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ABSTRACT: The volcano trend has been widely utilized to forecast new optimum catalysts in
computational chemistry while the Butler—Volmer relationship is the norm to explain current—
potential characteristics from cyclic voltammetry in analytical chemistry. Herein, we develop an
electrochemical model for hydrogen evolution reaction exchange currents that reconciles
device-level chemistry, atomic-level volcano trend, and the Butler—Volmer relation. We show
that the model is a function of the easy-to-compute hydrogen adsorption energy invariably
obtained from first-principles atomic simulations. In addition, the model reproduces with high
fidelity the experimental exchange currents for elemental metal catalysts over 15 orders of
magnitude and is consistent with the recently proposed analytical model based on a data-driven
approach. Our findings based on fundamental electrochemistry principles are general and can
be applied to other reactions including CO, reduction, metal oxidation, and lithium

(de)intercalation reactions.

he hydrogen evolution reaction (HER) is a critical

reaction for hydrogen production using renewable water-
splitting methods. Currently, the grand HER challenge is in
finding low-cost and highly efficient catalysts to replace or
reduce the use of precious platinum, the most efficient HER
catalyst. Computational screening using first-principles quan-
tum-mechanical approaches has been instrumental not only for
identifying the HER mechanism'~° at atomic scale but also in
material’s catalytic efficiency.”~" Central to the computational
design approach is having a predictive, accurate, and easy-to-
compute model to quantify the electrochemical catalytic
efficiency of new candidate materials.

Following Sabatier’s principle that the maximum reaction
rate corresponds to the optimum reaction activity, Nerskov et
al. proposed a computational model based on hydrogen
adsorption free energy AGy to determine HER exchange
currents.'* The Norskov model explained the volcano trend—
the optimum catalyst has a moderate adsorption strength
indicated by AGy = 0 while the exchange currents decrease
linearly with increasing or decreasing AGy. Such a trend is
obtained from a simple kinetic model assuming that AGy is
the only descriptor for exchange currents with other effects
being universal for all metals. The computational framework
based on AGy has been widely employed for HER catalysts
design because of the easy-to-compute descriptor, which can
be obtained from first-principles quantum-mechanical meth-
ods. 31523

Despite the success of Norskov’s volcano trend, it has been
the center of several debates. For instance, whether catalysts
that bind hydrogen thermoneutrally are optimum catalysts for
HER was challenged. By investigating the HER kinetic
pathways on Pt (111), Peterson et al. argued that the sites
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that bind hydrogen atoms with AGy > 0 are HER-active while
the AGy 2 O sites are not.”* Investigating the same Pt (111)
surface, Norskov et al. showed that hydrogen atoms with AGy
= 0 are HER-active™ through hopping to the sites identified
by Peterson et al.”* with a negligible diffusion barrier.
Schmickler et al. re-examined the Nerskov’s volcano trend
and showed that the calculated and experimental exchange
current densities are off by 2 orders of magnitude for several
metal surfaces.”® This discrepancy is attributed to the growth
of native oxide layers that cover the metal surfaces in an
electrochemical environment, which are not accounted for in
modeling.”® In addition, this study argued that Nerskov’s
kinetic model is too simplistic and does not fully account for
the electronic properties of the catalyst. In a recent study, we
revisited Norskov's model and showed that imposing a metal-
dependent rate constant decreases the deviations from
experimental results by up to 4 orders of magnitude.”” Central
to this finding was establishing a large reliable experimental
database that was employed within a statistical approach to
infer the dependence. Although the revised Nerskov model
significantly improves the estimation on exchange currents, it is
based on a data-driven approach that lacks a theoretical
background. Furthermore, one of the concerns about the
original or the revised Nerskov model is that it is not
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reconcilable with the electrochemical modeling employed
experimentally at the device level.

In analytical chemistry, HER has been widely evaluated by
using cyclic voltammetry which provides current—potential
characteristics (cyclic voltammogram) as an output of
electrochemical behaviors. The norm to explain the cyclic
voltammogram is the empirical Butler—Volmer relation i « i,
exp[(a,Fn/RT) — (aFn/RT)] where a,, are the transfer
coeflicients for the anode/cathode reaction, F is the Faraday
constant, T is the temperature, and 7 is the overpotential.”**”
The exchange current i, is the most significant descriptor of
HER rate with @, the key indicator of the kinetics.”’ The
Butler—Volmer relation is not only limited to HER*'™*° but
also widely applied for many electrochemical reactions such as
electron transfer reactions in modern lithium ion batteries®” ~*'
and fuel cells.”*~**

Herein, we discuss theoretical insights based on the
empirical volcano trend and propose an electrochemical
model for HER exchange currents. First, we study the
dependence of AGy on the thermodynamics of HER pathways
and show that the rate-determining step (rds) can be
determined solely based on the value of AGy. Such a
dependency allows us to construct an electrochemical model
for exchange currents based on the Butler—Volmer relation for
a one-step, one-electron-transfer process. We show that the
model is solely a function of AGy and the transfer coefficient
of the rds. The model is confirmed by performing atomic
simulations using first-principles calculations employing 13
pure metals. In addition, we show that the model is equivalent
to the revised Norskov model for proton adsorption process
that includes the material-dependent rate constant that was
proposed in a previous study based on the statistical approach
of experimental data.”’

The overall hydrogen evolution reaction HY + ¢~ — %HZ
proceeds with the Volmer—Heyrovsky or Volmer—Tafel
pathways:

HY 4+ e < H" (Volmer)

H* + ¢ + H" & H, (Heyrovsky)

2H* < H, (Tafel)

where H', H*, and H, are the hydrogen atoms in the liquid,
adsorbed, and gas state, respectively. The Gibbs free energies
of the three elementary reactions are

Gy — (Gy+ — lelU) = AGy + lelE (Volmer)

Ag = {Gy, = (Gy+ + Gyr — lelU) = —=AGy + lelE  (Heyrovsky)

Gy, — 2Gy = —2AGy  (Tafel)

(1)
where E = U — Uy is the applied potential U in reference to
the normal hydrogen electrode (NHE) Uypg. To derive the

final form in eq 1, we define G+ = lelUyyg + %GHZ as H' is
in equilibrium with H,(g) at NHE, and use
AGy = Gy — %GHZ as proposed by Norskov et al.'*

In the original literature, AGy is defined as the free energy of
the adsorbed state with respect to hydrogen gas under the
standard conditions of 298 K and 1 atm, which is the free

1 . .
energy of the process ~H, — H™'* However, this definition

does not link the hydrogen adsorption from gas phase H, and
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from H" in acidic solution as stipulated for the overall HER.
We posit that such a connection can be recovered from eq 1.
For the Volmer reaction, at the equilibrium potential E = 0
where the exchange current density is defined, Ag = AGy
implies that the free energy changes from either the gas phase
or the proton phase H' are identical. Additionally, for E = 0,
the opposite signs of AGy; for the Volmer and the Heyrovsky
(or Tafel) suggest that the two elementary steps in a reaction
pathway cannot be both endothermic and exothermic at the
same time. Therefore, on the basis of thermodynamics, we can
posit that the Volmer reaction is the rds when AGy > 0 while
the Heyrovsky is the rds for AGy < 0. In addition, the Tafel
reaction can only be the rds at AGy = 0. We note that these
thermodynamic-based conditions depend solely on AGy while
there are several kinetic factors that may alter the results in real
electrochemical environments. These inferences are indeed
justified by the HER kinetics determined from first-principles
calculations.” In addition, the thermodynamic analysis implies
that the maximum thermodynamic accessibility for any
reaction pathways is at AGy = 0, which agrees with Nerskov’s
volcano trend."

In general, the electrochemical current j = e[Cge — Cyryp] is
contributed by the forward and backward processes of a
reaction, where e is the electron charge and ry, and Cg, are the
rate constant and the reactant concentration for the forward/
backward reaction, respectively. r¢;, can be expressed with the
Butler—Volmer equation for a one-step, one-electron process

46
as

re = ko exp[—af(E — E°)]
r, = ko exp[(1 — a)f (E — E%)] (2)

Here, « is the transfer coefficient and f=F/RT. E and E” are
the applied and the formal potentials associated with the rds.
Note that E is the experimentally measured potential when C;
= Cp. The standard rate constant k, is defined as the value of
the forward r; or the backward r, rate at E; i.e., ko = r¢ = 1, at
E%.* Using eq 2, we can express the total electrochemical
current as

j = eko{C; expl—af(E — E°)] — C, exp[(1 — a)f(E — E”)]}
3)

Under the equilibrium condition E = E., where E.g is the
equilibrium potential, the forward and backward currents have
equal magnitudes that lead to a zero total current. This equality
defines the exchange current density

jo = Ekocf eXP[_(lf(Eeq - EO,)]

= ekoCy expl(1 — a)f (E,, — E”)] )
Employing the Nernst relation, exp[f(E., — EY)] = C/C,, we
express the exchange current density of eq 4 as

. 1-

Jo = ekoCp Gy Q)
which is general for any single-step, single-electron-transfer
process'® and thus can be readily applied to the Volmer and
Heyrovsky reactions. In addition, from the previous
thermodynamic analysis of eq 1, we show that the total
reaction rate depends on the rds for all cases except for the
surface with AGy = 0. On the basis of these conditions, we will
utilize eq S for HER in an acidic environment hereafter.

https://doi.org/10.1021/acs.jpclett.2c01411
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Figure 1. (a) Comparison between experimental and calculated j, of metal surfaces. The j, values are provided in the Supporting Information. (b)
Volcano curves computed via eq 8. The red and blue lines are specified with C,, for Pt and Au (or Re). The red (blue) solid and dashed lines are
computed with a = 0.5 (0.5) and 0.8 (0.6), respectively. The filled green circles show experimental values of Re, Pt, and Au.

For a water—solid interface that is free from the diffusion
limit of H" and H,, only the proton concentration Cy+ near the
adsorption sites and the concentration of adsorbed hydrogen
atoms Cp+ control the HER process. Therefore, we can
approximate the areal concentration of the total adsorption
sites as C,,, = Cyy+ + Cyy=."® For the Volmer reaction,
Ci=Cy+=Cy(l — ) and C, = Cyx = C,,,0, where 0 is
the fraction of occupied sites. For the Heyrovsky reaction,
C; = Cy+ = C 0 and C, = Cyoi(1 — 0) as the forward reaction
is controlled by the concentration of the adsorbed hydrogen
atoms for proton reduction process and the backward reaction
is controlled by the concentration of hydrogen gas near the
empty adsorption sites. In summary, we cast the HER
electrochemical exchange current model as

ekoCpo(1 — )16 (Volmer)

(Heyrovsky) (6)

We note that the Tafel reaction is not a charge-transfer
reaction and hence cannot be described by the Butler—Volmer
relation. The electrochemical model of eq 6 is general for HER
with a distinct rds in an acidic environment. In addition, eq 6 is
the central equation in our study that follows from
fundamental electrochemistry principles in addition to the
Butler—Volmer relation for a one-step, one-electron process.
Considering that a proton reduction process begins with the
Volmer reaction, this suggests rewriting eq 6 with HY
concentration Cy(1 — ) shown explicitly as

ekoctote(l_a)(l - a)a

ekoCo(1 — 6)(1 — 0)776%  (Volmer)

(Heyrovsky)
(7)

To validate the new model of eq 7 and cast into a
computationally tractable model, we apply the model to
thirteen transition metal surfaces. First, we obtained the
hydrogen adsorption isotherms from ab initio thermodynamics
(see the Supporting Information) and compared to three
isotherm models: the Langmuir,47_49 Frumkin,*”° and
Temkin.*”*"** Our analyses show that the Langmuir and
Frumkin models agree well with the DFT results with a fitting
confidence r* values over 0.87 and 0.94, respectively. In the
rest of the study, we apply eq 7 based on the Langmuir model
for simplicity as this form is amenable to an analytical solution.

jo_

ekoCpo (1 — 0)019(1 = g) V)
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In addition, as we will show below, the Langmuir model allows
us to gain more insight into the new electrochemical model
and to compare with previous models.

Using the Langmuir model = K/(1 + K) as well as defining
the equilibrium constant as K = exp(—AGy/kzT), we can
rewrite (1 — 0)™0% and 6"'~9(1 — 0)V in eq 7 to obtain,

ekoCo(1 — 0) exp(—aAGy/kyT)
o ek, €1 = 0) exp(=(1 — @)AG,/k,T)  (Heyrovsky)

(8)

We note that C,,,(1 — #) can also be expressed as a function of

AGy using the Langmuir model. However, we explicitly

include it here to show that the revised Norskov model with

the metal-dependent rate constant”” follows naturally from the
new model.

To fully define the new electrochemical model of eq 8, the
rate constant k, must be determined. We hypothesize that k; is
metal-independent on the basis of its original definition in eq
2. To obtain the universal k, value, we fit the theoretical model
to experimental data. Specifically, we utilize j, and @ from an
experimental database that we previously compiled, which
includes reports that minimized or otherwise accounted for the
impacts of electrolyte/surface contamination, electrode rough-
ness, and mass transfer effects’’ (also included in the
Supporting Information). In addition, we use first-principles
methods to compute the adsorption energy AGy. Figure la
shows the strong linear correlation between the experimental
and computed j, currents as demonstrated with a r* value of
0.89. As seen from the figure, differences between the
experimental and calculated j, for the 13 metals are within 2
orders of magnitude, as indicated by the dashed lines. These
results, and particularly the significant correlations between
computed and experimental jj, lend strong credibility to the
new model and the universality of k. Also, from the fit, we

(Volmer)

obtain k, = 126 s7!, which can be expressed as
ko = k"TT exp(—%), as will be reasoned and justified later.

Figure 1b shows the exchange current densities computed by
using eq 8 with the fitted value of k;. The blue and the red
curves are computed by using C,, for Au (or Re) and Pt,
respectively, and are in agreement with their experimental
values, as shown by green dots.””*¥**~>° Here we use Pt as a
reference given it is the most efficient single metal HER
catalyst and chose Au and Re because these two metals have
similar C,, except that Re has AGy > 0 and Au has AGy < 0.
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As seen from the figure, j, for high catalytic metals (AGy = 0)
is less sensitive to a than j; for inert surfaces (IAGyl > 0). For
example, for Pt with AGy = —0.09 eV, the calculated j,
changes by less than a 1/2 order of magnitude between a = 0.5
and 0.8. In contrast, for Au with AGy = 0.50 eV, the calculated
jo differs by more than 1 order magnitude when «a is off by 0.1.
The sensitivity of the results to the combination between «a
and AGy is justified given that the current depends
exponentially on these terms, as seen in eq 8.

Having fully defined and established the new electro-
chemical model on the basis of first-principles methods and
experimental results, we show next that this model is in
agreement with the revised Norskov model that accounts for
the metal-dependent rate constant.”” To demonstrate this
clearly, it is convenient to introduce a new rate constant, kg™

AG

1-a)—=2 + In(k,) (Volmer)
kyT
In(kg™) = e
(1 -a)—/2 + In(k,) (Heyrovsky)
kyT

€)
This new expression is the summation of the barrier of the
. AG .
backward reaction (1 — a)TTH and the metal-independent
B

barrier In(ky). The introduction of k3™ is motivated given that
Norskov’s model accounts only for the forward proton
reduction process where the adsorption rate is explicitly
shown as exp(—AGy/ksT).'* Thus, In(ki™) encompasses all
effects except for the forward adsorption rate. Substituting k, in
eq 8 with the relations of eq 9, we obtain

) ekg'Coor(1 — 0) exp(—AGy/kyT)
] =
O 7 |k Cn(1 = 0)  (Heyrovsky)

(Volmer)

(10)

Equation 10 is similar to Nerskov’s model with two important
differences. First, in the original Norskov’s model, j, is driven
by the proton adsorption through either an endothermic (AGy
> 0) or exothermic (AGy < 0) process, with the Volmer or
Heyrovsky reaction as the rds in eq 10, respectively. This
distinction between the two pathways is consistent with the
thermodynamic analysis discussion of eq 1 and with the
computed kinetic barriers on metal surfaces.*®

Second, different from the Norskov’s assumption that
stipulates the universality of k3™ = 200 s™' site™' for all
metal surfaces, we previously uncovered its material depend-
ence based on a data-driven statistical approach of
experimental measurements.”’ Namely, we find that ki™ has
the empirical form””

23.16AGy + 3.17  (Volmer)

In(k™) =
—23.16AGy + 3.17 (Heyrovsky) (11)

and is indeed consistent with the definition of eq 9. For each of

the rds, by separately equating the first or the second term of

8%u_ 23.16AGy, which

kT
implies a= 0.4 and In(k,) = 3.17. The value obtained for a =
0.4 is close to 0.5, which is recommended experimen-
tally.*>***® On the other hand, expressing k, in terms of the

k"le _AGT we obtain an
n P kT )’

eqs 9 and 11, we obtain (1 — )

transition state theory k, =
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activation energy AG* = 0.7 eV, which is close to the Tafel
activation energy 0.8 eV on 12 pure metal surfaces.”>* Note
that a detailed comparison between the experimental values of
jor the values computed by using our electrochemical model of
eq 8 with the relation of eq 11, and the Nerskov's model is
discussed in the Supporting Information and ref 27.

In summary, this Letter reconciles the volcano trend and the
Butler—Volmer relationship. The first is widely employed in
computational modeling to design new catalysts based on an
easy-to-compute descriptor while the second is the norm in
analytical chemistry to interpret cyclic voltammograms. In
addition, we derive a new electrochemical model based on the
Butler—Volmer relation of a one-step, one-electron-transfer
process in conjunction with AGy, which is easy to compute as
it depends only on AGy and the transfer coeflicient of the rate-
determining step. We validate the model by comparing to a
large set of experimental database for metal surfaces that have
been verified before. Finally, we show that the model agrees
with the Norskov model after accounting for the metals’
dependence in the rate constant, which has been uncovered
recently based on a data-driven approach.

The framework of constructing the new electrochemical
model not only is limited to HER but also is general for other
electrochemical reactions that follow the Butler—Volmer
relation such as CO, reduction,”” metal oxidation,*® and
lithium (de)intercalation reactions.””” This is also justified
because the Langmuir,‘w_49 Frumkin,**° and Temkin*"*!
models can be generally applied to adsorption isotherms. Thus,
through a systematic study of the empirical relation between
the computational adsorption free energy and the experimental
exchange currents, general values of & and k; can be found for
a reaction with similar electrochemical conditions.

Methods. The first-principles density functional theory
(DFT) calculations are performed by using the Vienna Ab
Initio Simulation Package (VASP) with projector augmented
wave (PAW) potentials to describe electron—nucleus inter-
actions.”’™® The Kohn—Sham equations with periodic
boundary conditions are resolved by using the revised
Perdew—Burke—Ernzerhof®* in conjunction with van der
Waals (vdW) correction based Tkatchenko—Scheffler
scheme.®>*® For all metals except Co, we have confirmed
that spin polarization effects are negligible. See the Supporting
Information for further details.
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