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Trends in the Exchange Current for Hydrogen Evolution
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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.
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The hydrogen evolution reaction is one of the most importantrelax. The adsorbate was in the fcc site. A44 X 1 Monkhorst-
electrochemical reactions, whereby protons from solution combinePack k-point setup was used, with maximum symmetry applied to
with electrons at an electrode to form first hydrogen atoms chemireduce the number of k-points in the calculations. The dipole cor-
sorbed at the electrode surfaces and thgnghls. The ability of a  rection was used in all cases. Spin-polarization did not affect the
given metal to catalyze the hydrogen evolution reaction is usuallytrends presented here, and was not included. The plane wave cutoff
measured by the exchange current density, which is the rate of hywas 350 eV for H, and 450 eV for O adsorption calculations.
drogen evolution per surface area at the electrode potential, where .
the reaction is at equilibrium. Experimental

Different materials have widely different exchange current den-  In Table | we include a collection of experimental data for ex-
sities. In this paper, we investigate the origin of these variations. Wechange currents for hydrogen evolution. We have included both the
calculate the chemisorption energy for hydrogen for a number ofpolycrystalline data as well as data from single crystal experiments.
metals. We also collect a number of measured exchange currernthere are some variations from one measurement to the next on the
densities for the same metals and show a volcano curve when theame metal, but clearly the trends are the same no matter which
measured currents are plotted as a function of the calculated hydrameasurement is used.
gen adsorption energies. We show that we are able to understand the
variation in the exchange current semi-quantitatively using a simple Volcano Curve
kinetic model. We also show that the fact that the Pt group metals \We are now in a position to generate a plot of the experimental
are best for hydrogen evolution follows directly from the thermo- exchange currents as a function of the calculated hydrogen chemi-
chemistry of the reaction. Finally, we discuss the relationship of thesorption energies. We use the low coverage chemisorption energies
volcano curve presented here to other volcano curves introducegbr all metals. We will return to the effect of coverage later. The

previously-? result is shown in Fig. 1. Clearly, the data order quite nicely into a
) . ) volcano. Note that all the reactive metals are on the left “leg” of the
Database for Hydrogen Chemisorption Energies volcano and the unreactive ones, Cu, Ag, and Au, are on the right.

The starting point for our discussion is a consistent set of hydro-
gen chemisorption energies. We have obtained these from density
functional theory(DFT) calculations. The electronic structure prob- The total hydrogen evolution reaction can be written
lem has been solved using a plane wave pseudopotential

Kinetics and the Origin of the Volcano

n _
implementatior’* employing the ultrasoft pseudopotentials of H" + e — 1/2h 2]
VanderbilP to represent the ionic cores. All calculations were per- ) o
formed with the RPBE exchange-correlation functiéreai periodi- It takes place at an electrode supplying the electrons, and providing
cally repeated metal slabs. an intermediate state of the process:

The surface coverage of the adsorbates was 1/4 or 1 monolayer. Ht + e + * _ H* [3]
In both cases the integral adsorption energy is defined by

2H* — H, [4]

1 n
ARy = 1| B(surf+ nH) = E(surh = FE(Hy) [ Wwhere the* denotes a site on the surfate an* by itself denotes

a free site and M denotes a hydrogen atom adsorbed on the sur-

wheren is the number of H atoms in the calculation. We have usedface' The final hydrogen evolution step may also be

a 2 X 2 surface cell for all calculations, and for this unit cell, H* + e + H* = H, (5]
n = 1 corresponds to a coverage of 1/4, while= 4 corresponds
to a coverage of 1. Unless otherwise noted, all calculations were e now consider hydrogen evolution at a metal electrode, which

done on a three layer f€tll) slab at the RPBE lattice constant s part of an electrochemical cell. During hydrogen evolution a cur-
separated by five equivalent layers of vacuum. Adding a fourth layerrentj will be running

changes the hydrogen binding energy ofilP1) by 0.01 eV. The
bottom two layers were fixed, and the top layer was allowed to i = —er [6]

wherer = r, — r_ is the net rate ofEq. 2.

* Electrochemical Society Active Member. The exchange current is the forwaf@nd backwarfrate when
2 E-mail: norskov@fysik.dtu.dk Eq. 2 is in equilibrium
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Table |I. Calculated hydrogen adsorption energies(AE,) and AE, / (V)
measured exchange currents(iy) on different transition and 1 -0.64 044 -0.|24 -0.04 0.16

noble metals. The hydrogen chemisorption energies are calcu- 2 ' ! ' ! ' ' ' ' ! '
lated both for low (/4 monolayer) and high (1 monolayen cov- .
erage. The references to the experimental data are shown in the 3 *ke e $e s
right column. 4 Rh Ir
- 5 Nig el . o

(AEK(eV) AEy (eV) , & 6L oW Co ~

0.25 ML 1ML (log(ip/A cm™) Ref. g P Mog 8 Ae
Au(11D 0.21 0.39 6.6 7 N : R
Au(111) -6.8 8 = L
Au -5.4 9 2
Ag(111) 0.27 0.34 -5.0 10 3 3
Ag -7.85 1 4
Pd —-0.38 —-0.33 -3 9 S
Pd -3 11 PR
Pt —-0.33 -0.27 -3.1 9
Pt -2.63 1 B
Pt(111) —-3.34 12 -8 ' !
Rh —-0.34 —0.30 -3.6 9
Rh -3.22 1 AGy. /(eV)
Ir -0.21 —-0.16 -3.7 9
Ir —3.46 1 Figure 1. (top) Experimentally measured exchange current, l)gfior hy-
Ni -0.51 —0.47 -5.2 9 drogen evolution over different metal surfaces plotted as a function of the
Ni -5.21 1 calculated hydrogen chemisorption energy per atbi, (top axig. All data
W -0.67 —0.83 -5.9 9 are shown in Table I. Single crystal data are indicated by open symbols.
w -5.9 1 (bottom The result of the simple kinetic model now plotted as a function of
Co —-051 —0.49 —-5.32 1 the free energy for hydrogen adsorptidyG« = AEy, + 0.24 eV, Eq. 8.
Cu —-0.05 0.03 -5.37 1
Mo —-0.67 —-0.77 —7.07 1
ﬁz _g:gga _8:;8 _2:37 ; constants for getting out of the chemisorption statéiFig. 2, are

the same. Combined with the fact that at equilibrium the rates in-
2pca110 volved in the forward and backward steps must be the same, it
means that the exchange rates of the two consecutive steps are the
same. We choose here to focus on the rate of the proton reduction,
[7] Eq. 3. The forward rate of Eq. 3 can be written

rp = k(1 — 0)cy+ (9]

ig = i+|eq: |i—|eq: —€rp

The free energy diagrams for the reaction at equilibrium over
P{(111), Ni(111), Mo(110, and Ayu11l) are shown in Fig. 2. At
equilibrium the free energy per H atotthe chemical potentialof

the initial and final states of reacti¢kq. 2 are the same. In Fig. 1
and 2 we have also included the free energy of the adsorbed stal
calculated as

wherek; is the rate constan) is the H coveraggmeasured in
fraction of a monolayer with respect to the number of metal atoms in
{ke surface layer andcy-+ is the concentration of protons in the
electrolyte. The coverage of hydrogen can be calculated from Eq. 4,

and hence
AGys = AE, + AE e — TAS, [8]
whereAE, is the hydrogen chemisorption energy from Table | and Hydrogen evolution U=0 V
AE e is the difference in zero point energy between the adsorbed 08
and the gas phase. We exploit the fact that the vibrational entropy ir pi=a H*
the adsorbed state is small meaning that the entropy of adsorptionc ¢4 L Au

12 H, is ASy = —1/2S), , whereS}, is the entropy of H in the

gas phase at standard conditioA& ¢ is calculated to be 0.04 eV

for H/ICu(111), see the AppendiX® and we take this value to be 3
representative for all the metals we study here. This means tha3
AGy« = AE4 + 0.24 eV.

In Fig. 2 we have chosen to show data for low coverétéd
monolayey. As indicated in Table I, trends will not change if we 8
include the possibility of a higher coverage. The figure indicates that*
over Pt the reaction is essentially thermo-neutral where as this is no
the case for metals on either side of the volcamg, Ni, Au, and .04 + Mo
Mo. This in itself indicates why Pt is a much better electrocatalyst
than the other metals for hydrogen evolution at the equilibrium po-
tential. -06

We now turn to the kinetic modelling. We will concentrate on the
trends in exchange rates from one metal to the next and on thgigyre 2. Free energy diagram for hydrogen evolution at equilibrium
contribution to these trends originating directly from the variations (y = 0). The data are for “standard” conditions corresponding to 1 bar of
in the thermochemistry, Fig. 2 and Table Il. We therefore neglecty, and pH= 0 at 300 K. The energies for the intermediate adsorbed state
contributions to the variation in the rate constants from any reactionare from the DFT calculations shown in Table I, corrected for entropy and
barriers other than those coming from the thermochemistry. Thiszero point energies as indicated in the text. Data for adsorbate coverages of
means that the variations from one metal to the next in the ratel/4 are used here.

HY e~ 12Ho

energ

Reaction coordinate
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Table Il. Calculated reaction energies for the reactions Eq. 16 Hydrogen evolution U=0 V

and Eq. 17(AE = E,qs + N/2Ey5(gag — Enzo(gag), Wheren is 1 fiod _ H* —
and 2 for Eg. 16 and Eq. 17 respectively. This is the dissociative PH=0 ain
adsorption energy of water on different transition and noble met- 0.02 6=1
als given per water molecule. The calculated values are for the
fec(111) surfaces and do not include spin-polarization. We also it HY +e” 1/2H 2
show the adsorption free energies calculated aAG = AE
+ AE,pg — TAS for O and OH adsorption, where the zero E
point energy and entropy differences are given in the Appendix. § 002 -

AEgy AGoy AEq AGq § 0.04

(0.25 ML)/eV  (0.25 ML)/eV  (0.25 ML)/eV  (0.25 ML)/eV E

Au 1.49 1.84 2.75 2.80 2008 -
Ag 0.72 1.07 2.12 2.17
Pd 0.92 1.27 1.53 1.58 -0.08 [ 0=0.25
Pt 1.05 1.40 1.57 1.62
Rh 0.34 0.69 0.44 0.49 B
Ir 0.63 0.98 1.00 1.05 .
Ni 0.13 0.48 0.34 0.39 Reaction coordinate
w —0.80 —0.45 —2.06 —2.01 Figure 3. Free energy diagram for hydrogen evolution oveilPt) at two
83 _%%E; %27; _0'1250 _0'11725 different hydrogen coverage8,= 0.25 andd = 1 monolayers. A = 1
Mo 061 026 162 157 we use the differential heat of adsorption as defined in Eq. 15.

extra contribution to the current. For the least noble metals, Mo, W,
g = K [10] and Nb, the surface is covered by an oxidee later and the mea-
sured values are most probably not representative of the metal in the
metallic state.
where The results indicate that we can understand the two branches of
the volcano curve in the following way: To the left of the maximum,
K= expg(—AGux /kT) = exp(—(AEy + AEzpe + 1/2T$|2)/kT) the rate decreases with decreasingy due to a lack of available
[11] sites for H+ H recombination at the surface. Here hydrogen bonds
] ) o ) too strongly. To the right of the maximum, the rate decreases with
Let. us first consider thg limit where the proton transfer is exo- increasingAE,, because proton transfer becomes more and more
thermic (AGy« < 0). In this case we would expect the rate con- gifficult as hydrogen becomes more and more unstable on the sur-
stantk; = Kk to be large and independent &G« . The rate con-  face. Here hydrogen bonds too weakly. Pt is very close to optimum,
stantk, includes all effect relating to the reorganization of the because all reaction steps of the hydrogen evolution process on this
solvent during the proton transfer to the surface, and we are thusnetal are thermo-neutral.
assuming this to be independent of the metal at the equilibrium There has been other suggested volcano curves for the hydrogen
potential. This leads to the following expression for the exchangeevolution reactiort:> Our volcano distinguishes itself from these in
current at pH 0 using a systematic database for the intrinsic H-metal interaction en-
1 ergy as the descriptdor x-axig. This provides an extremely simple
i, = —ek [12] picture of the origin of the volcano, as outlined above. _
1+ exp(—AGux /kT) In Fig. 1 and 2 we have used the low coverage adsorption ener-
gies from Table I. Clearly, the high coverage energies follow exactly
For the other case where the proton transfer is endothermighe same trends and thus give the same picture. However, one point
(AGy+ > 0,e.g, Auin Fig. 2, we would expect the proton transfer about the coverage dependence deserves further comments. In Fig. 3
to be activated by at lea&G+ . Under the same assumptions as we show the free energy diagram for two different coverages of
above, the rate constant for this case is hydrogen on Ri11). We use a low coverage value, which we take
from the® = 0.25 resultin Table I. A8 = 1 we use the differential
ki = ko exp(—AGyx /kT) [13] heat of adsorption. For simplicity we consider here a two-state
. model with only a low coverage and a high coverage state, and the
and the exchange current is differential heat of adsorption in the high coverage state is the en-
ergy difference between two hydrogens in the high coverage state
AGu« [KT). [14] and one in the low coverage state

AEIM(1) = 2AE(1) — AEL(0.25 [15]

lo = ek e —AG. 7kT) P

The result of the model, with the single unknown parameter
ko = 200 s ! site” ! fitted to give a reasonable overall magnitude of Figure 3 suggests the following physical picture. At equilibrium,
the rate is included in Fig. 1. The trends are well described by thethe low coverage state is fully occupied. The addition of a new
simple model, including in particular the position of the maximum. proton and electron must add a hydrogen atom in the high coverage
Clearly AG« = 0 separates the two legs of the volcano. Such astate. Both states can turn over, but the overall activation energy is
picture has been suggested befornd our calculated database of smaller for the high coverage state, making this the most likely
chemisorption energies puts the physical picture on a firm footing. candidate for the catalytically active species. This could be an ex-

Note that the model seems to underestimate the current densitplanation of the two types of hydrogen usually invoked to explain
for the metals furthest away from the maximum. This can be under-experimental data in the electrochemistry literattre.
stood in the following way. For the most noble metals Ag and Au,
steps and other low coordination number defects will have a stron-
ger metal-hydrogen bond than the close packed surfdcEsese One question in connection with the experimental data in Table |
defects will therefore be closer to the maximum and may give anand Fig. 1 is whether reaction products from the adsorption and

Water Dissociation on the Surface
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dissociation of water might cover some of the metals. To investigate  tape A-1. Zero point energy corrections and entropic contri-
this we have first calculated the effect of molecular water on the  pygions to the free energies.
adsorption. The result is that adding a water overlayer changes the

adsorption energy of hydrogen on(Fit1) by less than 0.02 eV. Even TS TAS Ezpe AEzpe
though the effect could be a little larger for the more reactive metals (eV) (eV) (eV) (eV)
it seems justified to neglect it in the present trend study.
In addition we have calculated the reaction energies for the re- '*"20 (0.035 bay 0.67 0 0.56 0
actions OH + 1/2H, 0.20 -0.47 0.44 -0.12
*O+ H, 0.41 -0.27 0.34 —0.22
H,O + * — OH* + 1/2H, [16] 120, + H, 0.73 0.05 0.32 —-0.24
H, 0.41 0.27
and 12 O, 0.32 0.05
o* 0 0.07
H,O+* - 0" + H, [17] OH* 0 0.30
* 0 0.17

The results are included in Table Il. In general one should also
consider the possibility of forming solvated™Hand electrons at the
electrode rather than H but for the exchange current at standard
conditions this makes no difference since the solvated hydrogen is in
equilibrium with H,(gas). The values in Table Il are relative to gas
phase water. We also include the adsorption free energies, calculated I Table AL how the entroni g - @RES used in th

H H H H H _ n lTable A-1 we show the entropies and zero point ener used In the
U_Slng the zero _pomt energies and entroples coI_Iected in the Appenconstruction of the free energies in Fig. 2 and 3 and in Table II. The gas phase values are
dix. The result is that of the metals considered in Table I, onl_y MO from Re. 15, while the values for the adsorbed species are taken from DFT calculations
and W should be covered by surface oxygen under the conditions ofor O and OH adsorbed on C111) by Gokhaleet all3 We use gas phase,B at 0.035
interest here. This means that the measured exchange currents foar as the reference state because at this pressure gas pleagiii equilibrium with

these metals in Fig 1 should not be taken to be representative of thl'@uid water at 300 K® We use the same values for the adsorbed species for all the
tal. but rath f th £ id metals, as vibrational frequencies have been found to depend much less on the metal
metal, but rather of the surface oxiae. than the bond strengf#i.
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