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ABSTRACT: The exact mechanism behind the cation-assisted hydrogen oxidation reaction
(HOR) on platinum electrodes in alkaline media remains disputed. We show that the cation
effects at platinum display a remarkable structure sensitivity: not only the H adsorption but also

the HOR activity on (111) terrace sites are independent of the nature of cation and cation 2 :

concentration. On (110) step sites, at low cation concentration and mildly alkaline media, S : ,'.N:.' ;e
cations promote the HOR, whereas at more alkaline pH and consequently higher near-surface § | <7*, - T e
cation concentrations, the HOR is inhibition by the cations. Moreover, the role of the cation on : . vl
terrace—OH,q is different from that on step—OH,g, as can also be observed from the inhibition g i

of the HOR current by terrace—OH,4 at higher potentials. These results suggest that near the OC%
onset potential, HOR mainly takes place on steps, but under diffusion-limited conditions at

higher overpotential, HOR mainly takes place on terraces.

Near cation concentration

he hydrogen oxidation reaction (HOR) and its reverse systemically study the relation between the cation effect and
reaction, the hydrogen evolution reaction (HER), are the structural order of Pt on the rate of HOR in alkaline media.
most fundamental electrocatalytic reactions involving the Largely mirroring the trends for HER, the HOR activity is not
simplest molecule H,, which is a key energy carrier and a affected by the nature of cation or the cation concentration on

very likely fuel of the future."” Electrocatalysis takes place at Pt(111), while the HOR kinetics improves in going from K" <
the (solid) electrode—liquid electrolyte interface. Many Na* < Li* on Pt(553) and Pt(110). It reveals how surface

previous studies focused on the chemical interactions of structure and surface charge distribution influence the
adsorbates with the electrode surface. For alkaline media, it has efficiency of catalytic reactions, which is crucial for under-
been proposed that both optimal hydrogen (H,4) and hydroxyl standing and improving catalyst design.

(OH,y) binding energetics are needed to achieve the best In Figure 1, we compare the blank voltammograms and
activity.”* More recently, with the proposals that noncovalent HOR activity at three Pt single-crystal electrodes, i.e,, Pt(111),
interactions and the reorganization of interfacial water impact Pt(553), and Pt(110), in 0.1 M alkaline electrolyte containing

either Li*, Na" or K" cations. As shown in Figures la and 1d,
for Pt(111), in the H,,4/*H region (0.05 Vgyz < E < 04
Viue), both the hydrogen adsorption feature and the HOR
activity remain unaffected by the nature of the cation. The
same is true for the HER activity below 0 V, in agreement with
our previous observation that on Pt(111) the HER activity is

the rate of electrocatalytic reactions, the importance of
processes on the electrolyte side of the interface has been
put forward.”~" Alkali metal cations are one of the important
electrolyte parameters in describing the hydrogen electrode
reaction kinetics in alkaline media, as they can have a strong

interaction with the metal surface as well as with the interfacial

. o . 1S
water and OH,4. However, the exact mechanism behind the independent of cation identity and concentration.™ The
cation-assisted HOR and HER in alkaline media remains situation is drastically different for surfaces containing (110)
disputed =10 step sites, i.e., Pt(553) and Pt(110). In the blank CV (Figures

Our group has recently investigated the cation effect on 1b and 1c), there is a step-related voltammetric peak (around

S 18,19
HER, showing that the HER kinetics on polycrystalline Pt ,(%}215 V) Whlldl (;nvolxlr(esl:};:te replacement Of *H by *QIH' th
improves in going from K* < Na* < Li", in agreement with e step-related peak shifts to more positive potentials wit
previous results.” ™ Remarkably, on single-crystalline Pt, we
showed that the cation effect is strictly limited to step sites; the Received: January 29, 2024
effect of cations on the HER rate on two-dimensional (111) Revised:  February 28, 2024
and (100) facets is much less notable.'” However, whether Accepted:  March 1, 2024
these cation effects on the rate of the HOR are equal to those Published: March 7, 2024

of the HER is not well documented.'®"” Therefore, in this

article, we use Pt(111)-type single-crystal electrodes to
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Figure 1. Cyclic voltammograms of (a) Pt(111), (b) Pt(553), and (c) Pt(110) in 0.1 M MeOH. HOR activity of (d) Pt(111), (e) Pt(553), and (f)
Pt(110) in 0.1 M MeOH, where Me is Li, Na, or K. All experiments at rotation rates of 1600 rpm and a sweep rate of 10 mV/s.

increasing (unsolvated) alkali cation size, which has been
explained by the competition between *OH and near-surface
cations for solvating water molecules.'” The implication of this
interpretation of the step-related peak is that *OH is formed at
steps at low potentials, basically from ca. 0.25 V. The HOR
activity improves with smaller (unsolvated) cation size, i.e., K*
< Na* < Li*, on Pt surfaces with (110) step sites (Figures le
and 1f). The cation identity trend is independent of step
density and identical for the HER, as can also be observed for
the HER currents in Figures le and 1f. These data clearly
illustrate that our previous conclusions for the cation-assisted
HER on Pt also hold for HOR: the cation effect is limited to
step sites (i.e, it does not take place on (111) terraces), and
Li" shows the highest promoting effect. Note, however, that
this cation promotion effect on HOR/HER happens at
potentials negative of the step-related peak, and hence there
is no clear (voltammetric) evidence for the involvement of
step-adsorbed OH in this promotion effect.

The most likely interpretation for this observed step-related
cation promotion is that cations interact more strongly with
the (110) step sites than with the (111) terrace sites, in
agreement with capacitance measurements presented in our
previous work.'> We explain the cation identity trend for the
HOR kinetics on the basis of the changes in the cation
solvation energy and how these changes correlate with the
interactions of the cations with the metal interface and the
reacting water molecule.'® Our previous results have shown
that weakly hydrated cations stabilize the transition state of the
water dissociation step more favorably.'” Based on these
results, we propose that HOR kinetics improve with increasing
step density and decreasing solvation energy. Moreover, the
Tafel slope of ~120 mV dec™ (on Pt(111)) further indicates
that the first electron transfer step is rate determining (Figure
S1). Cations near the surface can enhance the HOR activity on
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Pt electrodes by favorably interacting with the transition state
of the rate determining Volmer step (*H + OH™ + cat’ —
*H--OHg,," --cat” + (1 — 8)e™> H,0 + e + * + cat").
Interestingly, there is also a cation effect on the terrace—
OH,4, region (0.65 < E < 0.85 V) with a corresponding drop in
HOR current in the same potential window. This drop in
current density must be related to the formation of adsorbed
OH (*OH), as can be inferred from the blank CV. As has been
observed before,”* the formation of *OH is sensitive to the
nature of the electrolyte cation. The *OH peak appears at a
lower potential in the Li*-containing electrolyte (0.70 V)
compared to Na'- and K'-containing electrolyte (0.77 V).
Correspondingly, the HOR current density drops at a
(slightly) lower potential in Li*-containing electrolytes. As on
Pt(111), the onset of the OH adlayer formation on the (111)
terrace of Pt(553) in the presence of Li* is shifted to more
negative potentials by about 20 mV compared to the other
cations.'® The drop in HOR current follows the same trend as
the shift in *OH adlayer formation, suggesting that the
formation of the *OH adlayer on (111) terraces is responsible
for the blocking of the HOR at high potentials (note again that
*OH on the steps should have already formed at ca. 0.25 V).
In the terrace—OH, 4 region, Li cations stabilize the OH layer
the most, which leads to the highest OH coverage, a
corresponding decrease in the number of reactive platinum
sites, and a subsequent decrease in the HOR reaction rate. The
situation is a bit less clear (and reproducible) for Pt(110): the
drop in HOR current density happens at lower potentials than
on Pt(111) and Pt(553), although the trend with cation size is
the same. It is important to note that the actual surface
structure of Pt(110) is not nominal: it has a strong tendency to
reconstruct, and the extent of the reconstruction is sensitive to
various parameters.”' ~>* From these results, we conclude that
at these high overpotentials, leading to diffusion-limited

https://doi.org/10.1021/acs.jpclett.4c00292
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Figure 2. HOR curves of (a) Pt(111), (b) Pt(553), and (c) Pt(110) in 0.001 M MeOH + 0.099 M MeClO,, where Me is Li, Na, or K, as indicated.
The HOR test was performed at rotational speeds of 1600 rpm and a sweep rate of 10 mV/s.
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Figure 3. Reaction order plots obtained for HOR on (a) Pt(111), (b) Pt(553), and (c) Pt(110) at pH 13 and in (d) Pt(111), (e) Pt(553), and (f)
Pt(110) at pH 11 (NaOH) with varying cation concentration in the bulk, at 1600 rpm and at a scan rate of 10 mV s™". The slope indicates the

corresponding cation reaction order at a fixed potential (vs RHE).

conditions, HOR takes place (only) on the (111) terraces.
Once they are blocked, the HOR decreases to very low values.
The interesting ramification of this conclusion is that the
nature of the active site changes with potential: close to the
equilibrium potential, the step sites are the most active,
whereas at a more positive potential, the (111) terrace sites are
the active sites (and they are now active enough to sustain a
mass-transport-limited current). Presumably, the step sites
have become inactive at an intermediate potential, likely due to
the adsorption of *OH in the step-related peak at 0.25 V."’
We have performed the same experiments at pH 11, as our
previous experiments on HER showed that there is a principal
difference in the effect of cations between pH 11 and 13." For
pH 11, two mass-transfer-dependent plateaus are observed,
indicating that the overall current is influenced by two separate
processes (species). We will refer to the diffusion-limiting
current at lower potential as the first plateau and to the one at
more positive potential as the second plateau. As shown in
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Figure S2, the current density of the first plateau is
proportional to the OH™ concentration. According to the
Levich equation (eq 1), the diffusion limiting current (jy;,) is

ji. = 0.62nFu~ /D P! 2 (1)
where n is the number of electrons transferred, F is the Faraday
constant, v is the kinematic viscosity of water, D is the diffusion
coefficient, @ is the rotation rate, and ¢ is the bulk
concentration of the diffusing species.”* From the Levich
plots for the first and second current plateaus, the diffusion
coeflicient can be calculated using the slope of the linear fit of
1/jiim vs the inverse of the square root of the rotation rate (if
the relevant bulk concentrations are known). The average
derived diffusion coefficients are 4.4 X 107> and 8.3 X 107°
cm? s7! for the first and second limiting currents, using the
concentration of OH™ and H, as the parameter ¢ in eq 1
(Figure $3).”>*° The comparison of the experimentally
obtained and tabulated diffusion coefficients indeed indicates
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that the first plateau current is governed by the mass transport
of OH™ to the surface, while the second plateau is determined
by the mass transport of H, to the surface, as shown in eqs 2
and 3:

first plateau current: H, + 20H™ — 2H,0 + 2e” (2)

©)

This identification agrees with the cation dependence of the
first and second plateaus. As expected, the reaction leading to
the first plateau is cation dependent on Pt(553) and Pt(110),
but not on Pt(111), while the process leading to the second
plateau is cation independent of all surfaces (Figure 2a—c).

To further illustrate the cation effects, we studied the effect
of cation concentration on the kinetics of HOR for bulk
electrolytes pH 11 and 13 on the three different surfaces.
Figures S4—S6 show the blank CVs under the different
conditions, and Figures S7—S10 depict the HOR cyclic
voltammetry at various cation concentrations. As shown in
Figure 3, for Na*-containing electrolytes (see Figures S10 and
S11 for Li*- and K'-containing electrolytes), the cation
reaction order on the Pt(111) terrace at pH 11 and 13 is
almost ~0, in agreement with previous observations for
HER."> On Pt(553) and Pt(110), we obtain negative reaction
orders in cation concentration at pH 13, with K" exhibiting a
larger negative reaction order than Li". At pH 11, we observe
positive reaction orders in cation concentration increasing
from Li* < Na® < K" These results indicate that as the
electrolyte pH, and thus, the near surface cation concentration
increase, above a threshold (saturation) concentration, the
promotional effect of the cations on the HOR kinetics
disappears and, at extremely high cation concentrations,
becomes inhibitive, very similar to what has been observed
for HER."'

Interestingly, the reaction orders for all the cations are
smaller than 1, indicating that the inner-layer cation
concentration is approaching saturation already at intermediate
pH values. Thus, at high cation concentrations, the promo-
tional effect of cations reaches a plateau and subsequently
becomes inhibitive, which we ascribe to the crowding of the
reactive surface by near-surface cations. Whether cations
chemically adsorb at the surface or just collect in the outer
Helmholtz plane in the double layer remains a contentious
issue. In either case, it would be expected that the accumulated
cations near the surface can result in detrimental effects for
HOR if the cation—metal interactions are boosted at the
expense of water—metal interactions. This hypothesis also
explains the stronger “blocking” effect at pH 13 in K' ion
containing electrolytes compared to Li* ion containing
electrolytes because Li* cations have the weakest interaction
with the metal surface due to their higher degree of solvation
(Figures S11 and S12). Hence, these results suggest that
intermediate electrolyte pH is optimal for the cation-assisted
HOR mechanism in alkaline media, and a more extreme near-
surface cation concentration at very high pH can lead to a
decrease in HOR activity as the strong cation—metal
interactions render the metal surface less active for HOR.
Similar trends in the experimental reaction orders for the
cation concentration and the electrolyte pH suggest that these
two factors are regulating the same active species at the
interface.

In conclusion, we investigated the cation effects on the HOR
on the stepped Pt(111)-type single crystal electrodes in

second plateau current: H, — 2H™ + 2e”
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alkaline solution. We discovered that the cation effect on HOR
is largely mirroring the trend of HER. The cation effect on
stepped Pt(111)-type single crystals displays a remarkable
structural sensitivity: no cation concentration and identity
effects were observed at Pt(111) terrace in the H,4 region. In
contrast, the HOR kinetics on step sites is improved in going
from K" < Na* < Li* (at pH 13); this can be understood as
inhibition of the Volmer step by a weakly hydrated cation. At
pH 11, there is a promotion effect with increasing cation
concentration, mirroring the pH-dependent cation effect
observed previously for HER on polycrystalline and single-
crystalline Pt and Au.""'>'® At high overpotentials, cations also
affect the HOR inhibition. Because the inhibition follows the
(cation-dependent) OH formation on (111) terraces, this
suggests that at high overpotential HOR primarily takes place
on the (111) terraces.
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