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ABSTRACT: Hydrogen evolution reaction (HER: H* + e~
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— !/,H,) on metals exhibits the characteristic kinetics of

electrocatalytic process. Here a theoretical method based on the constant-charge first principles periodic continuum solvation
model is proposed to resolve the potential-dependent reaction kinetics on Pt and Au surfaces, and the quantitative linkage is
established between the Tafel kinetics (current vs potential) and the electrochemical condition, including the surface structure,
the surface charging, and the coverage. The theoretical Tafel slopes for HER are determined to be 83 mV on Pt(111) and 70 mV
on Pt(100), which are generally associated with the reactions involving the minority weakly adsorbed H, i.e. the atop H above 1
ML on Pt(111) and the bridging H above 1.5 ML on Pt(100). The mechanism and the contribution of each pathway (Volmer,
Tafel, and Heyrovsky pathways) are determined quantitatively. It is revealed that HER at the minority surface steps has a much
higher activity than at terraces, which is responsible for the overall activity on a typical Pt electrode. The theoretical model here
paved the way toward the large-scale computational screening for both active and economic hydrogen electrode.

1. INTRODUCTION

Electrocatalytic HER was regarded as the prototypical reaction
in electrochemistry, based on which the Tafel equation is
derived experimentally in 1900s by Swiss chemist Julius Tafel.
As hydrogen is a critical energy carrier in the renewable energy
cycle, HER has received considerable attention in recent years.
Although Pt was known to be the most efficient electrocatalyst
that can convert proton and electrons to H, near the
equilibrium potential (0 V vs SHE), the prohibitive cost of Pt
has limited severely the large-scale applications. Continued
research efforts have been devoted to develop new strategies
that can replace Pt (via non-Pt materials) or reduce Pt usage
(e.g, dispersing into nano- or subnanoparticles) while
maintaining the high activity.'~” This has led to the renewed
interest on the reaction kinetics at the atomic level aiming to
answer the fundamental questions, (i) why Pt is indispensable
and (ii) where is the active site for Pt.

While the early experimental studies suggested that HER is
not structure sensitive to the surface crystallography,®® the
modern research tends to favor the conclusion that the activity
depends on the surface structure and thus the size of the
nanoparticle. By conducting voltammograms measurement on
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single-crystal surfaces at different conditions, the Markovic'®~"*

and Conway groups'*'* have shown that the activity of HER
and its reverse, hydrogen oxidation reaction (HOR) varies on
different exposed surfaces. The Markovic group showed that
reaction activity of HOR/HER increases with the sequence
(111) < (100) < (110) at acid and alkaline solution: the
exchange current density is 0.45, 0.60, and 0.98 mA/ cm? for
(111), (100), and (110) in 0.05 M H,SO, at 303 K,"" whereas
Conway reported that HER activity order is (100) < (111) <
(110) under acid and alkaline conditions."*'* The reported
activity order for (100) and (111) surfaces is different, and
Conway suggested that this could be due to the specific
experimental conditions, including pH, surface coverage, and
the electrolyte anions.'> Nevertheless, the ridged (110) surface
is always more active (ca. two times) than the two terraces. In
accordance with this, the Hoshi group found that the exchange
current density (j,) increases linearly with the increase of the
step density and they concluded that the stepped sites are the
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active site of HER/HOR.'™'® Since smaller nanoparticles
contain more surface defects/steps, it is inferred that the
activity should increase upon the decrease of the particle size
and the increase of activity by 2—S5 times upon the decrease of
the Pt particle size from 2 to 6 nm was indeed reported.'”*°
Babic et al.,, however, showed that the specific activity of HOR
is similar for Pt nanoparticles with the mean particle size of
2.5—3.5 nm.”' Apparently, the observed variation of the HER/
HOR activity on differently structured Pt is not dramatic (e.g,,
within 1 order of magnitude). This is intriguing as two opposite
explanations are both plausible, i.e. (i) HER occurs only at a
small number of defects/stepped sites and the activity scales
with the concentration of such defects, and (ii) HER is truly
structure insensitive and can occur on all surface sites with the
similar activation barrier, where the activity scales with the
exposed surface area.

The kinetics of HER/HOR on metal surfaces is not
straightforward due to the electrochemical condition: multiple
pathways and multiple surface phases could be coexisting,
which are strongly influenced by the electrochemical potential.
The nature of the rate-determining step of HER/HOR on Pt
remains elusive and a microscopic model on the potential-
dependent kinetics is not established yet. Specifically, it is still
being debated whether H, formation proceeds via the direct
Tafel coupling (2H* < H,) between two adsorbed H (H*), or
the proton-coupled bond forming via the Heyrovsky reaction
(H* + H" + e~ < H,), or both. This is also reflected from the
scattered experimental data on the Tafel slop for HOR: on
(111) the slope ranges from 30 to 74 mV and on (100) it is
from 30 to 112 mV”"" (in electrochemistry, the slope of the
Tafel curve is often utilized as an indication of the mechanism
according to the Butler—Volmer equation®?). Wang et al.*
suggested that HOR on Pt electrodes might proceed via dual
pathways, including both Tafel and Heyrovsky mechanisms.
Using microkinetics modeling, they found that a Tafel—Volmer
mechanism at a low H coverage (<0.3 ML) can produce the
best fit with the experiment rate around the equilibrium
potential. The low H coverage is, however, not supported by
experiment®* and first-principles calculations.”**¢

To elucidate the puzzle, theoretical simulations mainly based
on density functional theory (DFT) calculations have been
utilized to probe the atomic level detail of the reaction.”” *
For example, the Norskov group found that HER on both
Pt(111) and Pt(100) surfaces prefer the Tafel pathway using a
static water bilayer model. The calculated barriers on the two
surfaces are similar, ~0.85 eV at the equilibrium potential.*®
Because of the difficulties in describing the complex electro-
chemical conditions including the surface charging, the solid—
liquid interface, and the potential in the standard DFT
packages, a direct comparison between theory and experiment
on the Tafel kinetics of HER is not available to date.

It is a central task of this work to establish a systematic
method for evaluating the kinetics of the multistep electro-
catalytic process as represented by HER. Here we utilize the
recently developed ﬁrst-princi;)les periodic continuum solvation
model (DFT/CM-MPB)**™*’ to deduce the Tafel kinetics of
HER/HOR on typical Pt and Au surfaces, namely, Pt(111),
Pt(100), and Au(111) under acidic conditions (pH 0), and
correlate the kinetics with the surface charging, the coverage,
and the potential. The current DFT/CM-MPB method allows
the consideration of concurrent effects due to the solid surface,
the water solution, and the electrochemical potential at the
reaction conditions in one unified theoretical framework. The
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low-energy-reaction pathways at the concerned potentials are
identified and the potential-dependent kinetics are resolved
from theory. By comparing the HER activity between theory
and experiment on different surfaces and metals, we propose a
general model to optimize HER catalyst via computation and
present a practical strategy for designing new catalysts.

2. METHODS

All DFT calculations were performed by using the SIESTA
package with numerical atomic orbital basis sets’®*” and
Troullier—Martins normconserving pseudopotentials.* The
exchange-correlation functional utilized was at the generalized
gradient approximation level, known as GGA-PBE.*' The
optimized double-{ plus (DZP) polarization basis set was
employed. All transition states (TSs) of the catalytic reaction
were searched by using our recently developed methods within
the Constrained-Broyden Scheme.*””** For the (111) and
(100) surfaces, we utilized p(3 X 2\/3) (12 atoms per layer)
and p(4 X 4) (16 atoms per layer) six-layer slabs with
adsorbates on both sides of the surfaces, respectively. The other
calculation details are the same as those described in our
previous work.***® The accuracy of the calculated energetics
was examined by benchmarking the results from SIESTA with
those from the plane-wave methodology and the difference in
adsorption energy is generally below 0.0S €V for H (e.g. the H
differential free energy of adsorption (with respect to the free
energy of the gas-phase H, at the standard state) at 1 ML on
Pt(100) is calculated to be 0.29 eV from SIESTA and 0.26 eV
from the plane-wave method).

The solid/liquid interface was described by using the
periodic continuum solvation model based on the modified
Poisson—Boltzmann equation (CM-MPB), which can take into
account the long-range electrostatic interaction due to the
solvation of electrolyte.*>***” The DFT/CM-MPB method has
been utilized to calculate the electro- and photo-catalytic
reactions at the solid—liquid interfaces,*****” and compute the
fundamental properties of metal surfaces in solution, such as
the potential of zero charge and the differential capacitance,
where the calculated values show good agreement with the
available experimental data.** Within the DFT/CM-MPB
model, we describe the solvated proton at the solid—liquid
interface using the solvated H;0*(H,0), complex where the
first solvation shell of H;O" is included explicitly and the rest of
the solution is represented by the CM-MPB model. In this
model, two of the Hs of H;O" are hydrogen bonded with the
nearby water molecules and the remaining H interacts with the
surface to initiate the HER process.

It should be noted that as for the other electronic structure
calculation methods, the DFT/CM-MPB method is performed
on the basis of the constant-charge framework, in which a
surface slab at a fixed net charge (q) can be routinely calculated.
As there are two surfaces per slab, the surface net charge Q.
equals half of the total net charge g, Q. = ¢/2. The
neutralizing charge (—q) is distributed in the vacuum region of
the slab following the modified Poisson—Boltzmann equation,
mimicking the polarized ionic charge distribution (diffuse layer)
in solution.®® The constant-charge model in calculation is,
however, not exactly what is used in experiment, where the
electrode is held under a certain potential. We therefore need
to convert the kinetics data collected at certain charge g to that
at a certain potential U, which can be summarized briefly as
follows (for more detail see section 3.2).

dx.doi.org/10.1021/jp400608p | J. Phys. Chem. C 2013, 117, 7669—7680
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For an elementary reaction, the free energy barrier
AG,(q=0,0,) at the potential of zero charge (g = 0) condition
can be obtained first by using eq 1,

AGa(‘L 9,) = GTS(‘L ‘91) - GIS(% 91)
AGa(U) 9;) = AGa(‘L gi)lqch

(1)
@)

where 6, indicates the surface phase characterized by a
particular local coverage i and Grg/s are the free energies at
the TS/IS (IS: initial state). This step involves the location of
the relevant TS and ISs at the charge neutral condition, as is
typical in standard periodic DFT packages. Next, one needs to
establish the linkage between the charge g and the potential U.
This is done by carrying out a series of calculations with a
variable g and simultaneously measuring the potential U of each
q state by using DFT/CM-MPB. The absolute electrochemical
potential of the system (a surface slab) can be measured by
computing the work function in solution and then referring it
to the experimental work function of the standard hydrogen
electrode (SHE, 4.4—4.8 V from experiment and 4.6 V utilized
in this work). In this way, the free energy barrier at a certain U
can be obtained as eq 2. The free energy correction (referring
to the standard state) to the DFT/CM-MPB total energy can
be derived by using the standard thermodynamics equations
(see, for example, ref 48).

3. RESULTS

The Volmer (Vol) step is the initiating step for HER, which is
followed by the H—H bond-formation steps, either the
Heyrovsky step (Hey) or the Tafel step (Taf), as illustrated
in Scheme 1. Under reaction conditions, there could be a

Scheme 1. Reaction Pathways and Surface Coverages for
HER“

mMs2 !

“The elementary steps include the Volmer (Vol), the Tafel pathway
(Taf), and the Heyrovsky (Hey) steps. MSI: the state with two H*
removed. MS2: the state with one H* removed.

number of possible coexisting phases, as indicated by the local
H coverage 6, Knowing the exact surface phase is kinetically
important because the reaction barrier is sensitive to the local
bonding environment, including the number and the geometry
of the preadsorbed H atoms. In the following, we first utilize
the thermodynamics analyses (section 3.1) to identify the most
likely coverages at the concern potentials. The reaction
channels on all the likely phases will then be calculated in
section 3.2, based on which the overall rate and its potential
dependence can be deduced.

3.1. H-Covered Surface Phases. In the grand canonical
ensemble, the H on the surface can be considered to be in
equilibrium with the solvated proton in solution. This requires
that the Volmer step, the charging/discharging of solution
H;0" to H*, is sufficiently fast compared to the other reactions,
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e.g. those to break/form the H—H bond. With this assumption
(the validity of the assumption will be addressed later), we can
utilize the following procedure to calculate the H coverage at
different potentials.

First, the reaction free energy AGy,(U) of H" + ¢~ <> H*| is
calculated at different phases 6; and different potentials, U. The
previous work has shown that because the potential affects
much more strongly the energy of proton and electron
compared to the adsorption state of H** a simple
thermodynamics approach based on neutral slab calculations
is accurate enough to calculate AG,(U). At each phase, the

charged-slab calculations using DFT/CM-MPB have been
utilized to determine the potential of zero charge (PZCly)

and correlate the exact surface net charge Q.. with the
potential.

Second, the relative portion of a phase at U, x,(U), is
obtained by using eq 3 from Boltzmann distribution. The
overall H coverage at the potential U (8(U)) and the overall
surface net charge (Q,e(U)) can finally be derived by summing
the contribution from all phases by using eq 4.

e—AGyi(U)
x(U) = —Z,e_AG"r(U) )
6(U) = X (6xx(V));
Q,.(U) = D (Q' xx(U))
i 4)

Following the above procedure, we have determined 6(U)
and Q,(U) on Pt(111), Pt(100), and Au(111) surfaces. The
results are plotted in Figure 1 and the important data at 0 V are
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Figure 1. The diagrams of the coverage vs potential and the surface
net charge (Q,,) vs potential for Pt(111), Pt(100), and Au(111). The
dominant surface phases at 0 V for Pt(111) (1 ML H coverage),
Pt(100) (1.5 ML H coverage), and Au(111) (0 ML H coverage) are
also shown on the right panels.

collected in Table 1. In general, we found that on all the
surfaces the H coverage is highly dependent on the applied
electrochemical potential. By decreasing the electrochemical
potential, one can gradually build up the surface H. At the same
potential, the H coverage on Pt(100) surface is the highest and
that on Au(111) is the lowest among the three surfaces.
Unlike the behavior of the coverage, the surface net charge is
oscillating around zero on Pt surfaces but increases steadily on
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Table 1. The Surface Properties at 0 V for Pt(111), Pt(100),
and Au(111) (Only the Representative Surface Phases Are
Listed)

AGy,(0 PZC|0l

phase 6, x,(0 V) V) (eV) (V) CN* diy (AP
0.92 ML/ 0.003 —0.19 008 3 1.84/1.84/1.92
Pt(111)

1 ML/ 0.997 —0.15 002 3 1.87/1.85/1.88
Pt(111)

1.08 ML/ 1.05 x 1076 0.35 —0.10 1 1.56
Pt(111)

1.44 ML/ 0.074 —0.05 —0.01 2 1.73/1.73
Pt(100)

1.5 ML/ 0.913 —0.06 —008 2 1.74/1.74
Pt(100)

1.56 ML/ 7.19 X 107° 0.30 —-0.17 2 1.72/1.76
Pt(100)

0.08 ML/ 214 x 107% 0.48 027 3 1.90/1.94/1.95
Au(111)

“CN is the coordination number of the least stable H* at 6, “dyy is
the bond distance between the least stable H* and the surface metal
atom.

Au(111) with the decrease of potential (Figure 1, bottom
panel). This is because the H coverage increases continuously
on Pt surfaces, which consumes the accumulated surface
negative charges; on Au(111), on the other hand, the surface is
free of H atom at the potentials above —0.4 V and the decrease
of potential leads to the accumulation of negative charges on
the surface. Obviously, the surface net charge on all the phases
at the concerned potential is generally within 10 uC/cm?
which corresponds to ~0.04 lel per surface metal atom.
Although these values are rather small (e.g,, 5%) compared to
the typical overall charge measured for the desorption of the
adsorbed H layer, 200—300 uC/cm® on Pt surfaces'**>>°
(mainly due to the discharging of H to proton), we will show
later that the kinetics of some surface reactions (e.g., Heyrovsky
reaction) is very sensitive to the surface charging and thus the
knowledge on the exact surface net charge is critical for
determining kinetics.

On Pt(111), the H coverage around 0 V is about 1 ML. This
corresponds to the structural configuration that all surface fcc
hollow sites are occupied by one H* (see Figure 1, right panel),
which agrees with previous DFT studies (using the adsorption
energy of H without other corrections” %), Below —0.3 V, the
coverage increases further with the atop sites being occupied by
H* appreciably. At 0 V, the concentration of the atop H* is low
[(8.7 X 107%)%] and the surface is dominated by the 3-fold H*.
Consistently, the H coverage on Pt(111) is measured to be
larger than ~2/ 3 ML near 0 V using voltammetries.”*>® The 3-
fold hollow site H* is referred to the underpotential deposited
(UPD) hydrogen in experiment and it emerges below 0.35 V vs
SHE." The atop H* that is referred to the overpotential
deposited (OPD) hydrogen has also been identified by ATR-
FTIRAS utilizing the SEIRAS technique,>**° the signal of
which becomes evident below 0 V.

On Pt(100), the H coverage is about 1.5 ML at 0 V and the
coverage is larger than 1.5 ML below —0.2 V. The 1.5 ML H
coverage corresponds to the configuration that all H atoms sit
at the bridge sites and each Pt is coordinated with three H
atoms (see Figure 1, insert). Both experiment and previous
theoretical calculations have suggested that the H coverage
should be above 1 ML on Pt(100) at the equilibrium
potential®*?*® (at 1 ML each surface Pt atom is bonded with
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two bridging H atoms). From our results, we can assign the
extra 0.5 ML bridging H above 1 ML to be the OPD H on
Pt(100) referred in experiment.’® Obviously, there is no atop
H* on Pt(100) at the potential concerned.

On Au(111), the surface is essentially free of H atoms at 0 V
and only below —0.4 V does the H coverage start to build up
slowly. At the low coverage limit (e.g, 0.083 ML), our DFT/
CM-MPB calculation shows that the H adsorption free energy
on Au(111) is +0.48 eV (with respect to the gas phase H,),
while it is —0.34 eV on Pt(111). This is consistent with the
general consensus that Au has a much weaker covalent bonding
ability compared to Pt.

It should be mentioned that the determination of the exact
coverage with use of thermodynamics alone could be
problematic as the kinetics may be vital. For example, it may
well be likely that the charging/discharging of H;O* to
adsorbed H is so slow that the H thermodynamic equilibrium
coverage could not be reached at the operating temperature.
The coverage presented in Figure 1 is thus only the up-limit
coverage. Nevertheless, Figure 1 provides a useful guide on the
surface coverage condition for studying kinetics. We will show
in the following that the thermodynamics equilibrium
assumption holds nicely on Pt, a good catalyst for HER, but
breaks down on Au, a poor catalytic material.

3.2. Reaction Mechanism. In the following, we focus on
HER/HOR kinetics close to the equilibrium potential (0 V). As
the mechanism and the kinetics are potential dependent, we
will mainly illustrate the mechanism at 0 V. We started from
Pt(111) to gather a general view of the HER process via the
two different pathways, Tafel and Heyrovsky, as shown in
Scheme 1; we then examined the Pt(100) surface to verify
whether the special structure and a different H coverage will
modify the activity. Finally, to further shed light on the activity
variation across different metal surfaces, we compared the Pt
surfaces with the less active Au(111) surface.

We found that the Volmer step (S-Figure 1, Supporting
Information) occurs with a low barrier on Pt surfaces (<0.2 eV)
at the concerned potentials, but is highly activated on Au(111).
Because of this, the Volmer step is not presented in the
pathways on Pt surfaces for clarity, and it is included in the
pathways on Au(111).

3.2.1. Pt(111). For Pt(111) at ~0 V, the thermodynamics
analyses tells that the H coverage is around 1 ML. We therefore
calculate Tafel and Heyrovsky pathways on 0.92, 1.0, 1.08 ML
H/Pt(111) phases, in total six different pathways. The
representative free energy profile for HER on 1.0 ML H/
Pt(111) at O V via the two pathways is shown in Figure 2 and
the data are listed in Table 2. Our procedure to calculate the
free energy profile at the potential U is outlined in the
following.

First, we need to calculate the free energy profile at the zero
charge (g = 0) condition for all the pathways that could occur
on different phases. To this end, the key states along the
pathway, including the IS, TS, and final state (FS), are
determined and thus the free energy barriers (AG,(6,q=0)) are
obtained (see eq 1). It is noted that at the g = 0 condition, the
electrochemical potential (PZCly) of different phases is not

exactly 0 V. As listed in Table 1, PZCly, for the 0.92, 1.0, 1.08

ML H/Pt(111) is 0.08, 0.02, —0.10 V vs SHE, respectively. The
obtained AG,(6,9=0) for Pt(111) is listed in S-Table 1,
Supporting Information.

dx.doi.org/10.1021/jp400608p | J. Phys. Chem. C 2013, 117, 7669—7680
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Figure 2. (a) The free energy profile via Tafel and Heyrovsky
pathways on 1 ML H/Pt(111) at 0 V. M The meaning of the states
(MS1, MS2) is the same as those in Scheme 1. The located IS, TS,
MS1, and MS2 for the Tafel step (b—d) and the Heyrovsky step (e—g)
are also shown. The labeled distances are in angstroms. The produced
H, molecule is omitted at the FS for clarity. Large ball: Pt atoms. Small
red ball: O atoms. Small white/green ball: H atoms.

Table 2. Calculated Free Energies of Elementary Steps for
HER on 1 ML H/Pt(111) at 0 V*

AH(0—
elementary steps AE 298K) AZPE  —-TAS AG
Tafel
Sur = TS 0.94 0 —0.02 0 0.92
Sur - MS1 + H, 0.69 0.09 —0.03 —0.41 0.34
MS1+H"+e—>MS2 —0.37 —-0.04 0.02 0.21 -0.19
MS2 + H" + e » Sur  —0.32 —0.04 0.02 0.21 —0.15
Heyrovsky
Sur = TS 091 0 —-0.14 0.15 0.92
Sur + H" + e > MS2 0.32 0.04 —0.02 —0.21 0.15
+ H,
MS2 + H" +e - Sur  —0.32 —0.04 0.02 0.21 -0.15
“The AH(0—298K) is deduced from the standard thermodynamic

data.%’

Second, we calculate the free energy profiles at 0 V for all the
pathways. By using the DFT/CM-MPB method, it is possible
to calculate AG, of the reactions at 0 V, AG,(6,0 V), by tuning
(adding or extracting) the number of electrons on the surface
using eq 2. At this stage, the calculated AG,(6,0 V) of each
pathway is referred to the phase (6;) where it occurs. The
obtained AG,(0,0 V) for Pt(111) are listed in S-Table 2,
Supporting Information.

AG,(U) = ln[z xi(U)eAGa(‘}wU)]
| ©)

Third, we derive AG,(0 V) of the Tafel and the Heyrovsky
pathway at 0 V by using eq S (see the Supporting Information
for the derivation of eq S). This step is to correct the energy
difference between different phases (as reflected in the x,(U)
term) and sum up the contributions from different phases. For
Pt(111) at 0V, the 1 ML H phase is dominant and the 0.92 and
1.08 ML phases have only a minor contribution (see Table 1).
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AG,(0V) on Pt(111) are thus calculated to be 0.92, 0.92 eV for
the Tafel and Heyrovsky pathway, respectively, which are
essentially the same as those on 1 ML H/Pt(111), AG,(1 ML,0
V). At the lower potentials, the major contributing phase is
switched to the higher coverage phases and will be discussed
later.

As shown above, a major challenge in computing the activity
of an electrochemical reaction from first principles arises from
the separation of the surface charging effect and the
electrochemical potential effect. Because the current CM-
MPB method is on the basis of the constant charge DFT
framework, a one-to-one mapping between the charge and the
potential needs to be established. Since a number of possible H
covered phases are present at a potential, this mapping has to
be done for many possible phases. The accuracy for predicting
the electrochemical potential of surface is therefore critical to
the kinetics of the electrocatalytic process at the solid/liquid
interface. The calculated PZC for a series of metal surfaces and
the differential capacitance on Pt using the DFT/CM-MPB
method have been benchmarked carefully with the exper-
imental and a good agreement has been found.*® This is due to
the fact that the DFT/CM-MPB method can correctly take into
account the solvation effect and the long-range electrostatic
screening of electrolyte.

For Pt(111) at 0 V, the two pathways have the same overall
free energy barrier. In the Tafel pathway, the two H* couple to
form the H, molecule. At the TS, the two reacting Hs sit on the
top site of Pt with the H—H distance being 0.80 A (Figure 2c).
In the Heyrovsky pathway, the reaction occurs via an adsorbed
H* reacting with a solvated proton in the presence of a surface
electron. At the TS, the proton passes its H to the atop H,
yielding a H--H--OH, complex with the H--OH, distance being
1.44 A (Figure 2f). It is noticed that the TS in both pathways
involves the activation of the adsorbed H atom from its initial
fcc hollow site to the atop site.

Although the Tafel and the Heyrovsky pathway have the
same AG, at 0 V, the variation of AG, with respect to the
potential is expected to be different since there is one electron
involved in the Heyrovsky reaction but no explicit electron
transfer is required in the Tafel reaction. To quantify the
potential dependence of the kinetics, we have calculated AG, of
the two elementary reactions on 1 ML H/Pt(111) at different
potentials using the charged-slab DFT/CM-MPB method and
the results are plotted in Figure 3.

We found that the calculated AG, of the Heyrovsky reaction
decreases linearly with the increase of the potential U, while
AG, of the Tafel reaction is rather constant over the

1.00
= Taf

— Hey

0.=0.03

0'75 ) T L} T T )
-0.30 -0.25 -0.20 -0.15 -0.10 -0.05 0.00 0.05
Potential (V vs. SHE)

Figure 3. The potential dependence of the reaction barrier (AG,) for
the elementary Tafel and Heyrovsky reaction on 1 ML H/Pt(111).
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investigated potentials. By fitting linearly the barrier~overpo-
tential relation (AG, =AG,” — aFn; 1 = U), we can deduce that
the charge transfer coefficient @ is 0.46 and 0.03 for the
Heyrovsky and Tafel reactions, respectively. These determined
a values confirm the general assumption in electrochemistry
that a is ~0.5 for an ideal single electron transfer elementary
reaction and O for the nonelectron transfer reaction.

3.2.2. Pt(100). Similarly, we have investigated HER on
Pt(100). At 0 V the H coverage for Pt(100) is 1.5 ML from
thermodynamics and therefore the investigations on kinetics
were conducted on four coverages around 1.5 ML, namely 1.38,
1.44, 1.5, and 1.56 ML. AG,(0 V) on Pt(100) are calculated to
be 091, 1.10 eV for the Tafel and Heyrovsky pathways,
respectively, which are mainly due to the reactions on the 1.5
ML phase (the other three phases have only minor contribution
to the overall activity at 0 V). The representative free energy
profile of the two pathways on 1.5 ML H/Pt(100) at 0 V is thus
shown in Figure 4. The complete kinetics data are listed in S-
Tables 3 and 4, Supporting Information.

1.2
(a) r. TS(Hey) :Taf

1 1 Hey

Figure 4. (a) The free energy profile on 1.5 ML H/Pt(100) at 0 V.
The meaning of the states (MS1, MS2) is the same as those in Scheme
1. (b and c) TSs of the Tafel and Heyrovsky pathways.

From Figure 4, we can see that the Tafel pathway is the
lowest energy pathway and the calculated AG, is nearly
identical to that on Pt(111). The Heyrovsky pathway on
Pt(100) has a barrier of 1.11 €V, being obviously higher than
the Tafel pathway. These indicate that (i) Pt(100) is not more
active than Pt(111), although the equilibrium H coverage on
the surface is much higher, and (ii) only one major reaction
mechanism, ie., the Tafel pathway, is present on Pt(100)
around 0 V, being different from the scenario on Pt(111).

In the Tafel pathway, two H* atoms initially at the bridge site
couple to generate H,. At the TS, both H atoms are activated to
the atop site on the same Pt atom with the H—H distance being
0.78 A (see Figure 3b). The nearest adsorbed H* to the TS
complex is only 2.31 A, indicating an obvious bonding
competition exists between the TS complex and the coadsorbed
H atoms. For the Heyrovsky pathway, the TS is also similar to
its counterpart on Pt(111), as shown in Figure 3c, with one
H;0" in solution reacting with an atop H*.
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From the results on Pt(111) and Pt(100), we can summarize
that (i) the atop [H—H] complex for TS is common for HER
on Pt surfaces and (ii) the H—H distance at the TS is around
0.8—1.0 A (cf. 0.73 A for the gas phase H,), and the surface
coupling reaction (Tafel mechanism) generally has a shorter
H-H distance at the TS compared to that in the Heyrovsky
mechanism.

It is of interest to compare our calculated energetics with
those reported previously, although the theoretical methods
(DFT/CM-MPB) utilized in this work differ from the previous
work. Apparently, the reported barrier for the HER/HOR
reaction from previous DFT calculations varies significantly,
from ~0.1 to ~0.85 eV.>*"? This is because, as also
demonstrated in this work, both the surface coverage and the
solvation effect are critical to the HER/HOR kinetics.
Nevertheless, at the representative surface coverage, namely,
1 ML H/Pt(111), the barrier of HER/HOR calculated was
generally high, e.g. above 0.7 eV. For example, the Norskov
group suggested that the rate-determining step of HER is the
Tafel reaction and the barrier is ~0.85 eV.>* Santos et al. has
also calculated activation energy for dissociation hydrogen at
various coverages. They found that the barrier is about 0.73 eV
at 1 ML** (the barrier of the same reaction from this work is
0.92 eV by including the solvation effect.

3.2.3. Au(111). To provide a deeper insight into the reaction
kinetics of HER, we also investigated HER on the less active Au
surface, which should help us to outline the critical factors to
HER kinetics. At 0 V, the Au(111) surface is largely free of
adsorbed H atoms from thermodynamics due to the low
adsorption energy of H atoms on Au. From Scheme 1, no H,
can be generated directly on the clean Au(111) phase; by
elevating the H coverage via the Volmer step, the Tafel and the
Heyrovsky reactions can then take place. It should be pointed
out that the Volmer step on Au is highly activated and has been
included in the reaction mechanism to address the overall
activity.

We have investigated the Tafel and Heyrovsky pathways on
0.16 and 0.08 ML H/Au(111) phases. The free energy profile is
shown in Figure S. We found that (i) the Volmer step has a
high reaction barrier of 0.95 eV, which corresponds to the

(€))

TS(Taf) ——Taf

Figure S. The free energy profile for HER on Au(111) at 0 V. MS1
and MS2 correspond to the clean surface with one and two additional
H*, respectively. (b, ¢, and d) The located TSs of the Volmer reaction
and H—H bond formation in the Tafel and Heyrovsky pathways,
respectively.
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Table 3. The Calculated Potential-Dependent Tafel Currents and Heyrovsky Currents

of the Three Surfaces

Pt(111) Pt(100) Au(111)
U (V) 10g (jraf/ey) 10g(jeor) 10g (jrag/brey) 1og(jior) 10g (jraf/tey) log(jio)
0 —6.6% —6.8° —10.4°
—0.05 —6.1/-6.5 -5.9 —6.1/-9.0 —6.1 —17.4/-9.4 —9.4
—0.10 —-5.8/-6.1 -5.6 -5.5/-8.6 -5.5 —15.7/-8.5 —8.5
-0.15 —5.3/-5.5 -s.1 —48/-83 —48 —14.0/-72 —72
—-0.2 —4.5/-4.5 —4.2 —4.0/-8.2 —4.0 —12.3/-6.8 —6.8

“log(jior) extrapolated to 0 V, that is log(ji).

reduction of one proton to form a fcc H* on the bare Au(111).
In line with the calculated high barrier, the located TS for the
Volmer step is FS like, with a long dissociating H--OH,
distance, 1.94 A. (ii) Once the H* is present, the elementary
reaction to form the H—H bond is in fact not so difficult at 0 V.
For example, the barrier of the Tafel (elementary) reaction is
only 0.63 eV. However, due to the low stability of the H*, the
overall AG, for the two pathways is very high on Au(111),
being 1.06 and 1.59 eV at 0 V, which is at least 0.14 eV higher
than that of the lowest energy pathway on Pt(111). The
Volmer—Heyrovsky mechanism is clearly favored compared to
the Volmer—Tafel mechanism.

It is of interest to further compare the structure of TS on the
Au surface with those on Pt surfaces. For the TS of the
Heyrovsky reaction on Au(111), the dissociating H--OH,
distance is 1.31 A, being ~0.1 A shorter than that on Pt
surfaces, and the forming H--H distance is 0.97 A, being ~0.05
A longer than that on Pt surfaces. These indicate that the TS is
more IS like on Au(111), which agrees with the facts that the IS
of the reaction (H* on Au(111)) is unstable and the TS is
more close to IS. For the TS of the Tafel reaction, the TS
structure is achieved with the H—H bond being 1.37 A, which is
again longer than those identified on Pt surfaces, indicating the
TS is also IS like for the Tafel reaction. At the TS, one H atom
absorbs at the atop site and the other one sits at the bridge site
(Figure Sc).

3.3. Tafel Plot. With all the potential-dependent kinetics
data available, we are now at the position to deduce the HER/
HOR kinetics according to microkinetics. The overall current
jeot is @ function of potential U, which can be calculated by
summing up the contribution, j,, from all the pathways (labeled
by subscript p) at the potential U, as written in eq 6. For a
particular reaction pathway, the current, j,, is expressed as the
net current of the oxidation (jo) and reduction (jp) currents,
and jo or jg can be calculated by using the standard rate
equation, as eq 8, in which A is the preexponential factor (it is
set as 10" at 300 K); S is the total surface area; [site] is the
concentration of the reactive site (ML); and AG,(U) is
calculated from eq S.

o = 1207,
P

(6)
jp = jo - jR (7)
Jo = AFS_INA_Ie_AG“(U)/RT[site] (8)

In electrochemistry, it is often more convenient to combine
the rate equation (eq 8) with AG, = AG,(U,) — aFn to link the
Tafel slope with the charge transfer coeflicient ¢, i.e. b = RT/
aF. For a being 0.5, the Tafel slope will be 120 mV, which
corresponds to the rate-determining step being an elementary
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one-electron transfer reaction (half an electron is transferred at
the TS). By measuring the Tafel slope, it is therefore
straightforward to deduce how many electrons transferred
before the rate-determining step.

Using eqs 1—8, we have calculated potential-dependent Tafel
and Heyrovsky currents of the three surfaces and the data for
HER at the negative potentials are listed in Table 3. By
extrapolating j,.. to the equilibrium potential, j,, we found that
jo for the two Pt surfaces is ~10~7 A cm™2 which is, not
surprisingly, 3 orders of magnitude larger than that on Au(111).

For Pt(111), as shown in Table 3, j,, comprises the
contribution from both Tafel and Heyrovsky pathway at the
low overpotentials (0 to —0.2 V). In contrast, for Pt(100), ji is
mainly from the Tafel mechanism and the Heyrovsky
mechanism is negligible to the overall current. On Au(111),
the Heyrovsky mechanism prevails.

We then plotted j,, vs U for the two Pt surfaces in Figure 6,
where the apparent Tafel slope (b) can be estimated according

0151 Pt(111) '\ iﬁm’;’)
= - & Taf(1.08]

g 0.104 —©- Pt100) AA/bASO/ _g 0.1 b=d1 +:|m:l'os|n|;‘))
& & —
2 0.05- 5=30 g =59
g £-0.2
2 0.004 =) b=133
< f ~&-Taf(1.5ML)
£ .0.05 @ —@— Taf(1.56ML),
E’ ©n-0.1
F-0.10] B

-0.151 0.2

; . A . . (c)
84 .7 -6 5 -4 3 2 8 7 6 5 -4 -3
log (j/ A-cm™) log (j/ Accm™)

Figure 6. (a) Tafel plot (U vs log(j)) for HER on Pt(111) and
Pt(100). (b) Tafel plots of the Tafel and Heyrovsky pathways on 1
and 1.083 ML H/Pt(111). (c) Tafel plots for Tafel pathways on 1.5
and 1.56 ML H/Pt(100).

to b = 0n/dlog(j,,). The theoretical calculated slope for
Pt(111) is 30 and 83 mV at the positive and the negative
potentials, respectively, while those for Pt(100) are 50 and 70
mV. These apparent Tafel slopes are generally small, being in
the range of 45—90 mV (a: 1.5—0.75) for HER, and 30—60 mV
(a: 2—1) for HOR.

From the theoretical Tafel plot, it is clear that on Pt surfaces
jot 18 not solely determined by one pathway on one single
surface phase. Because multiple reaction channels and multiple
surface phases are present, the apparent Tafel slope is
influenced by all the potential-dependent factors, such as the
barrier of the elementary reactions and the surface coverage. To
reveal the origin of the apparent Tafel slope, we therefore
decompose ji, into the contributions from each pathway on
each phase and plot the major contributing current against the
potential, as shown in parts b and ¢ of Figure 6 for Pt(111) and
Pt(100). We found that not only the elementary reaction
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barrier but also the surface coverage have important effects on
jeot and on the apparent Tafel slope.

For Pt(111), as shown in Figure 6b, both the Tafel and
Heyrovsky pathways and both 1 and 1.083 ML H/Pt(111)
surface phases are kinetically important at the HER condition.
This agrees with the previous suggestion that HER may follow
dual pathways on Pt(111).""** It is obvious that the Heyrovsky
and Tafel pathways on 1.083 ML H/Pt(111) are critical to
determine the overall apparent Tafel slope (83 mV). This is
interesting because the major contributing phase to HER
current is the 1 ML H/Pt(111) at 0 V (see section 3.1) but it
turns out to be the 1.083 ML H/Pt(111) below —0.1 V. The
additional atop H* (from 1 to 1.083 ML) thus plays an
important catalytic role in HER on Pt(111). The number of
electrons transferred in producing the atop H* (the Volmer
step) that occurs before the rate-determining H—H bond
formation steps enters finally into the rate equation, yielding
the overall Tafel slope of 83 mV.

For Pt(100), the coverage-dependent kinetics is quite similar
to that on Pt(111), although the H coverage and the surface
structure are different. As shown, the major contributing phase
at 0 V (i.e,, 1.5 ML) is in fact not the main contributor to the
overall current at the negative potentials just below —0.06 V. It
is the Tafel pathway (b = 59) at 1.56 ML H/Pt(100) that
determines largely the overall Tafel slope (b = 70). From these
theoretical results, we can conclude that the minority surface
phases with additional unstable H* species are in fact the
weakly adsorbed phases that are responsible to HER current.

It might be mentioned that the prediction of the pH effect on
the HER/HOR kinetics is also likely under the current
theoretical framework. In S-Figure 2, Supporting Information,
we have investigated the HER activity change by lifting pH 0 to
pH 2. We found that (i) the pH increase will shift the
equilibrium potential down to —0.118 V (—0.059 V per PH
unit), which is due to the thermodynamics. (ii) The HER
current at the same overpotential decreases by less than one
time (132%) when the pH is lifted (log(j) is —5.92 for pH 0
and —6.04 for pH 2 at 0.05 V overpotential, respectively). This
is mainly due to the diminished contribution from the
Heyrovsky pathway when the proton concentration in solution
drops. In experiment, Markovic reported that j, is about 2—20
times larger in the acid condition (pH 1) than that in the
alkaline condition (pH 13)

4. GENERAL DISCUSSIONS ON HER ACTIVITY

By combining extensive DFT/CM-MPB calculations with
thermodynamics and microkinetics, we show that the HER
activity follows the order Pt(111) ~ Pt(100) > Au(111). The
mechanism of HER varies on different surfaces. On Pt(111) it
follows a mixed mechanism with both Tafel and Heyrovsky
pathways; on Pt(100) it is dominated by the Tafel mechanism;
and on Au(111) it always follows the Volmer—Heyrovsky
mechanism.

4.1. Pt vs Au. Since both Tafel and Heyrovsky mechanisms
are permitted for H-H bond formation on Pt and Au, this
implies that the exact pattern for H—H bond formation is not
the key factor for making a good HER catalyst. We can
understand this phenomenon as follows. Because the H atom
generally prefers to be at the top site to react (the top site is,
however, not the site H atom initially adsorbs), the best way to
form the H—H bond needs to be to reduce maximally the
lateral repulsion between the reacting complex (at the atop
site) and the preadsorbed H atoms (at the nearby hollow or
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bridge sites). For the surface with a densely packed H layer,
such as that in Pt(100) (1.5 ML H), the Tafel mechanism is
preferred, in which two surface H* couple at the sites they
initially stay; on the other hand, on the surface phase with a less
densely packed H layer, such as Pt(111) and Au(111), the
reaction channel of the Heyrovsky mechanism opens.

In fact, Pt distinguishes from Au in the Volmer step. The
Volmer step is facile on Pt but is highly activated on Au. Our
results show that whether the Volmer step is facile on the
metals is not much related to thermodynamics, but is
controlled by kinetics. For example, the newly arrived atop
H* onto the 1 ML H/Pt(111) is unstable (+0.35 eV) at 0 V
and the barrier of the Volmer step is still not high (<+0.4 eV)
with the TS being close to the FS. In contrast, on the bare
Au(111), while the additional H (fcc H*) is similarly unstable
(+0.48 eV) at 0 V, the Volmer step is highly activated with a
barrier of 0.95 eV.

/_E;ps de
1s — /sz de

E
©)

To understand the electronic structure of the reacting H in
the Volmer step, we have plotted the projected density of states
(pDOS) onto the 1s orbital of the reacting H atom on Pt(111)
and Au(111) at 0V at the IS and the TS (Figure 7). At the ISs,

........ IS (Pt)
—TS(Pt)
£ B R IS(Au)
g ——TS(Au)
=
&
g
-16 -14 -12 -10 -8 -6 -4
Energy/eV

Figure 7. Projected density of states (pDOSs) onto 1s of the reacting
H at IS and the TS of the Volmer step on Pt(111) and Au(111) at 0 V
vs SHE.

the major bonding peak of the H (ie., in the solvated H;0%)
locates at ~15 eV for both Pt and Au. At the TSs, the pDOS
peaks of the H shift up in energy, apparently due to the
interaction of the H atom with the surface states (including the
metal d states). The major bonding peak of the H atom on
Au(111) at the TS locates at —12 eV but the antibonding peaks
also appear below the Fermi level (—4.6 eV, i.e. 0 V vs SHE).
On Pt(111), the bonding peaks of the H spans from —15 to
—10 eV and no antibonding peaks can be identified below the
Fermi level. By utilizing eq 9, we can measure the energy of H,
states, E,,, which reveals that E,, is —11.6 eV on Pt, and —10.3
eV on Au. This indicates that the TS can be better stabilized on
Pt, where the H—Pt antibonding orbitals are not occupied.
The lower barrier of the Volmer step on Pt could therefore
be understood as follows. The low stability of the H on 1 ML
H/Pt(111) is mainly due to the lateral repulsion and the
surface-mediated bonding competition with the other pre-
adsorbed H atoms.>® This repulsion can be effectively reduced
at the TS, where the surface Pt atom interacting with the
coming H is lifted up and the other preadsorbed H atoms relax
away from the coming H (see the Supporting Information for
the TS of the Volmer reaction on Pt). In contrast, the low
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stability of H on Au(111) is intrinsic due to the fact that the
antibonding states between the H 1s orbital and the fully
occupied d states of Au are partially occupied. This picture also
holds at the TS where the coming H atom cannot be much
stabilized through the interaction of its 1s orbital with the Au d
states.>

4.2. The Active Site. We are now finally at the position to
discuss why Pt is unique as HER catalyst. We show that
Pt(111) has a very similar HER activity as Pt(100) (see Figure
6), but the calculated exchange current density (j,) is §enerally
lower than that measured in experiment for Pt catalyst.""'® But,
why? A plausible explanation is that the surface sites other than
(111) and (100) terraces could be more active. This therefore
asks for a general but simple model for predicting the HER
activity on metals without recourse to exhaustive computation
on all reaction pathways on all the possible phases.

From our analyses on the Tafel kinetics, we find that the
dominant HER current originates from the surface phase,
where the additional unstable H* are present. On Pt(111), such
additional H* is the atop H* that is present just above 1 ML,
and on Pt(100), this corresponds to the extra bridging H* that
appears above 1.5 ML. A generalized reaction profile as shown
in Figure 8 could therefore be utilized to understand HER

Energy e
rd
7 S N
4 \
AGa 4 N\
Poor 4 -
P 7’ G -\ ’-\\
q B9 Goodl"” \\__
o - -
o AG,
- Poor

Figure 8. A generalized free energy profile for HER on electrode at 0
V. For a good HER catalyst, AGy of the active H* should be close to
zero in order to minimize the overall AG,.

activity on a catalyst. To initiate HER, at least one additional
H* is required on the surface, the adsorption free energy
(AGy=) of which can be either positive or negative (with
respect to the H*/e™ at 0 V). Obviously, both too positive and
too negative AGy« will lead to a high overall AG, Tt is
expected that AGy« should be close to zero in order to
minimize the overall AG, This is the thermodynamics
prerequisite for a good HER catalyst. Indeed, on Pt(111) and
Pt(100), AGy- is similar and generally not far away from zero
when HER occurs. AGy: of the additional H* is +0.35 eV at
1.083 ML H/Pt(111) and +0.30 eV on 1.56 ML H/Pt(100).
Unfortunately, by using AGy alone, it is hard to predict the
activity difference between Pt(100) and Pt(111).

To search for a good HER catalyst, we can first utilize AGy
as a thermodynamics quantity to screen the potentially active
phase on a catalyst, the value of which should be as close as
possible to zero. Next, we need to locate the TS of a Tafel or a
Heyrovsky reaction on the phase to finally predict the activity.
The second step takes into account the kinetics information
and thus any subtle change in the local electronic and
geometrical structure would be reflected in the change of the
overall barrier. By using this approach, it is obvious that
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Au(111) can be ruled out as a good catalyst even at the first
stage because AGy: on Au(111) is never close to zero, being at
least +0.48 eV. On Pt(111), AGy= is close to zero at 1 ML
(—0.15 eV), while on Pt(100) AGys- is also close to zero at 1.5
ML (=0.06 eV).

Using this approach, we have investigated the monatomic Pt
steps as represented by the stepped Pt(211) (a monatomic step
linking (111) and (100) terraces) in order to identify the active
site of HER on Pt. We found that AGy« on 1 and 1.11 ML
Pt(211) is close to zero, being —0.06 eV and —0.01 eV,
suggesting that these surface phases are qualified as a good
HER catalyst thermodynamically. Next, we searched for the TS
of the Tafel reaction on the 1 and 1.11 ML H/Pt(211) (the TS
structures are shown in S-Figure 3, Supporting Information). At
the TS on 1.11 ML H/Pt(211), an atop H* at the step edge
reacts with another terrace H*. Interestingly, we found that the
calculated AG, are 0.86 and 0.55 eV at 0 V on the two surface
phases. Since the 1.11 ML coverage on Pt(211) emerges close
to 0 V with its AGyx being —0.01 €V, it is indicated that at 0 V,
the HER barrier on Pt(211) is only around 0.55 eV. On the
other hand, the proportion of 1.083 ML coverage on Pt(111) is
less than 107® according to Boltzmann distribution (because
the atop H at the 1.083 ML has a poor AGys, being +0.35 eV)
and the dominant phase at 0 V is 1 ML on Pt(111) with the
HER barrier being close to 0.92 eV.

According to microkinetics and the above data for Pt(211)
and Pt(111), even if we assume Pt polycrystalline catalysts only
contain around 0.1% the concentration of the active sites, such
as the monatomic steps, the overall current, estimated to be
~10"* A/em™? (a typical value observed in experiment' %), is
still contributed majorly from these active sites. Indeed, the
previous experiment shows that the HER activit?r increases
rather linearly with the increase of the step density."” We expect
that HER on Pt is in fact extremely structure sensitive and the
reaction occurs dominantly on the minority monatomic steps
instead of the majority terrace sites. Considering the observed
high H coverage (>1 ML) and the ambient reaction conditions,
these stepped sites may well be reconstructed from terrace sites
in situ during the electrocatalytic reaction and the dynamic
structure change leads to the apparent weak dependence of
HER/HOR current on the surface structure and particle
size.2¥®? The surface reconstruction or, more severely, the
corrosion at the high H coverage should therefore be
considered explicitly in order to judge the activity of any
potential HER metal catalyst. Our ongoing work has found that
Pd metal, although it has the similar activation barrier of HER
as Pt, can undergo significant H-corrosion at the reaction
condition and thus cannot be a stable HER catalyst.

5. CONCLUSION

This work represents a comprehensive theoretical survey of
HER kinetics on metals, as represented by Pt and Au surfaces.
At the HER condition, there are a range of possible surface
phases and on each phase there are two possible reaction
channels, i.e. Tafel pathway and Heyrovsky pathway. By using
the DFT method integrated with a periodic continuum
solvation model based on modified-Poisson—Boltzmann
electrostatics, a theoretical framework to map out the
potential-dependent kinetics is proposed, through which the
calculated data from the constant-charge model are converted
to those at the constant potential condition. The free energy
profiles of all the pathways are calculated on Pt(111), Pt(100),
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and Au(111), and the potential-dependent reaction kinetics are
then deduced. The main results are outlined as follows.

(i) With use of thermodynamics, the surface H coverage and
the surface net charge at different potentials are determined on
all surfaces. The dominant local H coverage on Pt(111),
Pt(100), and Au(111) is 1, 1.5, and 0 ML, respectively, at 0 V
vs SHE. The surface net charge is generally below 10 4C/cm”
at the reaction conditions.

(ii) The HER activity follows the order Pt(111) ~ Pt(100) >
Au(111). The Volmer step is generally facile compared to the
H-H bond formation step on the Pt surfaces, but is highly
activated on Au. The mechanism of HER varies on different
surfaces. On Pt(111) it follows a mixed mechanism with both
Tafel and Heyrovsky pathways, on Pt(100) it is dominated by
the Tafel mechanism, and the Volmer—Heyrovsky mechanism
prevails on Au(111).

(iii) The theoretical Tafel slopes for HER are determined to
be 83 mV on Pt(111) and 70 mV on Pt(100), which are
generally associated with the reactions involving a small amount
of weakly adsorbed H, i.e. atop H above 1 ML on Pt(111) and
bridging H above 1.5 ML on Pt(100).

By quantifying the contribution from each individual
pathway to the overall current and comparing the activity on
Pt and on Au, we suggest that both thermodynamics and
kinetics criterions need to be included for designing a good
HER catalyst. Thermodynamically, the adsorption free energy
of weakly adsorbed H should be about zero; and kinetically, the
TS of the H—H bond formation, either in the Tafel or the
Heyrovksy mechanism, should be maximally stabilized. Using
this rule, we show that HER on Pt is highly structural sensitive,
in which the minority monatomic steps dominate the overall
activity on a typical Pt electrode. The theoretical model
presented in this work shows that the large-scale computational
screening for both active and economic hydrogen electrode is
now within reach.
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