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Abstract: Hydroxide ion is a common electrolyte when electrode reactions take place in alkaline
media. In the case of oxygen reduction reaction on Pt(111), we demonstrate by ab initio molecular
dynamics calculations, that the desorption of hydroxyl (OH*) from the electrode surface to form a
solvated OH™ is a cross sphere process, with the reactant OH* in the inner sphere and the product
OH" directly generated in the aqueous outer sphere. Such a mechanism is distinct from the typical
inner sphere and outer sphere reactions. It is dictated by the strong hydrogen bonding interactions
between a hydroxide ion and water molecules and facilitated by proton transfer through solvation
layers. It should play a significant role whenever OH* desorption, or its reverse, OH™ adsorption,

is involved in an electrochemical reaction.
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Introduction

An electrochemical process takes place in the interfacial region around an electrode immersed
in a liquid with various solvated electrolytes. It’s usually divided into two types.l? The first type
is the inner sphere reaction, which proceeds on the electrode surface. Chemical bonds are often
altered upon surface adsorption, which can catalyze reactions between adsorbed species.??® The
reaction rate is strongly dependent on the surface structure and the electrode material. The second
type is the outer sphere reaction, which proceeds in the liquid double layer in contact with the
electrode surface.*® Reactants and products are solvated by solvent (typically water) molecules
and not much affected by either the electrode surface or the adsorbed species. The charge transfer
between the electrode and solvated reactants is achieved by electron tunneling, and the reaction
rate is insensitive to the electrode material.

The oxygen reduction reaction on platinum electrode is a well-known model problem in
electrochemistry, for understanding the reaction mechanism involving multiple electron transfers
and several elementary steps and for improving the efficiency bottleneck in the operation of fuel
cells.®™® With the progresses in the development of alkaline membrane, ORR in alkaline media
has attracted increasing attention in recent years, with its promises for using electrodes made of
non-noble metals.'®!* Its mechanism also poses a fundamental challenge to the conceptual
distinction between the inner and outer sphere electrode reactions.

As demonstrated in recent experiments,*?2° the ORR rate on Pt(111) depends on the identity
of the cation M, which comes from the alkali MOH. The activity follows the order Cs™ > K* >
Na*>> Li* (or Ba*). While it clearly indicates the influence of solvated cations in the outer sphere,
such an effect is not observed for ORR on Au(111),*2 pointing to the importance of the inner sphere
factors as well. Furthermore, similar cation effects are also observed in other electrochemical
processes, such as hydrogen oxidation,*21® alcohol oxidation,!” and CO; reduction.’>® While
being quite distinct from ORR, all these reactions take place in alkaline media.

The stabilization of adsorbed hydroxyl, OH* (with * indicating surface adsorption in the
following text), by solvated cations, are often offered as the explanation for such cation effects.
The stabilization energy by Li* is found to be 0.1~0.15 eV more than that by Cs*, according to
density functional theory (DFT) calculations, which is suggested to be responsible for the reduced
ORR activity in LiOH solution.*? However, recent DFT calculations with more extensive solvation

of the cation flip the ordering of the stabilization energy, only 0.3 eV for Li*, but 0.4 eV for K*.1°



Only when entropy effects are taken into consideration by ab initio molecular dynamics (AIMD)
simulations, Li* would stabilize OH* by 0.1 eV, while K" would destabilize OH* by 0.1 eV. With
a reported error in the calculated free energy being about 0.1 eV, such small differences are more
in line with the expected weak interactions between solvated cations and adsorbed species than
proving conclusively the variation in interaction energy as being responsible for the observed
cation effects. Furthermore, there are also experimental evidences that the cation effects could be
due to the stabilization of negatively charged intermediates, rather than of OH*.2°

As a model problem, ORR has been the subject of many theoretical studies, most of which
have been aimed at understanding the mechanisms in acid media.”?? Recent studies have
highlighted the importance of solvation effects,®*® and especially the dynamic treatment of
explicitly solvated proton.3®8 In contrast, the ORR mechanism in alkaline media has received
only limited attention, with kinetic models built upon adsorption energies and barriers obtained by
static optimization.®

In this study, we apply AIMD simulations to explore the reaction channels underlying the
ORR on Pt(111) in alkaline media, by explicitly modeling the OH™ solvation and the variation in
both the electrode potential and the cation concentration. The cation effect is thus treated as part
of the overall ORR mechanism, rather than a stand-alone stabilization effect. Our results show that
OH* desorption is the key to understand the electrochemical measurements, including not only the
origin of the large onset overpotential, the polarization curve in the high electrode potential
region,*®*2 and the irreversible feature in the oxide region of the cyclic voltammogram, 443 put
also the cation effects. More importantly, rather than a typical inner sphere or outer sphere
electrode reaction, OH* desorption actually involves both inner and outer spheres at the same time.
It’s a distinct type of cross sphere electrode reaction that could play an important role in many

electrochemical processes in alkaline media.

Results and Discussions
O2* dissociation

Our initial model includes a NaOH, solvated by 42 water molecules, in contact with a slab of
Pt(111) and a vacuum layer of 15.0 A. Extensive solvation is essential to model reactions involving
hydrated OH". The electron detachment energy for an isolated OH™ is only 1.8 eV,* compared to

the work function of 5.7 eV for Pt*’. Without the presence of water molecules, an OH* desorbed



from Pt(111) would not be an OH™ even after adding an extra charge to the slab.*® However, when
OH is hydrated, its electron detachment energy increases to ~6 eV in OH (H20), clusters by

n=7,* and further to 9.2 eV in aqueous solution.>
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Figure 1: O dissociation on the Pt(111). (a) the reactant O2*, (b) the product O* and 20H*, (c)
the free energy surface obtained by a MTD simulation with doo as the reaction coordinate. The Pt,
O, and H atoms are shown in grey, red and green respectively. Water molecules in the solution
layer are represented by stick models. As our main interest is in the dissociation barrier, the MTD
simulation is stopped shortly after O.* dissociation. The free energy of the dissociation product is
therefore overestimated and the overall dissociation is actually exergonic.

During our AIMD simulations, the NaOH goes through ionic dissociation after the start of
the equilibration run, and the solvated OH™ soon finds its way to Pt(111) where it becomes OH*,

while Na* stays solvated in the liquid layer. An O2 molecule is then introduced into the model, and



after equilibration, it is chemisorbed on Pt(111) on two adjacent top sites, as shown in Figure 1.
With the O—O distance, doo, as the reaction coordinate, the free energy profile for O," dissociation
is sampled by meta-dynamics method (MTD) by over 15 separate MTD runs (See Figure S1 and
Table S1 in the Supplementary Materials). When the O atoms are well solvated, the dissociation
barrier averages ~0.2 eV, with a fluctuation of ~0.1 eV. One of the O could shift to a bridge site
and then to another adjacent top site, indicating a degree of mobility for O>* on Pt(111). More
important is the hydrogen bonding (HB) interaction between each of the O in O* and H20
molecules, which could lower the reaction barrier.
With such a small barrier, the dissociation of Oz on Pt(111) in alkaline solution is as facile as
that in acidic solution.® Typically it produces one O*, stabilized at a fcc site, while the other O*
could pick up a H from a H.O*, producing two OH* on Pt(111), as in a hydrolysis,
0* + H,0" - 20H" (1)
The dissociation barrier does not change significantly when charge is added or subtracted from the
slab, although O* is more likely to be stabilized on a bridge or even a top site when the slab is
negatively charged. Several MTD runs are also conducted with HOH...O—O%* as the reaction
coordinate, to explore the channel for the formation of OOH*. In all cases, the O—O* is broken
while OH* is formed, which is again similar to the situation in acidic media®” and indicates OOH*

formation as a minor channel because O—O* bond is easily broken.

interpretation of cyclic voltammogram and polarization curve

For the ORR on Pt(111) in acid media, we have demonstrated recently by an AIMD/MTD
study that the branching ratio of the two competing channels for O* hydrogenation, either by
reaction with a H* (protonation) or by reaction with a H2O (hydrolysis), is very sensitive to the
electrode potential U.28 The protonation channel can be bypassed by the electrochemically inactive
hydrolysis channel for U higher than 0.8 V, which is responsible for the irreversible feature in the
oxide region (0.8 V < U < 1.2 V) observed in its CV. As shown in Figure 2, the oxide region of
the CV for oxygen free H>O in 0.1 M NaOH, plotted with U in RHE, is broadly similar to that
measured in 0.1 M HCIO4*!. Hereby we demonstrate by reaction equations that there are intrinsic

links between the two CVs, despite the very different pH values.
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Figure 2: The oxygen-free cyclic voltammogram for Pt(111) in (a) 0.1 M HCIO4, digitized from
ref.51, (b) 0.1M NaOH, digitized from ref.45

In the acid CV, peak E1o is due to

H,0* -> OH* + HT + e~ (2)
while peak Eir is due to its reverse process,
OH* + H* + e~ - H,0* (3)

In alkaline media, OH™ should be added to both sides of the reaction, neutralizing H* to H20 and

transforming Reaction 2 to

H,0* + OH™ —» OH* + H,0 + e (4)
Removing the adsorption of water from consideration, the process is essentially OH™ adsorption
OH™ -» OH* +e™ (5)
which is responsible for E1o in the alkaline CV. Similarly, its reverse, OH* desorption,
OH* +e~ - OH™ (6)

is responsible for Eir in Figure 2b.
Peak E2o in the acid CV is due to OH* dissociation,
OH* -» 0*+ H* +e". (7)
However, its reverse, O* protonation,
O*+H* +e” - OH", (8)



is bypassed by O* hydrolysis (Reaction 1), which does not involve charge transfer with the
electrode. This is the reason for the absence of a peak Ezr in the cathode scan. By adding OH™ to

both sides of reaction (7), the corresponding equation in alkaline medium is

OH*+OH™ - 0"+ H,0 + e~ 9)
for peak E2o. The corresponding reduction reaction is obtained by writing it in reverse,
0"+ H,0+e” - OH* + OH". (10)

However, this reaction should also be bypassed by O* hydrolysis (Reaction 1) for U > E1o. In such
a high U region, the equilibrium between reactions 5 and 6 favors OH™ adsorption. Even when
Reaction 10 takes place, it would be followed by OH™ adsorption. As a result, the overall process
should be O* hydrolysis and the net reduction current is zero. Again, O* hydrolysis is responsible
for the irreversible oxide region in the alkaline CV. In acid solution, the dominance of O*
hydrolysis over O* protonation is linked to the equilibrium of OH* protonation and H.O*
dissociation (reactions 2 and 3), and the dramatic change in branching ratio is identified by MTD
simulations.® In alkaline solution, the dominance of O* hydrolysis for U > Eio is a matter of
simple logic, the natural consequence of the relative stability of OH* over OH".

As in the case of ORR in acid media,® the dominance of the O* hydrolysis for U > Eio is
also crucial for understanding the origin of the onset overpotential and the shape of the polarization
curve. Firstly, with O* hydrogenation going through the electrochemically inactive hydrolysis
channel, the ORR current is stopped at the potential for the equilibrium between OH* desorption
and OH™ adsorption, EgH-/OH* =1.03 V (RHE)*. The overall ORR equilibrium potential E3,x =
1.23 V is actually unreachable, and the origin for the well-known large onset overpotential for

ORR is due to the gap between EgH-/OH* and EJgz- Secondly, to model the polarization curve, the

overpotential should be calculated with EJ,,- Jou+» Tather than Egrr, as the reference potential.

Finally, for U close to 1.0 V, the correctly calculated overpotential is approaching zero and the
polarization curve should be fitted to the Butler-VVolmer Equation, rather than to the Tafel Equation
which is valid only for overpotential > 0.1 V. In previous studies,***? the overpotential has been
calculated with EJx as the reference and fitted to the Tafel Equation, producing a Tafel slope ~
60 mV/decade for the polarization curve, but there are indications of non-linearity in the fitted
Tafel line (see, for example, Figure 3 in Ref. [41]). In these aspects, ORR on Pt(111) in alkaline

media is again similar to that in acid media.®



conditions for observing OH™ in double layer

However, in our AIMD simulations, there is one aspect of the ORR reaction that is very
different between the acid and alkaline media. With a HBr|Pt(111)|nH20 model for the acid media,
the back and forth between H>O* dissociation and OH* protonation are frequently observed as
spontaneous events during AIMD simulations at 300 K.3"® It is in line with the expectation that
OH* protonation is active in the region 0.6 V < U < 1.0 V. In contrast, with a NaOH|Pt(111)|nH20
model for the alkaline media, OH™ is spontaneously adsorbed on Pt(111) and stuck there without
desorption during AIMD simulations, despite the fact that the CV in alkaline medium (Figure 2a)
also indicates a broad electrode potential range for OH* desorption being active. It indicates that
our model favors OH* over solvated OH™, and we have tried three ways to improve it.

The first way is to increase the surface coverage of OH*. Following the dissociation of O2*,
OH* is produced by the hydrogenation of O*, as discussed above. It is well-known that the OH*
coverage is high*? especially when U is close to 0.9 V. Additional OH* groups are added on the
surface, so that the models become NaOH|mOH*|Pt(111)|nH20, with m=6 and 8, corresponding
to total OH* coverage of 3/8 and 1/2, respectively, since there are 16 surface sites in our (4>4)
slab model. However, in all these cases, the OH™ ends up as OH* on Pt(111).

The second way is to vary the electrode potential U. OH* desorption should be easier when
U goes more negative, which can be modeled by adding a constant negative charge to the slab.
The amount of charge is 0.5e7, 1.0e", 1.5e", and 2.0e", respectively, and two separate models,
NaOH|Pt(111)|nH20 and NaOH|60OH*|Pt(111)|nH20, are employed to add some variations to the
OH* coverage. For both models, solvated OH™ is stabilized during AIMD simulations only at 1.5e",
and 2.0e", which corresponds roughly to shifting U by —1.5 V and —2.0 V in our models as
calculated by the double reference method (see Figure S2 in Supplementary Materials).>3%*
Unfortunately, such a negative U is definitely outside the range of the operating electrode potential
of ORR.

The third way is to add a second NaOH. The distribution of solvated ions in the electric double
layer near an electrode surface is dependent on surface charging, adsorbed species, and the
electrostatic interactions between the charged interface and solvated ions.>>*® Recent
measurements by electrochemical impedance spectroscopy indicate that the effective cation
concentration of alkali metal cations in the electric double layer on a model Pt(111) electrode could

be ~80 times of the bulk concentration, valued around 4 M.>” A second NaOH in our model



increases the Na* concentration in the double layer, to a mole ratio of ~1:20 between Na* and H2O.
When the volume change due to the dissolution of NaOH in 1 L water is neglected, the mole ratio
between Na* and H>0 in a 1M NaOH solution is ~1:56. The 1:20 ratio in our model roughly
corresponds to a concentration close to 3M for Na* in the solvation layer. Again two models,
2NaOH|Pt(111)|nH20 and 2NaOH|60H*|Pt(111)|nH20, are tested, and in both models, the second
OH™ can exist as a solvated ion in the double layer, while the first OH™ stays on Pt(111) as OH*.
In other words, it’s the increased cation concentration that can stabilize solvated OH™, which could
not be achieved by either higher OH* coverage or adding up to 1 e to the Pt(111) slab.

mechanism for OH* desorption

To obtain the free energy barrier for OH* desorption on Pt(111), we first use a Pt-OH*
distance as the reaction coordinate for MTD simulations, since it seems obvious that OH*
desorption should involve the breaking of such a bond. However, for the dozen MTD runs over
Pt—OH*, using either 2NaOH|Pt(111)|nH20 or 2NaOH|60H*|Pt(111)|nH20 model, the stretched
OH* picks a H from either a water molecule or an adsorbed OH* so that when Pt—O is broken, it’s
actually between a Pt and a H2O molecule. Only two MTD runs lead almost to the breaking of
Pt—OH* bond, but the OH does not desorb into the solvation layer. Instead, it stays close to the
surface and adsorbs on another Pt site, with the overall process being OH* migration, rather than
OH* desorption. (See Tables S2 and S3, and Figure S3).
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Figure 3: OH* desorption achieved by a proton transfer process, producing an OH™ right in the
solution layer while transforming OH* into H,O*, through (a), (b) and (c) (background solvent

H20 molecules not shown). (d) optimized OH (H20)s3 structure.



When the stretched OH* picks up a H from a solvent H>O, an OH" is produced in the solution
layer as well. As shown in Figure 3 for such a step, the H* produced by the ionic dissociation of a
H>20 is transferred through the inter-water HB network to an OH*, producing H20* on Pt(111)
and leaving an OH (aq). Instead of breaking a Pt—~OH* bond as implied in Reaction 6, OH*
desorption can be achieved by proton transfer,

OH*..(H,0),,..H,0 + e~ > *OH, ...(H,0), ..OH". (11)

The underlying physical reason favoring such a mechanism is the strong solvation of OH™ by
H20, which has been explored extensively in the gas phase by studying hydrated hydroxide
clusters, OH ™ (H20)n.4%°8 In terms of the stepwise hydration energy, defined as

E, = E[OH™ (H;0),] — E[OH™ (H;0),-1] — E[H,0], (12)
the estimated value is —27.0, —20.1, and —16.9 kcal/mol for n=1, 2, and 3, which are much larger
in magnitude than the energy of a typical HB around 5 kcal/mol.>®

These strong hydrogen bonds around OH™, as shown in Figure 3d, are always on its oxygen
end where the negative charge is localized, while its hydrogen end is usually unsolvated in
OH(H20)n and would only form a hydrogen bond of typical strength.*® When a Pt—OH* distance
is stretched to produce an OH™, the space to the oxygen side of the nascent OH™ is, however,
occupied by the Pt(111) slab, making it difficult for water molecules to solvate the OH™ from the
direction most favorable for hydrogen bonding and incurring an energy penalty. In contrast, when
an OH™ is produced directly in the solution layer, with a proton transferred to an OH*, the HB
network is readily adjusted for the solvation of OH™, as long as there is at least one water layer
separating it from the surface.

Similarly, direct adsorption by the collision of an OH™ with Pt(111) is also unfavorable. For
the formation of Pt—~OH* bond, it would require the stripping away of the H,O molecules solvating
the oxygen end of OH", and the energy cost would be high, based on the values of the stepwise
solvation energy for OH™ cited above. It’s more facile to go through the path from Figure 3c, to
3b, to 3a,

*OH, ...(H,0), ...0H~ = OH* ...(H,0),, ...H,0 + e~, (13)

as verified upon close examinations on our AIMD trajectories.

cross sphere electrode reaction



Such desorption/adsorption processes represent a new type of electrochemical reactions,
involving both inner sphere (the electrode surface) and outer sphere (the solvation layer). For OH*
desorption, the reactant OH* is on the surface while the product OH" is in the solvation layer. For
OH™ adsorption, it is reversed. Such a cross-sphere reaction is dependent on both the electrode
material through surface interactions (OH*) and the electric double layer through the solvation of
OH". Although an electron appears in the formal equation (Reactions 11 and 13), the carrier for
the charge transfer is actually a proton, and the reaction proceeds on the ground state surface
through the solvation layer, without electron tunneling.

The underlying reason for a cross sphere electrode reaction is the strong solvation around
OH~, which cannot be satisfied for an OH™ close to the electrode and interacting directly with the
surface with its negatively charged O end. Herein is a contrast between H™ and OH™, both of which
have strong solvation interactions with H>O and play important roles in many electrochemical
reactions. H* is highly mobile in a HB network and can directly attack adsorbed species, such as
OH* and O*.3"® In contrast, OH™ is produced or neutralized in the solution layer, which is
facilitated by proton transfer, albeit in alkaline media.

To simulate such processes in MTD simulations, a better choice for the reaction coordinate
than a Pt—OH* distance is the difference between two OH distances as defined in Figure 4a.t%®! It
targets a specific OH* on Pt(111) and facilitates a proton transfer to it. Typically, when the targeted
OH=* picks up a H* from the solution layer to form H,O*, a solvated OH™ is produced at the same
time. When this H>O* loses a H*, the OH™(aq) is neutralized and an OH* is produced, in an overall

process of OH™ adsorption.
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Figure 4: A typical MTD simulation with di-d2 as the reaction coordinate for OH* desorption. (a)
The illustration of the two OH distance d: and d2. When d; is shorter than d2, a hydrogen has been
captured by the targeted OH* which becomes a H.O*, usually producing an OH (aq) at the same
time. (b). The time evolution of d:-d> during a typical MTD run and the distance of OH (aq) to the
surface, defined as the difference between the z coordinates of O in OH (aq) and of the surface Pt
atoms. Notice the time evolution of this distance could be jumpy, due to the proton transfer
between OH (ag) with surrounding H20 molecules. It could even capture a proton from an
adsorbed H2O* to produce OH* so that OH™ would disappear from the solution. (c) The free energy
plot against di-d2 obtained from the MTD run shown in (b) with a cut off at 3950 steps. (For more
details about these MTD runs, please see the supplementary materials.)

The barriers calculated for OH* desorption are presented in Table 1, employing two models,
2NaOH|Pt(111)|nH20 and 2NaOH|60H*|Pt(111)|nH20, respectively. The value is in the range of
0.2~0.3 eV, and increases with both the OH* surface coverage and the positive charge in the slab,

although the increase is typically within the error of sampling.



Number of

Model Aq (le]) Barrier(eV) trajectories
2NaOH|Pt(111)|nH20 0.00 0.23+0.06 4
2NaOH|60H*|Pt(111)[nH20 0.00 0.26+0.03 5
-0.25 0.26+0.05 4
0.25 0.324+0.05 4
2LiOH|60H*|Pt(111)|nH20 0.00 0.394+0.09 4

Table 1: OH* desorption barrier calculated by MTD simulations with di1-d> as the reaction

coordinate. (For more details about these MTD runs, please see the supplementary materials.)

cation effect for alkaline ORR on Pt(111)

When NaOH is replaced by LiOH, as in the 2LIOH|60H*|Pt(111)|nH20 model, the average
barrier for OH* desorption reaches 0.39 eV, the highest average value in Table 1. It is in agreement
with the experimentally observed cation effect: the ORR activity on Pt(111) is reduced in alkaline
medium, when the cation in the solvation layer is changed from Na* to Li*. While the stabilizing
effect of the cation on OH* could be part of the reasons for such observations,21° there is another
side to OH* desorption as OH (aq) is produced directly in the solvation layer. As an anion, the
interaction of OH™ with cations should be stronger than that between OH* and cations. It also has
strong interactions with solvent H.O molecules and its presence should have significant effects on
the solvation layer close to the electrode surface as well. These considerations lend support to the
suggestion? that the stabilization of negatively charge intermediates, in this case, OH", could
significantly contribute to the cation effects.

While it’s gratifying to reproduce such effects for ORR, we would also like to notice the
complexity of this problem. The concentration of cations in the double layer near Pt(111) in
alkaline medium is not known yet, although it could vary significantly with the electrode potential
and the cation identity.” The OH* coverage on Pt(111) could also vary significantly with U.%? It
is somewhat counter-intuitive that while Na* is less polarizing than Li*, solvated Na" actually
stabilize solvated OH™ more than solvated Li*. But cation-anion interaction is only one of the

components among the electrostatic interactions in an interfacial solvation layer, involving not



only solute-solute, but also solute-solvent and solvent-solvent interactions, all in the presence of a
charged surface. Sorting out these factors would require more elaborate models and longer
simulations.

What our results do establish is that OH* desorption produces OH™ in the solvation layer right
away, and the reaction is sensitive to both cation identity and concentration. As U increases, cations
are pushed away from the electrode surface, as demonstrated by x-ray scattering experiments,'34
which makes OH"™ less stable in the double layer and tilts the desorption/adsorption equilibrium
towards OH*. How the cation concentration changes with the distance to the surface and its
variation with U should be the key factors determining the equilibrium of OH*/OH™ equilibrium.

It also points to the possibility of modifying the outer sphere for the enhancement of ORR
activity. For example, with Zwitterion ions of the type O—chain—R", it should be possible to
partially cover the electrode with their O™ ends attached to the surface, resulting in a layer of
positive charge R* in the outer sphere. Unlike the solvated metal cations, R ends are fastened to
the electrode surface by chains, which makes the concentration of R* less sensitive to the change
of U. It would be interesting to explore whether such a layer of R* would make the OH* desorption

more favorable in future studies.

summary

By AIMD/MTD simulations, we have explored the reaction channels of ORR on Pt(111) in
alkaline media. The dissociation of O>* is facile, producing OH* and O*. OH* desorption is
identified as the key reduction step in the overall mechanism, because above the OH*/OH™
equilibrium potential, the hydrogenation of O* is dominated by the electrochemically inactive O*
hydrolysis channel. Similar to ORR in acidic medium, the thermodynamic ORR equilibrium
potential is unreachable. The ORR in alkaline media is switched off at OH*/OH equilibrium
potential, and the polarization curve near this equilibrium should be modeled by the Butler-VVolmer
Equation, rather than the Tafel Equation.

More importantly, OH* desorption is identified as a cross sphere electrode reaction, with the
reactant OH* in the inner sphere and the product OH™ in the solvation layer. The carrier for the
charge transfer is a proton, rather than an electron, with the reaction proceeding on the ground state

surface. The reaction rate is dependent on both the electrode material (through OH*) and the



solvation environment in the double layer (through OH™), which accounts for the experimental
observations of cation effects.

The presence of such a cross sphere reaction is due to the strong solvation of OH™, as the
direct breaking or formation of Pt~ OH* bond would disrupt the strong hydrogen bonds on the O
end of OH™ and is energetically very unfavorable. It should play a significant role for
electrochemical processes in alkaline media, whenever OH* desorption/OH™ adsorption are
involved. More generally, when the adsorption/desorption of a strongly solvated electrolyte is
involved, the possibility of a cross sphere mechanism should also be considered, which opens up
the possibility of modifying the cation distribution in the outer sphere for enhancing the electro-

catalytic rate.

Computational methodology

All molecular dynamics calculations are performed with the Vienna ab initio package
(VASP).%35 The total energy and forces are calculated within the framework of DFT, using the
PBE exchange-correlation functional,® with the dispersion interaction corrected by the D3
scheme.®® The cutoff energy for the plane waves is 400 eV, and the atomic core region is described
by PAW pseudopotentials.®” The gamma point is used to integrate the Brillouin zone, and dipole
correction along the Z-direction is also added.®®

Pt(111) is modeled by a (4>4) surface slab of 3 layers, with the bottom two layers fixed in
positions. The lengths of a and b are both 11.245 A, optimized from the unit cell of Pt metal, while
the length of c is elongated to 39.6 A, leaving enough space for an interfacial liquid layer of water
molecules and a 20 A vacuum region. There are originally 42 water molecules, arranged in
standard ice structure on the slab and relaxed by thermal annealing for 10,000 time steps. It is
further optimized to reduce the forces on atoms to 0.02 eV/A.

An OH* is introduced into the model by adding one NaOH into the liquid water layer, the
dissociation of which produces a solvated Na* and an OH* adsorbed on the slab. The structure is
relaxed by another round of annealing and optimization, as reported in our previous study.®
Adsorbed O.* is introduced by a similar procedure of relaxation and optimization. In molecular
dynamics simulations, hydrogen mass is set to 2 amu and the time step is 1.2 fs.

In the metadynamics simulations,®®"® a bias potential V};,s is added to the Hamiltonian, so
that



H=H+ V.

Vbias 1S time dependent and defined as a summation of Gaussian hills,

Vhias = h Z expy—
i=1

2w?

with h being the Gaussian height, w the Gaussian width, t; the frequency to add the Gaussian
function, and ¢ the collective variable (i.e., the reaction coordinate). The parameters are h=0.03,
w=0.1 and t;=25, obtained after trial runs. The simulation temperature is set to 300 K.

The OH (H20)s is optimized with B3LYP"72 method and 6-311++G(d,p) basis set”® using

the Gaussian 09 programs’#, with Grimme’s DFT-D3 dispersion correction.”
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