estimate the energy of the Pt-H bond and
—0 L —0

the enthalpy of the adsorbed process,AHy, &n,0,4,- HOWeVer, similarly to ASy . en,0,,4, Calculated values

. . . —0 —0
will represent global parameters, including AHy , , AHy, 0,400 ©@H,0446 and

—H30q4ds" wHads_HZOads

d(wy. , _ -w _ )
T Hads—H20ads H20qds—H20qds /dT termS, Eqn 28’[21]

—0 —0 —0
AHpy 4 8Hy000s = DHHygs8H,04q5,Globat T TASppg(32)

—o
Epi_y = 1/2Dy, — AHy,, 8H,0445,Gl0bal (33)

WhereDy,,= 435.99 k] mol is the enthalpy of dissociation of H, [21]. Calculated values for Aﬁf,ads&,,zoads

and Ep;_j are given in Table 5. As can be seen, apparently, Ep,_p bonds are stronger at terraces than steps on
Pt(776) while it is slightly higher at steps than at terraces on Pt(544). In contrast, in UHV environment, higher
differences between Ep._p bonds at steps and terraces are reported, ranging from 311 to 263 kJ mol* at {110}
steps [49,52], 299 to 261 kJ mol* at {100} steps [52,55], and 281 to 293 kJ mol* at {111}
terraces[49,52].Nevertheless, if changes in the adsorption enthalpy because of water environment are
considered, tabulated values at steps and terraces should increase ~15 and 3 kJ mol [31]. On the other hand,
the fact that the enthalpy change associated to hydrogen adsorption is positive at {110} steps strongly
supports the idea that this enthalpy change is not only influenced by the chemical interaction between

adsorbed hydrogen and the platinum surface. Here it is important to highlight that any double-layer
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contribution to values in Table 5 has been neglected, although this term only would modify calculated values

for terraces, as mentioned above.

3.2 Changes in the standard molar Gibbs energy with the step density at low potentials.

Lo =0
In order to evaluate the effect of the step density in AGy_, &n,0,456100a:8Nd W, 0,4 at step and

—Hggs
—f . .
terraces, AG; 10pq; Values as function of normalized coverages, at room temperature, T~ 301.15 K, were

calculated from cyclic voltammograms for different Pt(s)[(n-1)(111)x(110)], n > 5, and Pt(S)[n(111)x(100)], n

. . —0
> 4, stepped surfaces, following the same procedure explained above. Also, AGy_, &#,0,4s610par@Nd
. . -0
Wi, 0,45-HqqsValues are calculated from intercepts and slopes of linear AGy_, gw,0,456100a1 VS- On,  1€8St-

square regressions. For adsorption process at steps, AE{ clobar Values were calculated by employing the one-

. . . —0
dimensional expression, Eqn. 10 (13). Calculated AGy,, &H,0,45,610pa1@Nd W0, 4 values at step and

—Hggds

terraces are given in Figures 10 and 11, respectively.
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Fig. 10 Standard molar Gibbs energy of adsorption (A) and effective lateral interaction parameter (B)

associated to step sites, as a function of step density in 0.1 M HCIO4, at room temperatures, for Pt(s)[(n-

1)(111)x(110)] and Pt(S)[n(111)x(100)], as indicated.
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Fig. 11 Standard molar Gibbs energy of adsorption (A) and effective lateral interaction parameter (B)
associated to terrace sites, as a function of step density in 0.1 M HCIO,, at room temperatures, for Pt(s)[(n-
1)(111)x(110)] and Pt(S)[n(111)x(100)], as indicated.

As expected from the non-dependence of peak potentials on the step density, results from Fig. 10 show that

—0 . R . .
AGy 438Hy0 445 Global (Why0,45-H,gs) VAIUES are practically independent of the step density, for n> 5, with

average values of< -10.5 + 0.1 (-3.6 £ 0.1) and -25.6 + 0.2 (-3.2 = 0.1) kJ mol! for Pt(s)[(n-1)(111)x(110)]

and Pt(S)[n(111)x(100)], respectively. At Pt(533), n = 4, AE:ads&Hzoads'waal (Wh,0445—Haas) 15 -26.6 (-2.4)
kJ mol, slightly lower (higher) than average values for the Pt(S)[n(111)x(100)] series. This could be because
at this short terrace width individual steps are close enough, no longer isolated from each other and an
interaction between neighbor step dipoles may occur [14].In agreement, the peak shape at low potentials
becomes slightly wider. At even higher step densities, this peak splits as it appears in the limiting cases of

Pt(311) and Pt(110) in perchloric acid solutions for flame annealed surfaces cold in hydrogen [14].

. . —0 . .
In contrast, results from Fig. 11 illustrate that AGy,, &#,0,46100at (WH,0445 ) increases (decreases) with

—Hgds

increasing step density, following a linear tendency for n > 5, with an intercept equal to -26.9 (28.0) kJ mol,

close to Aﬁga 1s&H0qasGlobal (WH,0,45-H,gs) ValUE calculated for the Pt(111) surface, -27.9 (29.2) kJ mol”
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1[20]. Slopes from least-square regressions for AE,ga 1s&Ho0qq5Global ANd Wy o in Fig. 11 are 0.95 and

—Haads

1.5 (absolute values), suggesting a stronger influence of step in the net energetic balance between adsorbed

species than in adsorbed energies. This can be interpreted in term of a dominant role of wy , _n,0,,.

. . . —0
interactions in the adlayer balance. At lower n values, the AGy , &#,0,44s6100at (WH5044 ) value

—Hags
increases (decreases) less than expected form the linear tendency and this could be due to interactions
between neighbor step dipoles, as suggested above.

One important fact, derived from Fig 11, is the problem to solely ascribe the adsorption process at terraces as

hydrogen adsorption, as in Eqn. 3, in which case a less repulsive interaction parameter, w;_ should

—lads
decrease AE{,a 4s,Globals EQN. 8. Contrarily, Fig. 11 evidences an increase in Aﬁga 1s,Global 85 the step density
increases, despite the lower interaction parameter. Additionally, a similar effect of both {110} and {100}
steps on the Hags adsorption dynamics at terraces strongly suggests a common origin. However, adsorption of
Hags at terraces on {111} vicinal surfaces with {110} and {100} steps takes place under to two different Hags-
coverages at steps: while on [n-1(111)x(110)] surfaces most of the Hags adsorption at terrace occurs under a
Hags-free {110} step, on [n(111)x(100)] surfaces the adsorption of Hags at terraces and steps simultaneously
begins and, once the step is saturated, additional Hags adsorption at terraces occurs with a Hags-saturated step.
Therefore, it is more probable that changes in the stable H2Oags hetwork, and not because of Hags at steps, are
responsible of the energetic changes at terraces at increasing step densities.

Additional evidence about the role of the adsorbed water adlayer in the hydrogen adsorption dynamics in

. . . . . =0 -
electrochemical environments is suggested by noting that changes in AGy,, &#,0,45,610par» 1N Fig. 11, follow

the changes in the potential of maximum entropy (pme) at terraces at increasing step densities [18]. In this
sense, the increase in the pme at terraces with high step densities increases the electric field at potentials

where Hags occurs, which in turn would decrease the wy,, _u,0,,, attractive interactions. This is because at

increasing negative potentials, water molecules would prefer the O-up configuration and the distance between

the interacting oxygen and adsorbed hydrogen atoms would increase, weakening their mutual interaction [53].
. I . —0 .

In this case, considering Eqn. 19 (21), a higher (lower) AGy,, &H,0,45Global (WHZOads_Hads) value is

calculated.

Evidence of H-bonding between Hags and H2O44s has also been suggested from surface spectroscopy studies

. . —0 . .
[1,2]. Inside this framework, the lower AGy , s#,0,44sGlopar VaIUE reported for Pt(111) in alkaline



24
electrolytes, = 22 kJ mol [15], could be originated because of a higher pme in this electrolyte than in acid
media. Indeed, considering results in Fig. 11 and Fig. 8B in Ref. [18], in which the change in the pme
associated at terraces with the step density in 0.1 M HCIO, is reported, a pme around ~0.57 V in alkaline
solutions is estimated, taking into account the 0.12 V shift in the peak potentials at steps in alkaline
electrolytes compared to perchloric solutions.

3.3 Adsorption of OHags, or Oads, 0N step sites at low potentials.

Let’s now discuss the possibility that the adsorption process taking place at low potentials at steps is not
because of water and Hags co-adsorption, but it may involve the formation of OHags, Or Oags. In the case of Hags
and OHggsco-adsorption, Eqn. 1 becomes

Hguqs + H,0 2 OHyys + H,(34)

and the Eqn. 12 for the one-dimensional adsorption, and assuming a negligible coverage of non-occupied

platinum sites, would be given by

—f '8_1+26Ha s
AGH ,4580Hgq5,Globat = —2FErpp — RTln(["*-T(ﬁzazs)(?)S)
with

—f —0 —0
AGHadS&OHadS,Global = AGHadS,Global - AGOHadS,Global — WOH4~0Hggs T WHags—0Hgas T WHOadS—HadseHads

WoH,as-Haas = ©HeasHaas T ©OHaqs~0Haqs ~ ZwHads_OHads(36)

As can be seen, the only difference between Eqns. 12 and 35 is the number of electrons transferred in the
reaction, one and two, respectively. In the same way, if Hags and Oags CO-adsorption is considered, Egn. 1 turns
into

Hygs + Hy0 2 X044 + 3/2H,(37)

and the equation for the one-dimensional adsorption will be as Eqn. 35 but involving a 3-electron transfer. In

order to estimate the change in the calculated values given in the previous section, when applying Eqn. 35
instead of Eqn. 12, AE{ Globals A§£Global and Aﬁ{clobalvalues were calculated for Pt(776) and Pt(544), but

employing Eqns. 35 and 36.Figures 12 and 13 depicts AEfGlobal at T=301.15K, A§£Globa, and Aﬁ{mobal
values as functions of normalized coverages, for adsorption processes at steps on Pt(776) and Pt(544),

respectively, when the adsorption process at steps is considered to follow Eqn. 34. For the sake of
comparison, AE{Global , A§£Global and Aﬁ{aobal values in Figs. 12 and 13 are given divided by two, and

—f —f —f . . .
calculated AG; gopa1 » AS; globar ANd AH; 6104, Values found in the previous section, when the transference of



one electron was assumed, are also given.

As can be appreciated from Figs. 12 and 13, if the adsorption states at low potentials are due to Hags and
OHoags, instead of Hags and H2O.qs, similar tendencies are obtained, and AE{Globa,, A§£G,obal and

Aﬁ{clobalvalues would be similar to those reported in Tables 1 and 2, but multiplied by the number of
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. L . —f
electrons transferred in the reaction, i.e., 2. Nevertheless, because the slope in the AG; Giopa; VS. Oy, CUIVES

becomes less steep, smaller attractive lateral interactions would result than in the case of Hags and H2Oqgs CO-

adsorption.
5 Pt(776)
g -10 —&— 1e transfer
S .. —®—2¢ transfer
zg 1) ...«:::::?::f'm.
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Fig. 12 Formal Gibbs energies (A), entropy (B), and enthalpy (C), for Hags and H2Oags (1€ transfer), and Hags

and OHggs (2e™ transfer) co-adsorption vs. hydrogen coverage at steps on Pt(776) in 0.1 M HCIO..
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. Pt(544)
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Fig. 13 Formal Gibbs energies (A), entropy (B), and enthalpy (C), for Hags and H20ags (1€ transfer), and Hags
and OHags (2¢” transfer) co-adsorption vs. hydrogen coverage at steps on Pt(544) in 0.1 M HCIO..

On the other hand, from a physical point of view, reaction schemes involving more than one transferred
electron would imply 6, < 1.0 ML at the steps at saturation, and the decrease in 6, should be
proportional to the coverage at saturation of the co-adsorbed species and the number of transferred electrons.
Qualitatively, the possible existence of OHags, Or Oags, at low potentials at steps of stepped surfaces can be
assessed by calculating expected reversible potentials for reactions34 and 37. In this sense, theoretical values
in Table 4 are employed and the estimated reversible potentials are reported in Table 6. For the sake of
completeness, the reversible potential for co-adsorption of Hags, OHags and Oags, through reaction 38, is also
given.

Hygs + 2H,0 2 Oggs + OHygs + 2H,(38)

Table 6. Estimated reversible potentials for reactions 2, 34, 37 and 38on different Pt surfaces

0 0 0 0
]Hads&HZ Ogds / ev UHads&OHads / ev UHads&Oads / ev UHads&OHads&Oads / ev

Pt(111)? 0.29 0.66/0.39 0.51/0.52 0.64/0.51
Pt(111)° 0.13/0.30 0.41/0.46 0.32/0.36 0.42/0.43
Pt(332) Step® -0.04/0.12 0.36/0.29 0.27/0.30 0.39/0.34

Terrace 0.10/0.25 0.46/0.47 0.35/0.38 0.47/0.46
Pt(553) Step? 0.28/0.16 0.47/0.26 0.45/0.41 0.51/0.40

Terrace 0.21/0.18 0.69/0.47 0.55/0.58 0.71/0.62
Pt(533) Step? 0.41/0.29 0.34/0.33 0.54/0.53 0.41/0.43

Terrace 0.21/0.18 0.65/0.43 0.45/0.57 0.68/0.59
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2First and second values were calculated from theoretical data from Ref. [54] and including solvation and
electric field effects reported in Ref. [31] to these latter values, as in Table 4, respectively.

b First and second values were calculated from RPBE and PBE theoretical data from Ref. [31] in Table 4,
respectively.

From the reversible potential values given in Table 6 it can be seen that co-adsorption of Hags and HzOags is
the most probable process to take place at steps in acidic electrolytes, because for this process U,Sa 1s&H200ds
values are reasonably in agreement with data in Table 1.1t could be said that, when calculating reversible
potentials in Table 6, interactions between species for Uy, eomue U yyst0as @10 U 4o20H 3 g58044,87€ NOL
included and so, calculated potentials could be overestimated. In order to estimate the effect of lateral

interactions between adsorbates in Uf,ads&iads, some previous considerations should be done. From Eqgn. 21,

the wy, ;. interaction can be expressed as function of the global interaction parameter calculated from

—lads

experiments, W as

lads—Hads®
wHads_iads = (wHads_Hads + wiads_iads - Wiads‘Hads)/z(Sg)
by employing this equation to estimate the difference between wy

and w; in Egn. 19

—lads —lads

w

wHads_iads - wiads_iads - (wHads‘Hads - wiads‘iads - iads‘Hads)

/2(40)

and considering wy,, . =0, as reported from UHV studies [49], Eqn. 40 can be rewritten as

—Hads
wHads_iads - wiads_iads = (_wiads_iads - Wiads_Hads)/2(4l)

Now, because W is attractive, as well as usually wop,,.—on,,, d0€S, a decrease in U,E’,ads&o,,ads is

lads—Hads

expected. Taking wop,,,.—on,4 = -0-20 eV, the highest calculated value for OHag-OHags interactions at

Pt(111) [56], and W =-0.038 eV, as in Table 1, the maximum decrease expected in

lads—Hads

0 ~ . . .
Up ,gs80H 44, WOUld be~0.06 eV. Contrarily, because usually wo_, are repulsive, the maximum

Oads
anticipated decrease in U,Sads&oadswould be ~0.01 eV. For UE,adS&OHads&oads, an intermediate value between
these two cases would be expected. In consequence, even including the effect of lateral interactions in

Uf,a 1s&igqs the co-adsorption of Hags and Hz2Oags is the most probable process to occur at {110} steps in acidic
electrolytes. It would be the same in {100} steps, because of the similarity between adsorption processes at
{110} and {100} steps. Here, it should be emphasized that in Table 6 calculated potentials involving OHags
free energy at {100} steps are underestimated, as explained above. However, in alkaline electrolytes, because
the adsorption process at steps shifts to higher potentials, co-adsorption of OHags could actually occur.

5. Conclusions
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In the present work a thermodynamic analysis of adsorption processes in the voltammetric profile of {111}

vicinal platinum surfaces at low potentials is performed and thermodynamic properties such as the formal

. =f . —f . . —f .
entropies, AS; ¢iopar, €Nthalpies, AH; 1opq:, and Gibbs energies, AG; ¢10p4;, OF adsorption processes at two-
dimensional terraces and one-dimensional steps are calculated. Results are interpreted in terms of the

interaction between adsorbed hydrogen, Hags, and the water network, H,Oqgs, already adsorbed on the

. —f =f —f
electrode. Calculated values show that all thermodynamic parameters:AG; giopars ASi giobar @A AH; giopar are
weaker functions of temperature than coverage. In addition,formal Gibbs energies and entropies at steps are
almost coverage-independent, while greater variations are estimatedat terraces.

When the effect of the step density on the standard Gibbs energy and on the lateral interactions between

)

. . R - —0
adsorbed species at terraces and steps is determined, it is found that that AGy,_, &n,0,4. Global (WHZOads_Hads

. . . —0
values at steps are practically independent of the step density, but, as expected, AGy, g#,0,45,610par VAIUES

. . —0 .
depend on the step orientation. In contrast, AGy_, &n,0, dS'GlODal(WHZOads_Hads) at terraces increases

(decreases) with the step density, following an almost linear tendency for n> 5. Results highlight the role of
the adsorbed water adlayer in the hydrogen adsorption dynamics in electrochemical environments and the

importance ofwy . interactions in the adlayer energetic balance.

~H20q4s

Comparing experimental results with theoretical data from literature suggest that the co-adsorption of Hags and

H20ags is the most probable process to occur at {110} steps in acidic electrolytes, and also at {100} steps,

because of the similarity between adsorption processes at {110} and {100} steps. However, as the adsorption

processes at steps in alkaline electrolytes shift to higher potentials, co-adsorption of OHags could occur in this

latter solution and specific data are required to evaluate this possibility.
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