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The hydrogen evolution and oxidation reactions (HER and 
HOR, respectively) are important electrocatalytic reactions 
and occur in hydrogen fuel cells and water electrolysers. In 

acidic electrolytes, a well-known correlation exists between the 
HER/HOR activity and the binding strength of hydrogen to the 
catalyst surface, which follows what is known as a ‘volcano’ trend1,2. 
Catalysts that bind hydrogen too strongly are limited by hydrogen 
desorption and those that bind hydrogen too weakly are limited by 
hydrogen adsorption; only catalysts with an intermediate binding 
strength give a high activity. The optimum adsorption energy is 0 eV 
(with respect to the H2 molecule), as this generates a free-energy 
landscape without barriers or sinks2.

The kinetics of the HER/HOR in an alkaline electrolyte are more 
complex. It was found that the alkaline HER/HOR activities for 
Ir(111), polycrystalline Ir and a Pt–Ru alloy were much higher than 
those for Pt(111), Au(111) and Ru(0001), and it was argued that this 
was due, in part, to a stronger hydroxide binding on the iridium 
and Pt–Ru alloy surfaces3. This trend in activity, however, is also 
convoluted with the differing hydrogen binding strengths across 
these surfaces. Later work that examined the HER/HOR kinetics on 
Pt–Ru alloys4 and Pt–Ru core shell nanoparticles5 instead attributed 
the higher activity of these materials to a weakening, relative to that 
of pure platinum, of the hydrogen binding induced by ruthenium. 
This is expected to increase activity, as pure platinum sits on the 
too-strong binding side of the hydrogen volcano1,2.

Earlier work examined the kinetics of hydrogen evolution on 
a Pt(111) single-crystal electrode decorated with nanometre-size 
transition metal hydroxide clusters and/or islands (Ni, Co, Fe and 
Mn), and found that Ni(OH)2 and Co(OH)2 increased the rate of 
HER, whereas FeO(OH)x and Mn(OH)2 decreased the rate of HER6. 
By also examining the rates of CO stripping and the oxygen evo-
lution reaction, which are known to involve adsorbed hydroxide, 
it was shown that the trend in HER activity follows the trend in 
hydroxide binding. Although this study removes the issue of a 
changing hydrogen binding strength (hydrogen is assumed to only 

adsorb on Pt(111) sites, and is unaffected by the presence of the 
transition metal hydroxide cluster), it has additional limitations. 
The hydroxide binding strength in the transition metal hydrox-
ide clusters is not known and is difficult to calculate with density 
functional theory (DFT)6,7 due, in part, to difficulties in accurately 
modelling the electronic structure of transition metal ions, the size 
of each island being too large to explicitly model with DFT and the 
unknown nature of the active site (OH* adsorbed on Pt(111) near 
the cluster versus OH* adsorbed within the cluster, where the aster-
isk represents an adsorbed species). Additionally, the interfacial area 
between the edge of the island and the metal surface is unknown, 
and as the size and/or shape of the clusters changes6 between Ni, Co, 
Fe and Mn, this would also affect the HER activity.

Furthering the complexity of alkaline HER/HOR is that the rates 
for these reactions are substantially lower in an alkaline electrolyte 
than in an acid electrolyte on many active catalysts, which include 
platinum8–10. It was suggested that these pH effects are due, in 
part, to a change in electric field across the surface with pH, which 
alters the energy of the reorganization of water near the surface11.  
This model is supported by showing that the increase in HER activ-
ity of Pt(111) on decoration with Ni(OH)2 nanoclusters is correlated 
with a decrease in the potential of maximum entropy (PME) and, 
consequently, in the potential of zero charge (PZC) of the elec-
trode, which lowers the surface normal electric field under reaction 
conditions11.

There has since been substantial debate12,13 on the role of the 
electric field14, PZC/PME15 and near-surface water16, with stud-
ies that either support17–20 or refute5,21,22 a bifunctional mechanism 
that involves adsorbed hydroxide, in the HER/HOR. However, the 
majority of this work was performed using complex polycrystal-
line or metal (alloy) nanoparticles, which made it difficult to con-
nect changes in activity to an atomic-scale picture of the reaction 
mechanism, as the surface structure and composition, especially 
in the electrochemical environment, are unknown. Solving this 
debate requires the combination of detailed measurements on a 
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well-defined surface with DFT modelling (of the reaction mecha-
nisms) to which the measurements can be directly compared.

Here we aimed to establish a definite correlation between the 
HER activity and hydroxide binding strength, and understand why 
such a correlation might exist. To achieve this, we measured experi-
mentally, and modelled using DFT, the HER kinetics in an alka-
line electrolyte on a stepped Pt single-crystal electrode (Pt(553)), in 
which the step was selectively decorated with Mo, Re, Ru, Rh and 
Ag. Using this approach, we created a model catalyst surface with 
sites of variable OH* binding strength (at the step), constant hydro-
gen binding strength (on the terrace), a known and controllable 
interfacial area between these two regions, which is linearly propor-
tional to the decorating atom coverage, and is sufficiently simple to 
model accurately using DFT. We also used DFT to investigate the 
role of an electric field and the PZC in HER kinetics.

Step decoration. Metal adatoms were deposited selectively at the 
Pt step edge by cycling the Pt(553) electrode from 0.06 to 0.35 VRHE 
(RHE, reversible hydrogen electrode) for 10–100 cycles in 0.1 M 
HClO4 that contained 10−5 to 10−6 M metal cation. Similar proce-
dures were used previously to deposit Ru and Ag onto stepped plati-
num23,24. Figure 1 shows the step-decoration procedure, a model of 
a decorated Pt(553) surface and an example of how cyclic voltam-
mograms (CVs) on Pt(553) change on step decoration with Ru*. 
CVs showing step decorations with Mo, Re, Rh and Ag are given in 

Supplementary Fig. 1. The CV in 0.1 M HClO4 in Fig. 1b shows three 
features: a broad peak due to hydrogen adsorption on (111)-like ter-
race sites (0.06–0.3 VRHE), a sharp peak due to an exchange between 
hydrogen and co-adsorbed hydroxide and water at the (110) step 
edge (0.125 VRHE) (ref. 25) and a peak at high potentials due to the 
adsorption of hydroxide on the (111)-like terrace (0.6–0.85 VRHE). 
The voltammogram measured after the deposition of Ru shows 
that the Ru* blocks the adsorption of the hydrogen and hydroxide 
at the Pt step edge, which eliminates the sharp peak at 0.125 VRHE. 
The peak due to hydrogen adsorption on the terrace is unaffected, 
which indicates that Ru is deposited only at the step edge, and that 
its presence at the step edge does not affect the binding strength 
of hydrogen on the terrace. Similar results are seen with the other 
metal adatoms. DFT calculations support that the presence of Re, 
Ru and Rh at the step have only a small or negligible effect on the 
binding strength of hydrogen to the terrace (Supplementary Fig. 2). 
Ru* at the step edge additionally has little effect on the adsorption 
of hydroxide at the terrace26. We found with both experiment and 
DFT that the presence of Ag* at the step edge does affect the binding 
of hydrogen at the terrace, although this did not impact the inter-
pretation of our results. Figure 1d gives the rate of the HER on the 
Ru-decorated Pt(553) as a function of Ru* coverage. Importantly, 
the relationship is linear, which supports that the interfacial area 
between hydrogen adsorbed on the terrace and hydroxide adsorbed 
on the Ru* is linearly related to the coverage of Ru* and that Ru* 
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Fig. 1 | Step-decoration procedure, voltammetry and HER activity. a, Schematic of step decoration and HER activity measurement procedure. The steps 
of a Pt(553) single-crystal electrode were decorated electrochemically by cycling the electrode in an acid electrolyte (0.1 M HClO4) that contained a 
low concentration (10−5 to 10−6 M Mx+) of decorating metal ions. Both the step decoration and alkaline (0.1 M NaOH) HER activity measurements were 
performed using the hanging meniscus configuration. b, CV measured on Pt(553) in 0.1 M HClO4 (black) and after cycling in 0.1 M HClO4 + 10−6 M RuCl3 
(red), with the step decorated with Ru*. Voltammograms showing the same for other metals are given in Supplementary Fig. 1. c, Side (left) and top-down 
(right) views of the stepped Pt(553) showing Pt atoms forming an upper terrace (light blue), lower terrace (dark blue) and the step edge decorated with 
a metal adatom (red). d, Activity of hydrogen evolution (current density measured at −0.038 VRHE (corrected for iR)) as a function of Ru* coverage (red 
squares) and for bare Pt(553) (black square) showing a linear relationship, which supports that Ru* only decorates the step edge. The dashed red line is a 
linear regression of the data (R2 = 0.98).
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islands or clusters are not formed, as these would contribute to a 
non-linear dependence of the activity on Ru* coverage. The activity 
of the Ru*-decorated step edge, extrapolated to a complete 1 mono-
layer (ML, defined per step Pt atom) coverage, is 65 times that of the 
bare Pt(553) surface.

HER activity. Having established that these metals can be selectively 
deposited at the step edge without affecting the binding strength of 
hydrogen on the terrace, their effect on HER kinetics and hydroxide 
adsorption at the step edge was evaluated. Figure 2 illustrates that the 
experimentally measured rate of the HER in an alkaline electrolyte 
follows a volcano type relationship with the DFT-calculated binding 
strength of hydroxide on the adatom at the step. The HER activity 
is measured at similar adatom coverages, given in Supplementary 
Table 1 (calculated from voltammograms measured in the alka-
line electrolyte and shown in Supplementary Fig. 3). Polarization 
curves (from which the HER activity was measured) are given in 
Supplementary Fig. 4, and replicate HER activity measurements are 
given in Supplementary Fig. 5. Hydroxide-adsorption free energies 
were calculated at a full 1 ML coverage of the step-decorating atom 
using DFT.

Water dissociation kinetics. Experimentally measured Tafel slopes 
for HER on platinum suggest the first step in the mechanism is rate 
determining and involves electron transfer (~120 mV dec–1) (refs 
8,21,27), which rules out a mechanism that involves fully discharged 
adsorbed hydroxide as a reaction intermediate21. To better under-
stand the cause for the correlation shown in Fig. 2, we examined 
the barrier for water dissociation (the first electron transfer step, 
also called the alkaline Volmer step) at the step edge using DFT 
for the undecorated step edge and the step edges decorated with 
Re, Ru, Rh and Ag. Figure 3a shows how the activation energy for 
water dissociation is linearly correlated with the binding strength of 
the adsorbed hydroxide at the step edge (and on Pt(111), included 
for comparison). Activation energies were calculated for a prod-
uct state that involved adsorbed hydroxide (non-electrochemical) 
or solution-phase hydroxide (electrochemical, the alkaline Volmer 
step). The activation energies for dissociation to solution-phase 
hydroxide were calculated by taking the barrier for the reaction 
to the adsorbed hydroxide as the potential-dependent barrier for 
the reaction to solution-phase hydroxide at the potential at which 
the solution-phase hydroxide and the adsorbed hydroxide are in 
equilibrium28. These barriers were taken to be the same for metals  

that have an adsorption potential of hydroxide below 0 VRHE  
(Re, Ru and Rh), as hydroxide adsorption is favourable on these 
metals at the equilibrium potential for hydrogen evolution (0 VRHE). 
The barriers for water dissociation on the undecorated step edge, 
on Ag* on Pt(553) and on Pt(111) are lower for water dissociation 
that proceeds to give the solution-phase hydroxide; the unfavour-
able adsorption of hydroxide at 0 VRHE contributes to an increased 
barrier for the reaction that proceeds to the adsorbed hydroxide. 
This also results in a small slope (weaker correlation) between the 
hydroxide adsorption strength and the barrier for (electrochemical) 
water dissociation.

The linear correlation between the activation energy for water 
dissociation and the hydroxide adsorption energy can be consid-
ered as a Brønsted–Evans–Polyani relationship. The cause for this is 
illustrated in Fig. 3b. As the reaction path was essentially identical 
for all the metal adatoms adsorbed at the step edge and followed a 
one dimensional (1D) reaction coordinate, we can plot the energy 
along the reaction path as a function of this reaction coordinate. 
Taking this coordinate to be the O–H bond length (for the bond 
that is dissociated), this energy is plotted in Fig. 3b and an image of 
a representative transition state (TS) is given in Fig. 3c. Figure 3b 
illustrates that, as the adsorbed hydroxide is stabilized at the step 
edge (a more-negative adsorption energy), the activation energy 
for dissociation decreases as the intersection in energy between the 
reactant and product states moves to lower energies. This intersec-
tion point also moves earlier along the reaction coordinate with a 
stronger OH* binding, which yields a shorter O–H bond length 
at the TS (earlier TS) with a stronger OH* binding. We found the 
metal–oxygen bond lengths at both the initial state (IS) (H2O*) and 
final state (FS) (OH*) correlate with both the OH* binding strength 
and the activation energy for dissociation (Supplementary Fig. 6).

Alkaline HER reaction mechanism. The DFT-calculated kinetics 
shown in Fig. 3a (and the experimentally measured volcano trend 
in Fig. 2) allow us to determine the mechanism of the HER in an 
alkaline electrolyte. Given that both the experimentally measured 
rate and the barrier for water dissociation are correlated with the 
hydroxide adsorption strength, the rate-determining step (RDS) on 
the ‘too-weak’ binding side of the volcano must be water dissocia-
tion into adsorbed hydrogen and solution-phase hydroxide. This is 
supported by experimentally measured Tafel slopes (Supplementary 
Fig. 7, 120 mV dec–1). A RDS that involves hydrogen recombina-
tion (to H2 gas, a ‘Tafel’ step) would not involve an explicit electron 
transfer or a dependence on hydroxide binding strength. On the 
‘too strong’ binding side of the volcano, the RDS must be hydrox-
ide desorption. This is supported by the DFT-calculated barriers, 
which suggest the barrier for water dissociation on Re* is small and, 
within reasonable error, effectively zero. Extrapolating the trend 
in Fig. 3a, we expect water dissociation on catalysts that bind OH* 
more strongly than Re* to be non-activated. On the too-weak bind-
ing side of the OH* volcano, the reaction mechanism follows equa-
tions (1) and (2), with the Volmer step (equation (1)) being the RDS:

H2Oþ *þ e� ! H* þOH� RDS ð1Þ

H* ! *þ 1
2
H2 ð2Þ

This mechanism yields the rate equations (3) and (4):

Rate ¼ kw 1� θH*ð Þ ð3Þ
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A exp �ΔGTS
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Fig. 2 | Experimentally measured HER activity on step-decorated Pt(553). 
Natural logarithm of the experimentally measured rate of hydrogen 
evolution j (measured at −0.038 VRHE, corrected for iR) on Pt(553) and on 
Pt(553) with a high coverage of Mo*, Re*, Ru*, Rh* and Ag* adsorbed at 
the step edge, plotted against the DFT-calculated hydroxide adsorption free 
energy at 0 VRHE. Pt(111) is also shown for comparison.
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where kw is the rate constant for the Volmer step (equation (1)), θH* 
the coverage of hydrogen adsorbed on the terrace, ΔGTS

W
I

 the activa-
tion energy of the Volmer step, ΔGH* the adsorption energy of hydro-
gen on the terrace and A is the pre-exponential factor (for equation 
(1)). On the too-strong binding side of the OH* volcano, the reaction 
follows equations (5)–(7) to yield rate equations (8) and (9):

H2Oþ 2* ! H* þOH* ð5Þ

H* ! *þ 1
2
H2 ð6Þ

OH* þ e� ! OH� þ * RDS ð7Þ

Rate ¼ kdes θOH*ð Þ ð8Þ

Rate ¼ A exp
ΔGOH*

RT

� �
ð9Þ

where kdes is the rate constant for OH* desorption and θOH* the cov-
erage of hydroxide adsorbed at the step and ΔGOH* the free energy 
of adsorption of hydroxide, where we have assumed that the acti-
vation barrier for hydroxide desorption is equal to or larger than 
the desorption free energy of hydroxide, which is –ΔGOH*. With 
this assumption, in conjunction with the DFT-calculated correla-
tion between the activation energy for the alkaline Volmer step and 
the hydroxide binding strength (Fig. 3a) (the 0 K enthalpic bar-
rier, ΔETS

W
I

, which we take to be an approximation of ΔGTS
W

I
), we can 

simulate the rate of hydrogen evolution for any arbitrary hydroxide 
adsorption strength. We examine first only a constant hydrogen 
binding energy, calculated using DFT for a low hydrogen coverage 
on the terrace of Pt(553).

Figure 4 shows the simulated HER activity and the experimen-
tally measured activity, both plotted as a function of the hydroxide 
adsorption strength. There is good agreement between the theory 

and experiment. In addition to the volcano-type trend in activity, 
there is also a change in the experimentally measured Tafel slopes 
(Supplementary Fig. 7) between metals on the too-weak binding 
side of the volcano (105–157 mV dec–1, Rh*, Pt, Ag* and Pt(111)) to 
those on the too-strong binding side of the volcano (41–75 mV dec–1,  
Mo*, Re* and Ru*), consistent with a change in the RDS.

On the too-strong binding side of the volcano, the experimen-
tally measured activities for Re* and Mo* appear to be far from the 
simulated volcano. However, given that for these adatoms water dis-
sociation is not rate limiting, these step edges could be covered with 
(a high coverage of) adsorbed hydroxide or even oxygen. If we cal-
culate the reaction energy to partially oxidize the Re* and Mo* step 
edge, the experimentally measured points move much closer to the 
simulated volcano. Additionally, the prefactor for OH* desorption, 
which we assumed to be equal to that for water dissociation, could 
be larger and shift the ‘too-strong’ binding side of the volcano to 
higher rates, or our model to describe OH* adsorption thermody-
namics may be oversimplified for strong-binding adatoms.

We also performed a preliminary investigation into the role of 
an electric field and the electrode PZC in the HER kinetics and 
reaction mechanism. Although we expect water reorganization 
energetics and the electrode PZC to be important, and cannot rule 
out that the electrode PZC may be correlated with the hydroxide 
binding strength, we conclude that for the system studied here, the 
adsorption strength of the hydroxide is a more useful descriptor. 
Additionally, it is difficult to explain the evidence for the change in 
reaction mechanism (between the too-strong and too-weak bind-
ing sides of the OH* volcano) following the water reorganization 
model. See Supplementary Note 1 (and Supplementary Figs. 8–10) 
for a more detailed discussion. We note that the adsorption strength 
of hydroxide is easier to simulate and measure experimentally (than 
the electrode PZC) and chemical intuition can be more readily used 
for catalyst design (more-oxophilic elements may promote OH* 
adsorption, for example).

For catalysts with a stronger or weaker hydrogen binding 
strength (than that considered in Fig. 4), the activity and, impor-
tantly, the binding strength of hydroxide that yields the highest 
activity would also change. For a hydrogen free energy of adsorp-
tion of 0 eV, our model in Fig. 4 yields an optimum hydroxide free 
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energy of adsorption of −0.26 eV. Discussion of these points is given 
in subsequent sections. To gain additional insight, we can compare 
this DFT-simulated volcano to both the traditional hydrogen bind-
ing volcano for HER/HOR in acidic media and to the kinetics of 
water dissociation and hydronium dissociation in solution.

It was recently found that the activation barrier to adsorb hydro-
gen from water (alkaline Volmer step) on Pt(111) is much higher 
than that to adsorb hydrogen from hydronium29 (acid Volmer step), 
which matches the trend seen for water and hydronium dissociation 
in solution (Supplementary Fig. 11)30. This high barrier to adsorb 
hydrogen from water is, in part, why the hydroxide-binding vol-
cano in Fig. 4 is centered around the relatively strong OH* bind-
ing (see discussion in Supplementary Note 2) and the activity of 
many catalysts for HER is much lower (and the activation energy 
much higher8,31) in an alkaline electrolyte than in an acid electrolyte. 
Figures 2–4 show that by promoting hydroxide adsorption (relative 
to Pt), the activity in an alkaline electrolyte can be increased.

Effect of site blocking and/or co-adsorbates at the step. On the 
too-strong binding side of the OH* volcano (Ru*, Re* and Mo*), 
the rate is limited by the desorption of strongly bound hydroxide; 
it is the dominant adsorbate (and/or O*, as considered for Mo and 
Re). On the too-weak binding side of the OH* volcano, however, we 
had considered the sites available for H* adsorption on the terrace, 
but we had not considered the sites available at the step where water 
dissociation occurs. We calculated the barrier for water dissociation 
with DFT (Fig. 3) on an empty step edge, with only the effect of 
co-adsorbed water considered. In reality, the steps could be covered 
with a high coverage of hydrogen or hydroxide under the reaction 
conditions at 0 V versus RHE, as most adsorbates bind strongly to 
the adatoms at the step (except for on Ag*) and we might expect 
the adsorption on the step, because it is so strong, to be fast (com-
pared with the adsorption of H* on the terrace). Supplementary  
Fig. 12 shows the adsorption energy of hydrogen and hydroxide at 
the step for the bare and decorated Pt(553). Supplementary Fig. 13a,b 
shows the calculated coverage of vacant step sites (assuming that the 
adsorption of H*/OH* at the step is fast and equilibrated) and the 
rate of HER given this site-blocking effect, respectively. The trend 

in HER activity (with OH* binding strength across the adatoms) 
is identical to that shown in Fig. 4. This is a consequence of the 
much larger difference in OH* binding strength across these metals 
than that of the H* binding strength, which makes the increase in  
the water-dissociation rate constant larger than the decrease in 
vacant sites with stronger binding on the too-weak binding side of 
the OH* volcano. In addition to this simple model, there is still a 
need for more-comprehensive steady-state models and DFT sim-
ulations7,32 to map out more completely the exact coverage and  
binding sites of hydrogen and hydroxide on both the decorated step 
and Pt terrace and their effect on water dissociation under the reac-
tion conditions.

Implications for catalyst design. A complete alkaline hydrogen 
evolution 3D volcano plot is shown in Fig. 533. This gives the rate of 
hydrogen evolution as a function of hydrogen binding strength and 
hydroxide binding strength. The activation energy for water disso-
ciation is calculated using data from a previous study34. The acti-
vation energies for hydrogen recombination (Tafel step) and OH* 
desorption are assumed to be equal to the energy of desorption of 
hydrogen and of hydroxide, respectively, and the kinetic prefactors 
are assumed to be the same for all the reactions. Given the limited 
dataset used to calculate the water dissociation barrier, and the 
many assumptions necessary to make this plot, we suggest it only 
as a guide. Figure 5 qualitatively captures trends in alkaline HER 
kinetics and gives guidelines for catalyst design. To improve the per-
formance relative to Pt, for example, we need to weaken the hydro-
gen adsorption strength (by ~0.2 eV) and substantially promote the 
hydroxide adsorption strength (by ~0.9 eV relative to Pt(111) or by 
~0.3 eV relative to Pt(553)).

The reaction mechanism shown in Fig. 4 and resultant 3D 
volcano in Fig. 5 explain the bifunctionality of hydrogen evolu-
tion. On the too-strong binding side of the volcano, the reaction is 
bifunctional as it involves both adsorbed hydrogen and adsorbed 
hydroxide. On the too-weak binding side of the volcano, hydrogen 
evolution is only apparently bifunctional; adsorbed hydroxide is not 
necessarily a reaction intermediate, but the activation energy of the 
RDS is correlated with the OH* binding strength. The 3D volcano 
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hydrogen adsorption energy on the Pt(553) terrace (constant) and the hydroxide adsorption energy ΔGOH*. The HER rate is measured at −0.038 VRHE 
and simulated at 0 VRHE. b, Reaction energy diagram to illustrate the HER reaction mechanism. On the too-weak binding side of the OH* volcano, the rate 
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plot shown in Fig. 5 also helps to clarify the debate over the mecha-
nism for the improved performance of Pt–Ru alloy materials3–5 
and Ru clusters and/or islands on Pt(111) (ref. 35)—both weakened 
hydrogen binding and stronger hydroxide binding contribute.

Implications for hydrogen oxidation. Although we have not stud-
ied the HOR (the reverse of hydrogen evolution), we can consider 
what our proposed reaction model for hydrogen evolution might 
tell us about hydrogen oxidation. We assume that the reaction path 
is the same as that for hydrogen evolution and limit the discussion 
to catalysts that lie on the too-strong binding side of the hydro-
gen binding volcano (where hydrogen dissociation and/or recom-
bination is not rate limiting, such as for stepped Pt). In short, we 
find that, although we expect the rate of the HOR to be equal to 
that of the HER on the too-weak binding side of the OH* volcano  
(a change in rate constant cancels with a change in the rate equa-
tion (Supplementary Fig. 14)), we also expect a change in the RDS 
between the HER and the HOR on the too-strong binding side of 
the OH* volcano, which means the rate of the HOR can be different 
from that of the HER (Supplementary Fig. 14). For a catalyst that 
has a favourable adsorption energy of hydrogen (ΔG < 0), such as 
for H* on the terrace of stepped Pt, and that sits on the too-strong 
side of the OH* volcano, this results in a lower rate of the HOR 
than that of the HER for the same OH* binding strength. A conse-
quence of this is that there exists catalysts that have a stronger OH* 
binding strength than, for example, Pt, and show a higher rate of 
hydrogen evolution, but a lower rate of hydrogen oxidation relative 
to Pt (and not the other way around) (catalyst (b) in Supplementary 
Fig. 14) in an alkaline electrolyte. This selective promotion of the 

HER and not the HOR (as well as the promotion of both HER and 
HOR via a stronger OH* binding (catalyst (a) in Supplementary 
Fig. 14)) has been observed experimentally3,18,22,36, and the reaction 
model we present here in Supplementary Fig. 14 may explain this 
phenomenon. An additional consequence is that there are differ-
ent optimum OH* binding strengths that yield the highest rate for 
the HER and for the HOR; to quantify this optimum for the HOR 
requires further study.

Conclusions
From this work, we not only determined the importance of hydrox-
ide binding strength and the mechanism of alkaline HER but also 
provided insight for catalyst design. We quantified an optimum 
hydroxide binding strength and showed that the hydrogen binding 
strength and hydroxide binding strength must both be optimized 
to improve catalyst activity. This provides a new dimension, with a 
specific goal, to design more active and low-cost (non-noble metal) 
HER catalysts.

Methods
Electrochemical cell and electrolyte preparation. Measurements in the alkaline 
electrolyte (0.1 M NaOH) were performed in a fluorinated ethylene propylene 
electrochemical cell; those in an acid electrolyte (0.1 M HClO4) were performed in 
a glass cell. Before each experiment, all the glassware and plasticware was cleaned 
by first storing overnight in a dilute, acidic solution of potassium permanganate. 
The glassware or plasticware was then rinsed with ultrapure water, soaked in a 
dilute acidic solution of hydrogen peroxide and then boiled in and rinsed with 
ultrapure water five times. The electrolyte was prepared with ultrapure water 
and concentrated perchloric acid (traceSELECT, Fluka) or concentrated sodium 
hydroxide (Suprapur, Merck). Bead-type single-crystal electrodes were used as the 
working electrode using the hanging meniscus technique, with a platinum wire 
counter electrode and reversible hydrogen reference electrode.

Single-crystal electrode preparation. Bead-type Pt(111) and Pt(553) electrodes 
were prepared following the Clavilier method37 before every experiment; the 
electrode was flame annealed for 1 min, allowed to cool in an Ar/H2 (3:1) 
atmosphere and then dipped into ultrapure water saturated with the same gas 
mixture. Transfer through air to the electrochemical cell occurred while the surface 
of the electrode was protected with a droplet of water.

Metal adatom deposition. Metal adatoms were deposited selectively at the step 
edge by transferring the electrode to a perchloric acid electrolyte (0.1 M) that 
contained 10−4 to 10−7 M Mo7+, Re7+, Ru3+, Rh3+ or Ag+ ions and cycling between 
0.05 and 0.35 VRHE for 10–200 cycles to deposit the metal atom at the step edge. 
The concentration and number of cycles were varied to control the amount of 
metal atom deposited at the step. Mo, Re, Ru, Rh and Ag solutions were made 
from ultrapure water and sodium molybdate (Sigma Aldrich), ammonium 
perrhenate (Johnson Matthey), ruthenium chloride (Aldrich Chemie), rhodium 
chloride (Johnson Matthey) or silver perchlorate (Sigma Aldrich). Metal adatoms 
on Pt(553) were removed by repeatedly dipping the electrode in concentrated 
nitric acid and annealing in air. The adsorptions of Ni, Co, Fe and Mn were not 
examined; irreversible adsorption of Fe did not lead to selective step decoration, 
and it was assumed these adatoms would adsorb as their respective hydroxides 
(and not as metal adatoms), as on Pt(111) (ref. 6).

Electrochemical measurements. Electrochemical measurements were performed 
with a VSP-300 potentiostat from Biologic. A typical electrochemical experiment 
involved measuring a ‘blank’ CV (between 0.06 and 0.8 VRHE) in either 0.1 M HClO4 
or 0.1 M NaOH to confirm, via the voltammetric response, the cleanliness of the 
electrolyte and the quality of the annealing procedure. Then the HER activity 
of the pristine electrode was measured in 0.1 M NaOH by linear sweep or cyclic 
voltammetry from −0.2 to 0.7 VRHE. After this, the electrode was transferred to 
a perchloric acid electrolyte that contained the desired transition metal ion and 
cycled to deposit the metal atom at the step edge. The electrode, with the step 
edge decorated with the various metal atoms, was then transferred to the alkaline 
electrolyte and the HER activity measured (using the same potential limits as for 
the pristine electrode, except for Mo and Re on Pt(553) as they were found to 
desorb above ~0.3 VRHE, and so the upper potential limit was set to 0.2 VRHE). For 
the Mo- and Re-decorated Pt(553), the transfer from the acidic electrolyte after 
deposition to the alkaline electrolyte to measure the HER activity was performed in 
a hydrogen atmosphere to retain the Mo or Re at the step edge. The coverage of the 
adsorbed adatoms was calculated by determining the fraction of the charge under 
the step peak that was blocked after adsorption. This charge was measured between 
0.21 and 0.33 VRHE in the alkaline electrolyte (Re, Ru, Rh and Ag) and between 0.1 
and 0.19 VRHE in the acid electrolyte (Mo).
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and hydroxide binding energy. The water dissociation rate was derived from 
the binding energies and kinetics on (211) surfaces34 calculated previously 
and modified to reference solution-phase hydroxide as the product of 
water dissociation and then extrapolated to 0 VRHE and to reproduce the 
barriers calculated here for water dissociation on Pt(111) and Pt(553) 
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The kinetics of the hydrogen underpotential deposition were measured  
using electrochemical impedance spectroscopy. Impedance spectra were  
measured with frequencies from 104 to 0.5 Hz with an amplitude of 5 mV.  
An equivalent circuit was fitted to the impedance spectra using the EIS  
Spectrum Analyser38. The equivalent circuit used was identical to that used by 
Schouten et al. to examine hydrogen and hydroxide adsorption on Pt(111) and 
stepped platinum39.

Computational details. DFT calculations were performed using the Vienna Ab 
initio Simulations Package40–42. A plane wave basis set was used with a cutoff 
energy of 450 eV. The PW91 exchange-correlation functional was used43, and 
the ion core potentials were modelled following the projector augmented wave 
(PAW) approach44,45. Structural relaxations were performed until the forces on 
each of the atoms were below 0.02 eV Å−1. The Pt(111) surface was modelled 
with a 3 × 3 unit cell and the Pt(553) surface was modelled with a 3 × 1 unit cell, 
with three Pt step atoms. Monkhorst–Pack mesh k-space sampling grids were 
used46, with 5 × 5 × 1 and 7 × 7 × 1 sampling grids used for Pt(111) and Pt(553), 
respectively. Pt(111) and Pt(553) were modelled as a four-layer and five-layer slab, 
respectively, with the bottom two layers frozen at the experimentally measured 
lattice constant, 3.92 Å (ref. 47). Dipole corrections were included in the surface 
normal direction48. Activation barriers for water dissociation were calculated using 
the climbing image–nudged elastic band method49. The TS was identified when 
the forces on all the atoms and the tangent force on the highest-energy image were 
below 0.02 eV Å−1, and the tangent forces on the preceding images were opposite 
in sign to those on the images after the TS. All TS also showed one imaginary 
vibrational frequency along the reaction coordinate. The adsorption energy of 
hydrogen and hydroxide were also calculated using DFT for the adsorption onto 
a PtRu(111) alloy surface, as well as on and/or near a Ru* cluster and/or island 
on Pt(111) (shown in Fig. 5). Relatively simple models were used to approximate 
the adsorption energetics. The PtRu(111) surface was modelled in a 3 × 3 unit cell 
with a five-layer slab, with the bottom two layers frozen at the DFT-optimized 
lattice constant of 3.9 Å (compared with a DFT-optimized lattice constant for Pt 
of 3.985 Å). A 7 × 7 × 1 k-point mesh was used. As there were an odd number of 
atoms in the slab, the ratio of Pt to Ru was Pt22Ru23. The adsorption of hydroxide 
was evaluated at a low coverage (1/9 ML) in the presence of two co-adsorbed water 
molecules and a low coverage of co-adsorbed Na* (1/9 ML). The adsorption of 
hydrogen was evaluated in the absence and the presence of co-adsorbed hydroxide, 
water and cation; the adsorption energy shown in Fig. 5 was calculated in the 
presence these co-adsorbates (as this was found to weaken hydrogen adsorption). 
Adsorption onto a Ru* cluster was evaluated on a seven-atom Ru* (single-layer) 
island adsorbed on a four-layer 4 × 4 Pt(111) slab (modelled using a 3 × 3 × 1 
k-point mesh). The adsorption of a single hydroxyl molecule was examined 
on the upper edge of the Ru* cluster in the presence of five co-adsorbed water 
molecules and one co-adsorbed Na*. The adsorption of hydrogen was evaluated 
on the Pt(111) surface on a Pt site neighbouring the Ru* island in the presence of 
co-adsorbed hydroxide, water, and cation.

Computational details—thermodynamics and kinetics. OH* adsorption energy. 
The hydroxide adsorption energy was calculated following the reaction given in 
equation (10):

3H2O
* ! OH*2H2O

* þHþ þ e� ð10Þ

where H2O* is water that is adsorbed on or close to the surface (or specifically 
the step on Pt(553)) and OH*2H2O* is hydroxide adsorbed on the step (or on 
the Pt(111) surface) hydrogen bonded to two co-adsorbed water molecules. This 
stoichiometry in the 3 × 3 unit cell on Pt(111) gives an OH* coverage of 1/9 ML 
and in the 3 × 1 unit cell of Pt(553) an OH* coverage of 1/3 ML, defined as OH* 
per Pt step atom. Adsorption was examined in the presence of a co-adsorbed and/
or near-surface sodium ion (at 1/9 ML on Pt(111) and 1/3 ML on Pt(553)), located 
near the step edge, as we have found previously that near-surface cations affect the 
adsorption strength of the hydroxide25. Our previous work also highlighted the 
importance of including co-adsorbed water molecules50. We chose near-surface 
(adsorbed) water as our reference state (instead of solution-phase water or 
hydroxide) as this minimizes the impact from errors in describing the metal–water 
interaction (because, in part, DFT poorly captures van der Waals interactions) in 
the calculated OH* adsorption energy.

The free energy of adsorption of hydroxide was calculated using equation (11):

ΔG ¼ GOH*2H2O* þ GHþ � ej jU � G3H2O* � ej j U � UPZCð ÞΔμ
d

ð11Þ

where GOH*2H2O*

I
 is the free energy of co-adsorbed hydroxide and water, G3H2O*

I
 is 

the free energy of adsorbed and/or near-surface water, GHþ

I
 is the free energy  

of an aqueous proton and |e|U the free energy of an electron. The last term 
represents a correction to the free energy based on the interaction of the 
near-surface electric field with the surface normal dipole moment. Δμ is the  
change in surface normal dipole moment (product–reactant), d the thickness  
of the Helmholtz layer (taken to be 3 Å (ref. 51) and UPZC the PZC of the surface 
(taken to be 0 VRHE).

The free energies of the adsorbed species were calculated using equation (12):

GX* ¼ EDFT
X* þ ZPVE� TSvibX* þ Evib ð12Þ

where EDFT
X*

I
 is the DFT-calculated internal energy at 0 K, ZPVE the zero-point 

vibrational energy, SvibX*

I
 the vibrational entropy of the adsorbed species X* 

(calculated assuming the phonon modes of the surface are unperturbed by 
adsorption) and Evib the internal vibrational energy.

The free energies of the proton and electron are calculated following the 
computational hydrogen electrode method51, in which they are obtained from 
the free energy of hydrogen gas. The free energy of hydrogen gas is calculated 
following equation (13):

GH2 ¼ EDFT
H2

þ ZPVEþ Eint � TSH2 þ PV ð13Þ

where SH2

I
 includes vibrational, rotational and translational entropy for gas-phase 

hydrogen, Eint includes all vibrational, rotational and translational internal energy 
for gas-phase hydrogen, and PV is calculated as kBT. All the calculations were 
performed at 1 atm, 300 K and 1 M (unless otherwise noted).

All the hydroxide adsorption energies are reported at an applied potential of 
0 VRHE unless otherwise noted.

H* adsorption energy. The free energy for the adsorption of hydrogen was 
calculated in a similar manner as that for hydroxide, using the reaction in equation 
(14):

Hþ þ e� þ * ! H* ð14Þ

To calculate the adsorption energy of hydrogen as a function of coverage on the 
terrace of Pt(553), multiple adsorbates were included in the 3 × 1 unit cell.

Potential independent activation energy. Potential independent activation energies 
for the chemical dissociation of water were calculated using the climbing image 
nudged elastic band method, in which near-surface and/or adsorbed water was 
dissociated to adsorbed hydrogen and adsorbed hydroxide, in the presence of 
near-surface solvation (additional explicit water molecules) and near-surface alkali 
metal cation (Na*). On the bare and decorated Pt(553), all the activation energies 
were calculated for the formation of adsorbed hydroxide on the step and adsorbed 
hydrogen on the terrace (close to the bottom of the step edge, the weakest binding), 
as this gave the lowest barrier for dissociation on the bare surface (as the step sites 
give the strongest binding for OH* and the terrace sites close to the bottom of the 
step give the weakest binding for H*).

Potential dependent activation energy. Potential dependent activation energies for 
water dissociation into solution-phase hydroxide (electrochemical) were calculated 
by taking the barrier calculated by the TS search for water dissociation to adsorbed 
hydroxide (chemical) as the barrier for the electrochemical dissociation at the 
potential where the FS (adsorbed hydroxide, OH* + 2H2O* + Na* + H*) was in 
equilibrium with solution-phase hydroxide28. The potential at which the FS is in 
equilibrium with the solution-phase hydroxide was calculated following reaction 
(15) (with reference to adsorbed water, instead of to solution-phase hydroxide 
explicitly, as done for the OH* adsorption energy in equation (11)), using equation 
(11) but solving for the potential that gives a free energy change of adsorption of 0. 
The activation energy at 0 VRHE (the equilibrium potential for hydrogen evolution) 
was then calculated by extrapolating the activation barrier at the equilibrium 
potential (between adsorbed and solution-phase hydroxide) to 0 VRHE using the 
Butler–Volmer law28. This is shown in equation (16):

3H2O
*H*Na* ! OH*2H2O

*H*Na* þHþ þ e� ð15Þ

ΔETS
electrochemical Vð Þ ¼ ΔETS

chemical þ αe0 V � U0
OH*ads

� �
ð16Þ

where ΔETS
electrochemical Vð Þ

I
 is the activation energy for the electrochemical 

dissociation of water to solution-phase hydroxide at the desired potential, V, 
ΔETS

chemical
I

 is the activation energy for the chemical dissociation of water to adsorbed 
hydrogen and adsorbed hydroxide for V = U0

OH*ads
I

, U0
OH*ads
I

 is the equilibrium 
potential (defined as the potential that gives a free energy change of reaction of 0) 
for hydroxide adsorption in the presence of adsorbed hydrogen (reaction (15)) and 
α is the transfer coefficient (which can vary from 0 to 1), assumed here to be 0.5.

Simulated rate of hydrogen evolution. In an alkaline electrolyte, hydrogen evolution 
comprises elementary steps that dissociate water to produce adsorbed hydrogen 
(Volmer), recombine adsorbed hydrogen to form hydrogen gas (Tafel) and/or an 
elementary step that involves both (Heyrovsky). Our DFT calculations show that 
the barrier to dissociate water (modelled as a Volmer step) correlates with how 
strongly the electrode surface binds hydroxide (presumably a Heyrovsky-type 
mechanism might show the same dependence), regardless of whether hydroxide 
is adsorbed in the product state or not. The experimentally measured correlation 
between hydroxide binding strength and HER activity on the too-weak binding 
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side of the volcano (where stronger OH* binding leads to higher HER activity), can 
then be readily explained by taking water dissociation to give the solution-phase 
hydroxide as the RDS. We consider only a Volmer step and not a Heyrovsky step 
for simplicity. The overall mechanism for the weak-binding side of the volcano is 
shown in equations (17) and (18):

H2Oþ *þ e� ! H* þ OH� RDS ð17Þ

2H* ! H2 þ 2* Fast ð18Þ

Taking equation (17) as the RDS and equation (18) to proceed rapidly allows 
us to calculate the rate on the too-weak binding side of the volcano, as shown in 
equations (19) and (20):

Rate ¼ kW 1� θH*ð Þ ð19Þ

Rate ¼ A exp
�ΔGTS

W

RT

� �
1

1þ exp �ΔGH*

RT

� � ð20Þ

where kW is the rate constant for water dissociation, θH* the coverage of adsorbed 
hydrogen, A the pre-exponential factor and ΔGTS

W
I

 the barrier for water dissociation 
(which we approximate using the 0 K enthalpic barrier). We calculated both 
the (enthalpic) barrier for water dissociation and the adsorption free energy of 
hydrogen using DFT, and assumed a pre-exponential factor. As a simplification, 
we assumed the pre-exponential factor is the same for both sides of the volcano, 
and fit this as a free parameter to the experiment (to reproduce the rate of HER 
on Ag* on Pt(553), which gave a pre-exponential factor of 3 × 1010 s−1). We note 
that, as the rate is simulated at 0 VRHE and experimentally measured at −0.038 VRHE, 
this pre-exponential factor is not equivalent to what one might calculate from 
experiment (or DFT) alone. To calculate the water dissociation barrier at any 
hydroxide adsorption free energy (as we plot the rate as a function of hydroxide 
adsorption energy), we fitted a line through the data shown in Fig. 3a, where 
we plot the DFT-calculated electrochemical water dissociation barrier (to 
solution-phase hydroxide) as a function of hydroxide adsorption strength on our 
decorated Pt(553) surface (to give a slope of 0.27 and intercept of 0.31 eV). We 
note that the near-surface solvation structure for OH* in the product state of the 
dissociation reaction for Ag* on Pt(553) is not the same as that used to calculate 
the adsorption free energy of hydroxide on Ag* shown in the volcano plots in Figs. 
2 and 4 (and therefore the OH* adsorption strength shown in Fig. 3a for Ag* on 
Pt(553) is much higher (less favourable)). Removing Ag* on Pt(553) from Fig. 3a 
does not substantially affect the calculated slope and intercept.

In Fig. 4, we show the rate calculated at an applied overpotential of 0 V (which 
effectively gives the exchange current density for hydrogen evolution). We also 
calculated the rate based on a surface area (to convert from inverse seconds to 
units of mA cm–2) of 1.5 × 1015 atoms cm–2 (which yields a charge of 240 µC cm–2 
for one electron transferred per surface atom) for both Pt(111) and Pt(553), as a 
simplification. To compare with the experimentally measured activity on Pt(553), 
as we found the steps to be more active than the terrace sites, we multiplied our 
experimentally measured activities by a factor of five (the ratio of terrace sites 
to step sites) in Fig. 4 in which we compare the DFT-simulated rate with the 
experimentally measured rate. For the too-strong binding side of the volcano, 
the RDS must be the desorption of adsorbed hydroxide (which would become 
slower with increasing hydroxide binding strength). The mechanism is then as in 
equations (21)–(23):

H2Oþ 2*$H* þ OH* In equilibrium ð21Þ

OH* þ e� ! OH� RDS ð22Þ

2H* ! H2 þ 2* Fast ð23Þ

Assuming that the coverage of the adsorbed hydrogen is low because the 
hydrogen evolution is fast, and assuming that the barrier for hydroxide desorption 
is equal to the free energy of desorption, we can calculate the maximum rate for 
hydrogen evolution on the too-strong binding side of the volcano using equation (24):

Rate ¼ A exp
ΔGOH*

RT

� �
ð24Þ

Taking the barrier as equal to the free energy of hydroxide desorption yields 
an upper-bound on the rate of hydroxide desorption, any barrier beyond the 
reaction energy would further decrease the rate. It is interesting to note that the 
rate of hydroxide adsorption/desorption on Pt(111) in both acid and alkaline 
electrolytes is so fast that the kinetics cannot (or at least, have not, as of yet) be 
accurately measured with impedance spectroscopy (suggesting rates faster than 
that of hydrogen adsorption/desorption in an acid electrolyte on Pt(111))39,52. This 
suggests that on Pt(111), at equilibrium, where the reaction energy for hydroxide 

adsorption/desorption (ΔGOH*) is zero, the barrier is small (and yields a high rate of 
adsorption/desorption).

Simulated 3D hydrogen and hydroxide volcano plot. To simulate the rate of hydrogen 
evolution as a function of both hydrogen and hydroxide binding strength, we first 
need the rate of water dissociation, or the activation barrier for water dissociation, 
as a function of both the hydrogen and hydroxide binding strength. In our DFT 
calculations, we only examined the effect of hydroxide binding strength on the 
water dissociation barrier. Tsai et al. used DFT to calculate the activation barrier 
for water dissociation across a variety of transition metal (111), (100) and (211) 
surfaces, and showed that the barriers are a linear function of the hydrogen 
and hydroxide binding strength34. (For the (211) surfaces, this linear fit follows 
ΔETS = 0.72ΔEH + 0.73ΔEOH + 1.08 eV (ref. 34)). Using this linear correlation, we 
can calculate the activation energy for water dissociation for any hydrogen and 
hydroxide binding strength. However, their work (as it was studied for thermal water 
dissociation) does not include the effects of near-surface solvation, near-surface 
alkali metal cations or electrochemical potential on the activation energy.

To convert their reported chemical activation barriers for water dissociation 
into an electrochemical, potential-dependent barrier, we used the same 
method as described above and added αe0 V � U0

OH*ads

� �

I

 (assuming an α of 
0.5) to the chemical barrier to extrapolate this barrier to the electrochemical 
barrier at a potential (V) of 0 VRHE (taking the hydroxide adsorption energy 
as an approximation to the free energy, and therefore the electrochemical 
adsorption potential). We did this using their reported data on the stepped (211) 
surfaces, and we then fitted a linear correlation between the electrochemical 
activation energy and the hydrogen and hydroxide binding strengths, with 
the slope for the dependence on hydrogen adsorption strength kept constant 
(the same as for their reported linear fit to the chemical barrier) (to yield 
ΔETS = 0.72ΔEH + 0.51ΔEOH + 1.91). To approximately account for the effects of 
solvation and alkali metal cation, we shifted the intercept of this linear fit to best 
reproduce the activation energies we calculated with DFT for Pt(553) and Pt(111) 
at the hydrogen and hydroxide adsorption free energies we calculated (to finally 
give ΔGTS = 0.72ΔGH + 0.51ΔGOH + 0.38).

The other possible RDS, aside from water dissociation, are hydroxide 
desorption (for too-strong hydroxide binding) and hydrogen desorption and/or  
recombination (as H2 gas, for too-strong hydrogen binding). We assumed the 
activation energy for each of these steps is equal to the desorption energy of 
hydroxide and hydrogen, respectively. This should represent the minimum possible 
activation energy, and therefore the highest possible rate. To calculate the rate, we 
assumed a constant pre-exponential factor, which is identical for each RDS.

Data availability
All the data are available in the main text and Supplementary Information. 
Additional datasets related to this study are available from the corresponding 
author upon reasonable request. Source data are provided with this paper.
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