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Trends in the Exchange Current for Hydrogen Evolution
J. K. Nørskov,a,* ,z T. Bligaard,a A. Logadottir, a J. R. Kitchin, b,* J. G. Chen,b

S. Pandelov,c and U. Stimmingc,*
aDepartment of Physics, Center for Atomic-scale Materials Physics, Technical University of Denmark,
DK-2800 Lyngby, Denmark
bDepartment of Chemical Engineering, University of Delaware, Newark, Delaware 19716, USA
cDepartment of Physics, Technical University Munich, D-85748 Garching, Germany

A density functional theory database of hydrogen chemisorption energies on close packed surfaces of a number of transition and
noble metals is presented. The bond energies are used to understand the trends in the exchange current for hydrogen evolution. A
volcano curve is obtained when measured exchange currents are plotted as a function of the calculated hydrogen adsorption
energies and a simple kinetic model is developed to understand the origin of the volcano. The volcano curve is also consistent with
Pt being the most efficient electrocatalyst for hydrogen evolution.
© 2005 The Electrochemical Society.@DOI: 10.1149/1.1856988# All rights reserved.
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The hydrogen evolution reaction is one of the most impo
electrochemical reactions, whereby protons from solution com
with electrons at an electrode to form first hydrogen atoms ch
sorbed at the electrode surfaces and then H2 gas. The ability of a
given metal to catalyze the hydrogen evolution reaction is us
measured by the exchange current density, which is the rate o
drogen evolution per surface area at the electrode potential,
the reaction is at equilibrium.

Different materials have widely different exchange current
sities. In this paper, we investigate the origin of these variations
calculate the chemisorption energy for hydrogen for a numb
metals. We also collect a number of measured exchange c
densities for the same metals and show a volcano curve whe
measured currents are plotted as a function of the calculated h
gen adsorption energies. We show that we are able to understa
variation in the exchange current semi-quantitatively using a si
kinetic model. We also show that the fact that the Pt group m
are best for hydrogen evolution follows directly from the ther
chemistry of the reaction. Finally, we discuss the relationship o
volcano curve presented here to other volcano curves introd
previously.1,2

Database for Hydrogen Chemisorption Energies

The starting point for our discussion is a consistent set of hy
gen chemisorption energies. We have obtained these from d
functional theory~DFT! calculations. The electronic structure pr
lem has been solved using a plane wave pseudopot
implementation,3,4 employing the ultrasoft pseudopotentials
Vanderbilt5 to represent the ionic cores. All calculations were
formed with the RPBE exchange-correlation functional6 on periodi-
cally repeated metal slabs.

The surface coverage of the adsorbates was 1/4 or 1 mono
In both cases the integral adsorption energy is defined by

DEH 5
1

n S E~surf 1 nH! 2 E~surf! 2
n

2
E~H2! D @1#

wheren is the number of H atoms in the calculation. We have u
a 2 3 2 surface cell for all calculations, and for this unit c
n 5 1 corresponds to a coverage of 1/4, whilen 5 4 correspond
to a coverage of 1. Unless otherwise noted, all calculations
done on a three layer fcc~111! slab at the RPBE lattice consta
separated by five equivalent layers of vacuum. Adding a fourth
changes the hydrogen binding energy on Pt~111! by 0.01 eV. The
bottom two layers were fixed, and the top layer was allowe
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z E-mail: norskov@fysik.dtu.dk
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relax. The adsorbate was in the fcc site. A 43 4 3 1 Monkhorst-
Pack k-point setup was used, with maximum symmetry applie
reduce the number of k-points in the calculations. The dipole
rection was used in all cases. Spin-polarization did not affec
trends presented here, and was not included. The plane wave
was 350 eV for H, and 450 eV for O adsorption calculations.

Experimental

In Table I we include a collection of experimental data for
change currents for hydrogen evolution. We have included bot
polycrystalline data as well as data from single crystal experim
There are some variations from one measurement to the next
same metal, but clearly the trends are the same no matter
measurement is used.

Volcano Curve

We are now in a position to generate a plot of the experim
exchange currents as a function of the calculated hydrogen c
sorption energies. We use the low coverage chemisorption en
for all metals. We will return to the effect of coverage later.
result is shown in Fig. 1. Clearly, the data order quite nicely in
volcano. Note that all the reactive metals are on the left ‘‘leg’’ of
volcano and the unreactive ones, Cu, Ag, and Au, are on the

Kinetics and the Origin of the Volcano

The total hydrogen evolution reaction can be written

H1 1 e2 → 1/2H2 @2#

It takes place at an electrode supplying the electrons, and prov
an intermediate state of the process:

H1 1 e2 1 * → H* @3#

2H* → H2 @4#

where the* denotes a site on the surface~so an* by itself denote
a free site and H* denotes a hydrogen atom adsorbed on the
face!. The final hydrogen evolution step may also be

H1 1 e2 1 H* → H2 @5#

We now consider hydrogen evolution at a metal electrode, w
is part of an electrochemical cell. During hydrogen evolution a
rent i will be running

i 5 2er @6#

wherer 5 r 1 2 r 2 is the net rate of~Eq. 2!.
The exchange current is the forward~and backward! rate when

Eq. 2 is in equilibrium
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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i 0 5 i 1ueq 5 u i 2ueq 5 2er0 @7#

The free energy diagrams for the reaction at equilibrium
Pt~111!, Ni~111!, Mo~110!, and Au~111! are shown in Fig. 2. A
equilibrium the free energy per H atom~the chemical potential! of
the initial and final states of reaction~Eq. 2! are the same. In Fig.
and 2 we have also included the free energy of the adsorbed
calculated as

DGH* 5 DEH 1 DEZPE 2 TDSH @8#

whereDEH is the hydrogen chemisorption energy from Table I
DEZPE is the difference in zero point energy between the adso
and the gas phase. We exploit the fact that the vibrational entro
the adsorbed state is small meaning that the entropy of adsorpt
1/2 H2 is DSH > 21/2SH2

0 , whereSH2

0 is the entropy of H2 in the

gas phase at standard conditions.DEZPE is calculated to be 0.04 e
for H/Cu~111!, see the Appendix,13 and we take this value to b
representative for all the metals we study here. This means
DGH* 5 DEH 1 0.24 eV.

In Fig. 2 we have chosen to show data for low coverage~1/4
monolayer!. As indicated in Table I, trends will not change if
include the possibility of a higher coverage. The figure indicates
over Pt the reaction is essentially thermo-neutral where as this
the case for metals on either side of the volcano,e.g., Ni, Au, and
Mo. This in itself indicates why Pt is a much better electrocata
than the other metals for hydrogen evolution at the equilibrium
tential.

We now turn to the kinetic modelling. We will concentrate on
trends in exchange rates from one metal to the next and o
contribution to these trends originating directly from the variat
in the thermochemistry, Fig. 2 and Table II. We therefore neg
contributions to the variation in the rate constants from any rea
barriers other than those coming from the thermochemistry.
means that the variations from one metal to the next in the

Table I. Calculated hydrogen adsorption energies„DEH… and
measured exchange currents„ i0… on different transition and
noble metals. The hydrogen chemisorption energies are calcu-
lated both for low „1Õ4 monolayer… and high „1 monolayer… cov-
erage. The references to the experimental data are shown in the
right column.

(DEH~eV!
0.25 ML

DEH ~eV!
1 ML ~log(i0 /A cm22) Ref.

Au~111! 0.21 0.39 26.6 7
Au~111! 26.8 8
Au 25.4 9
Ag~111! 0.27 0.34 25.0 10
Ag 27.85 1
Pd 20.38 20.33 23 9
Pd 23 11
Pt 20.33 20.27 23.1 9
Pt 22.63 1
Pt~111! 23.34 12
Rh 20.34 20.30 23.6 9
Rh 23.22 1
Ir 20.21 20.16 23.7 9
Ir 23.46 1
Ni 20.51 20.47 25.2 9
Ni 25.21 1
W 20.67a 20.83 25.9 9
W 25.9 1
Co 20.51 20.49 25.32 1
Cu 20.05 0.03 25.37 1
Mo 20.61a 20.77 27.07 1
Re 20.56 20.45 22.87 1
Nb 20.80a 20.80 26.8 9

a bcc~110!
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constants for getting out of the chemisorption state, H* in Fig. 2, are
the same. Combined with the fact that at equilibrium the rate
volved in the forward and backward steps must be the sam
means that the exchange rates of the two consecutive steps
same. We choose here to focus on the rate of the proton redu
Eq. 3. The forward rate of Eq. 3 can be written

r 1 5 k1~1 2 u!cH1 @9#

where k1 is the rate constant,u is the H coverage~measured i
fraction of a monolayer with respect to the number of metal atom
the surface layer!, and cH1 is the concentration of protons in t
electrolyte. The coverage of hydrogen can be calculated from E
and hence

Figure 1. ~top! Experimentally measured exchange current, log(i0), for hy-
drogen evolution over different metal surfaces plotted as a function o
calculated hydrogen chemisorption energy per atom,DEH ~top axis!. All data
are shown in Table I. Single crystal data are indicated by open sym
~bottom! The result of the simple kinetic model now plotted as a functio
the free energy for hydrogen adsorption,DGH* 5 DEH 1 0.24 eV, Eq. 8.

Figure 2. Free energy diagram for hydrogen evolution at equilibr
(U 5 0). The data are for ‘‘standard’’ conditions corresponding to 1 ba
H2 and pH5 0 at 300 K. The energies for the intermediate adsorbed
are from the DFT calculations shown in Table I, corrected for entropy
zero point energies as indicated in the text. Data for adsorbate covera
1/4 are used here.
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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u 5
K

1 1 K
@10#

where

K 5 exp~2DGH* /kT! 5 exp~2~DEH 1 DEZPE 1 1/2TSH2

0 !/kT!

@11#

Let us first consider the limit where the proton transfer is e
thermic (DGH* , 0). In this case we would expect the rate c
stantk1 5 k0 to be large and independent ofDGH* . The rate con
stant k0 includes all effect relating to the reorganization of
solvent during the proton transfer to the surface, and we are
assuming this to be independent of the metal at the equilib
potential. This leads to the following expression for the excha
current at pH 0

i 0 5 2ek0

1

1 1 exp~2DGH* /kT!
@12#

For the other case where the proton transfer is endothe
(DGH* . 0, e.g., Au in Fig. 2!, we would expect the proton trans
to be activated by at leastDGH* . Under the same assumptions
above, the rate constant for this case is

k1 5 k0 exp~2DGH* /kT! @13#

and the exchange current is

i 0 5 2ek0

1

1 1 exp~2DGH* /kT!
exp~2DGH* /kT!. @14#

The result of the model, with the single unknown param
k0 5 200 s21 site21 fitted to give a reasonable overall magnitude
the rate is included in Fig. 1. The trends are well described b
simple model, including in particular the position of the maxim
Clearly DGH* 5 0 separates the two legs of the volcano. Su
picture has been suggested before,2 and our calculated database
chemisorption energies puts the physical picture on a firm foo

Note that the model seems to underestimate the current d
for the metals furthest away from the maximum. This can be un
stood in the following way. For the most noble metals Ag and
steps and other low coordination number defects will have a s
ger metal-hydrogen bond than the close packed surfaces.14 These
defects will therefore be closer to the maximum and may giv

Table II. Calculated reaction energies for the reactions Eq. 16
and Eq. 17„DE Ä Eads ¿ nÕ2EH2„gas… À EH2O„gas……, where n is 1
and 2 for Eq. 16 and Eq. 17 respectively. This is the dissociative
adsorption energy of water on different transition and noble met-
als given per water molecule. The calculated values are for the
fcc„111… surfaces and do not include spin-polarization. We also
show the adsorption free energies calculated asDG Ä DE
¿ DEZPE À TDS for O and OH adsorption, where the zero
point energy and entropy differences are given in the Appendix.

DEOH
~0.25 ML!/eV

DGOH
~0.25 ML!/eV

DEO
~0.25 ML!/eV

DGO
~0.25 ML!/eV

Au 1.49 1.84 2.75 2.80
Ag 0.72 1.07 2.12 2.17
Pd 0.92 1.27 1.53 1.58
Pt 1.05 1.40 1.57 1.62
Rh 0.34 0.69 0.44 0.49
Ir 0.63 0.98 1.00 1.05
Ni 0.13 0.48 0.34 0.39
W 20.80 20.45 22.06 22.01
Co 20.08 0.27 20.22 20.17
Cu 0.37 0.72 1.20 1.25
Mo 20.61 20.26 21.62 21.57
Downloaded 07 Jun 2010 to 192.38.67.112. Redistribution subject to E
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extra contribution to the current. For the least noble metals, Mo
and Nb, the surface is covered by an oxide~see later! and the mea
sured values are most probably not representative of the metal
metallic state.

The results indicate that we can understand the two branch
the volcano curve in the following way: To the left of the maximu
the rate decreases with decreasingDEH due to a lack of availab
sites for H1 H recombination at the surface. Here hydrogen bo
too strongly. To the right of the maximum, the rate decreases
increasingDEH because proton transfer becomes more and
difficult as hydrogen becomes more and more unstable on th
face. Here hydrogen bonds too weakly. Pt is very close to optim
because all reaction steps of the hydrogen evolution process o
metal are thermo-neutral.

There has been other suggested volcano curves for the hyd
evolution reaction.1,2 Our volcano distinguishes itself from these
using a systematic database for the intrinsic H-metal interactio
ergy as the descriptor~or x-axis!. This provides an extremely simp
picture of the origin of the volcano, as outlined above.

In Fig. 1 and 2 we have used the low coverage adsorption
gies from Table I. Clearly, the high coverage energies follow ex
the same trends and thus give the same picture. However, one
about the coverage dependence deserves further comments. In
we show the free energy diagram for two different coverage
hydrogen on Pt~111!. We use a low coverage value, which we t
from theu 5 0.25 result in Table I. Atu 5 1 we use the differenti
heat of adsorption. For simplicity we consider here a two-
model with only a low coverage and a high coverage state, an
differential heat of adsorption in the high coverage state is th
ergy difference between two hydrogens in the high coverage
and one in the low coverage state

DEH
diff~1! 5 2DEH~1! 2 DEH~0.25! @15#

Figure 3 suggests the following physical picture. At equilibri
the low coverage state is fully occupied. The addition of a
proton and electron must add a hydrogen atom in the high cov
state. Both states can turn over, but the overall activation ene
smaller for the high coverage state, making this the most l
candidate for the catalytically active species. This could be a
planation of the two types of hydrogen usually invoked to exp
experimental data in the electrochemistry literature.2

Water Dissociation on the Surface

One question in connection with the experimental data in Ta
and Fig. 1 is whether reaction products from the adsorption

Figure 3. Free energy diagram for hydrogen evolution over Pt~111! at two
different hydrogen coverages,u 5 0.25 andu 5 1 monolayers. Atu 5 1
we use the differential heat of adsorption as defined in Eq. 15.
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp



igate
the
s th
n

etals

e re-

also
e
ard
is in

gas
ulate
ppen
Mo
ns o
nts f
of th

latio
hang
also
r hy-

n is
can

hy-
fuel

ted.

nish
-05.
nion

ation

lues are
lations

ll the
e metal

-

,.

J. Se-

sity

p.

. H.

Journal of The Electrochemical Society, 152 ~3! J23-J26~2005!J26
dissociation of water might cover some of the metals. To invest
this we have first calculated the effect of molecular water on
adsorption. The result is that adding a water overlayer change
adsorption energy of hydrogen on Pt~111! by less than 0.02 eV. Eve
though the effect could be a little larger for the more reactive m
it seems justified to neglect it in the present trend study.

In addition we have calculated the reaction energies for th
actions

H2O 1 * → OH* 1 1/2H2 @16#

and

H2O 1 * → O* 1 H2 @17#

The results are included in Table II. In general one should
consider the possibility of forming solvated H1 and electrons at th
electrode rather than H2 , but for the exchange current at stand
conditions this makes no difference since the solvated hydrogen
equilibrium with H2(gas). The values in Table II are relative to
phase water. We also include the adsorption free energies, calc
using the zero point energies and entropies collected in the A
dix. The result is that of the metals considered in Table II, only
and W should be covered by surface oxygen under the conditio
interest here. This means that the measured exchange curre
these metals in Fig. 1 should not be taken to be representative
metal, but rather of the surface oxide.

Conclusions

The results presented above clearly demonstrate the corre
between the hydrogen chemisorption energies and the exc
current for hydrogen evolution. The volcano curves in Fig. 1
indicate that Pt is a better electrocatalyst than other metals fo
drogen evolution, primarily because the evolution reactio
thermo-neutral on Pt at the equilibrium potential. These findings
potentially be useful in predicting bimetallic electrocatalysts for
drogen evolution, as well as for hydrogen electro-oxidation for
cell applications.
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Appendix

In Table A-1 we show the entropies and zero point energies~ZPEs! used in the
construction of the free energies in Fig. 2 and 3 and in Table II. The gas phase va
from Ref. 15, while the values for the adsorbed species are taken from DFT calcu
for O and OH adsorbed on Cu~111! by Gokhaleet al.13 We use gas phase H2O at 0.035
bar as the reference state because at this pressure gas phase H2O is in equilibrium with
liquid water at 300 K.16 We use the same values for the adsorbed species for a
metals, as vibrational frequencies have been found to depend much less on th
than the bond strength.17
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Table A-1. Zero point energy corrections and entropic contri-
butions to the free energies.

TS
~eV!

TDS
~eV!

EZPE
~eV!

DEZPE
~eV!

H2O ~0.035 bar! 0.67 0 0.56 0
* OH 1 1/2H2 0.20 20.47 0.44 20.12
* O 1 H2 0.41 20.27 0.34 20.22
1/2 O2 1 H2 0.73 0.05 0.32 20.24
H2 0.41 ¯ 0.27 ¯

1/2 O2 0.32 ¯ 0.05 ¯

O* 0 ¯ 0.07 ¯

OH* 0 ¯ 0.30 ¯

H* 0 0.17
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