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Abstract

Theoretical studies of the possibility of forming ammonia electrochemically at ambient
temperature and pressure are presented. Density functional theory calculations were
used in combination with the computational standard hydrogen electrode to calculate
the free energy profile for the reduction of No admolecules and N adatoms on several
close-packed and stepped transition metal surfaces in contact with an acidic electrolyte.
Trends in the catalytic activity were calculated for a range of transition metal surfaces
and applied potentials under the assumption that the activation energy barrier scales
with the free energy difference in each elementary step. The most active surfaces, on
top of the volcano diagrams, are Mo, Fe, Rh, and Ru, but hydrogen gas formation will
be a competing reaction reducing the faradaic efficiency for ammonia production. Since
the early transition metal surfaces, such as Sc, Y, Ti, and Zr bind N-adatoms more
strongly than H-adatoms, a significant production of ammonia compared with hydrogen
gas can be expected on those metal electrodes when a bias of -1 V to -1.5 V vs. SHE s
applied. Defect-free surfaces of the early transition metals are catalytically more active
than their stepped counterparts.

1 Introduction

Ammonia is among the chemicals produced in the largest quantities in the chemical
industry, where it is primarily used in the production of fertilizers. For more than a
hundred years, ammonia has been produced by the Haber-Bosch process, a discovery
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that has been of key importance in supporting the large global population growth over
the past century [1]. Much work has gone into the optimization of this process and today
it is understood in great detail |2, 3, 4, 5, 6, 7, 8, 9, 10]. In the Haber-Bosch process,
nitrogen and hydrogen gas molecules are heated to approximately 400°C, pressurized to
around 150 bar and passed over an Fe-based catalyst to form ammonia |6, 8|

Ny +3H, — 2N Hy (1)

Although the reaction is exothermic, relatively high temperature is required to make
the reaction kinetics fast. This, however, shifts the equilibrium towards the reactants
resulting in lower conversion. The high pressure is chosen to alleviate this problem,
since it shifts the equilibrium in favor of the products.

The industrial conditions are in remarkable contrast to those in microorganisms
which exist in nature and use the enzyme nitrogenase to produce ammonia from sol-
vated protons, electrons and atmospheric nitrogen under ambient conditions. The active
site in the enzyme is a MoFe;SgN cluster, the FeMo-cofactor, which catalyzes the elec-
trochemical reaction:

N2+8H++867H2NH3+H2 (2)

While the reaction has AG ~ 0 at pH = 7 and standard conditions, at least 16
adenosine triphosphate (ATP) molecules (or approximately 5 eV) [11, 12] are used to
facilitate the reaction. Nitrogenase can thus be viewed as part of an ATP driven elec-
trochemical cell for this reaction. It is conceivable that this process could be emulated
in a simpler, man-made system [13, 14]. A low-temperature, low-pressure process could
make more decentralized ammonia production possible compared with the current situ-
ations where ammonia can only be produced in large factories. The protons could come
from water splitting, while the electrons would be driven to the electrode surface by an
applied bias. The reaction mechanism in enzymes is quite different from that of the
industrial synthesis process. In the enzyme, Ny molecules are hydrogenated (associative
mechanism) [15, 16, 17, 18], while in the Haber-Bosch method, the nitrogen and hy-
drogen atoms do not react until the strong Ny triple bond and the Hy bond have been
broken (dissociative mechanism) [13].

It has been shown that transition metal complexes based on molybdenum can reduce
Ny to ammonia for the artificial process at room temperature and ambient pressure
[19]. The energy input needed for artificial processes is estimated to be as large as
for the biological Ny fixation [20]. For the electro-catalytic Ny reduction, various types
of electrolytes and electrode materials have been tried, but the kinetics are too slow
for practical applications [21, 22, 23, 24, 25, 26, 27, 28|. Little is known about the
mechanism of this process and in most cases hydrogen gas is formed more readily than
hydrogenation of No.

In the present study, reactions on Ru surfaces were first studied, since this is the
optimal pure metal catalyst for the industrial process [29]. Density functional theory
(DFT) calculations of ammonia formation on both the flat and stepped surface were



carried out. For each surface, the reduction of both the adsorbed Ny molecule and
adsorbed N atoms were studied. The influence of an external potential was subsequently
taken into account using the computational standard hydrogen electrode [30] and the
lowest overpotential required to reduce nitrogen into ammonia was estimated. The free
energy of the various intermediates formed on the surfaces was calculated as a function
of voltage. The binding energies of the adsorbed species on a range of close-packed and
stepped transition metal surfaces were calculated and used to identify the most active
transition metal catalyst in forming ammonia instead of hydrogen.

2 Methodology

2.1 DFT calculations

A close-packed hep(0001) surface was used to model the flat surfaces of Sc, Y, Ti, Zr Re,
Os, Co, and Ru while a fce(111) surface was used for Rh, Ir, Ni, Pd, Pt, Cu, Ag, and
Au and a bee(110) surface was used for V, Nb, Ta, Cr, Mo, W, and Fe. The calculations
were carried out using DFT with the RPBE functional [31, 32] implemented in the
Dacapo code. Plane wave basis sets were used to simulate a periodically repeated (2x2)
three layer supercell. The stepped surfaces were modeled with (6x2) three layer cells,
where three rows of the metal atoms in the top layer were removed to create a strip
island three rows wide. Increasing the strip size to five rows was found to change the
adsorption energy in test cases by less than 0.1 eV. The calculated lattice constants were:
Sc 3.30 A (¢/a ratio: 1.59), Ti 2.96 A (c/a ratio: 1.59), Re 2.76 A (¢/a ratio: 1.62), Os
2.76 A (¢/a ratio: 1.58), Co 2.48 A (c¢/a ratio: 1.62), Ru 2.75 A (¢/a ratio: 1.58), Y
3.68 A (¢/a ratio: 1.57), Zr 3.26 A (¢/a ratio: 1.59), Rh 3.85 A, Ni 3.56 A, Ir 3.87 A, Pt
4.02 A, Pd4.02 A, Cu3.71 A, Ag 421 A, Au4.22 A, Ta 3.33 A, V 3.02 A, Nb 3.33 A,
W 3.20 A, Mo 3.20 A, Cr 2.87 A, and Fe 2.91 A. The slabs were separated by 10-12 A of
vacuum. For the close-packed surfaces, the two bottom metal layers were fixed and the
top layer was allowed to relax as were the adsorbed species. For the stepped surfaces,
the two top close-packed layers were allowed to relax, whereas the bottom layer was
fixed. The structural optimizations were considered converged when maximum force in
any direction on any moveable atom was less than 0.01 eV/ A.

All the DFT calculations were spin restricted except those for Ni, Fe, and Co, where
spin-polarized calculations were made. The self-consistent electron density is determined
by iterative diagonalization of the Kohn-Sham Hamiltonian, with the occupation of
the Kohn-Sham states being smeared according to a Fermi-Dirac distribution with a
smearing parameter of kgT = 0.1 eV. All calculated values of the energy have been
extrapolated to kgT = 0 eV. A 6x6x1 Monkhorst-Pack k-point sampling was used
for the flat Ru surfaces and maximum symmetry was applied to reduce the number of
k-points in the calculations. For all the other metals, a 4x4x1 k-point sampling was
used since the difference between this and the denser k-point sampling was found to be
less than 0.01 €V in test calculations. A 2x6x1 k-point sampling was used for all the



stepped surfaces. The plane wave cutoff was 30 Ry for the wave function and 60 Ry
for the density for the Ru calculations, whereas these values were 25 Ry and 36.7 Ry,
respectively, for all the other metals.

2.2 Electrochemical reactions

As a convenient reference we take the source of protons and electrons to be the anode
reaction

Hy = 2H" + 2~ (3)

The protons are solvated in the electrolyte and the electrons are transported from the
anode to the cathode through a wire. At the cathode the reaction is

N2+6H++6€_ —>2NH3, (4)

where nitrogen molecules, protons and electrons react to form ammonia. The overall
electrochemical reaction is, therefore, reaction (1).

In principle, four different types of reaction mechanism are possible for the electro-
chemical ammonia synthesis. Associative or dissociative pathways where either adsorbed
NoH, or NH, species can be hydrogenated are possible. In addition, both these path-
ways could include a Tafel-type mechanism [33] where the solvated protons from the
solution first adsorb on the surface and combine with electrons and then the hydro-
gen adatoms react with adsorbed NoH, or NH, species. The other possible reaction
mechanism is a Heyrovsky-type reaction [34] where the adsorbed NoH, or NH, species
are hydrogenated by direct attachment of protons from the solution and electrons from
the electrode. In the latter case an applied bias can directly affect the thermochemical
barrier, whereas in the Tafel-type reaction it can only have an indirect effect through
varying the concentrations of the reactants [35, 36]. In this study we are considering
a room temperature process and since the activation barriers for the Tafel-type *H +
*NH, -> *NH,,; reactions are about 1 €V or higher for most transition metal surfaces
[10, 37] a Tafel-type mechanism will be very slow. The process will therefore either
go through an associative or dissociative Heyrovsky-type reaction. Similar assumptions
have been made in the electrochemical reduction of Oy and CO4 [30, 38, 39].

First, we consider the possibility that the reaction follows an associative Heyrovsky
mechanism, where the nitrogen molecules are hydrogenated by protons, analogous to
the mechanism in the enzyme (an asterisk, *, denotes a site on the surface):

* + Ny — *Ny (5)

*Ny +6(H" +e7) — «NoH +5(H" +¢7) (6)
*NoH +5(H" +e) = *NNHy +4(H +¢e7) (Ta)
*NoH +5(HY +e) > *xNHNH +4(H" +¢7) (7b)



«sNNHy +4(H" +e7) — «N + NH; + 3(H" +¢7) (8a)

*NoHo+4(H" +e7) - «NHNHy +3(H' +¢7) (8b)
*N +3(H" +e ) —»+«NH+2(H" +¢7) (9)
«NH+2(H" +e7) = «NHy+ (H" +¢7) (10)

*NHy+ (H"+e) — «xNH; (11)
*NHz — NH; + x (12)

where *NoH, in 8b can be either x NN Hy or *x NHN H. Since reaction 8a is much more
favorable than 8b we continue with *N on the surface in eqn. 9. Then, we consider a
dissociative Heyrovsky mechanism, where the nitrogen molecules are first dissociated on
the surface and subsequently hydrogenated by direct attachment of protons from the
solution:

2%+ Ny — 2% N (13)

2x N+6(H"+e ) = *«N+*NH+5H" +¢) (14)
*N +*NH+5H"+e ) > 2« NH+4(H " +¢€7) (15)
2x NH+4(H" + ¢ ) — «NH ++«NHy+ 3(H" +¢7) (16)
«NH ++NHy + 3(H" +e7) — 2% NHy + 2(H" +¢7) (17)
2%« NHy+2(H" 4+ e ) = «NHy +*NHz + (H" +¢7) (18)
*NHy ++«NHy+ (H" +e7) — 2% NHs (19)

2x NHy — «NHg + NHs + % (20)

«N Hs + N Hy — 2N Hy + 2% (21)

DFT calculations were used to estimate the free energy of each elementary step.
The calculations provide information about the stability of various possible surface in-
termediates, which is difficult to obtain by other means. The adsorption energy and
vibrational frequencies for the most stable configuration of each intermediate were cal-
culated and the free energy could thus be estimated within a harmonic approximation
as a function of applied potential. On this basis, we establish a reaction mechanism and
estimate the thermochemistry of the cathode reactions. The computational standard
hydrogen electrode was introduced in Ref. [30] for describing trends in electrochemical
oxygen reduction. Here, we apply it to the reduction of N and Ny in an electrochemical
cell. The procedure involves 5 steps:

1. The reference potential is set to be that of the standard hydrogen electrode
(SHE). The chemical potential (the free energy per H) of (HT + e7) is related to that
of %Hg (Eq. 3 is in equilibrium). This means that at pH = 0, potential of U = 0 V
relative to the SHE and 1 bar of Hs in the gas phase at 298 K, the reaction free energy

3



of reaction (1) is equal to that of the net reaction of (5) - (12) or (13) - (21) at an
electrode.
2. The free energy of the intermediates is calculated at zero potential and pH =0

where AF is the reaction energy. AE;pp and AS are the differences in zero point energy
and entropy, respectively, between the adsorbed species and the gas phase molecules.
The vibrational frequencies of the adsorbed species are calculated using normal mode
analysis with DFT calculations and they are used to determine the zero point energy
correction and vibrational entropy of the adsorbed species, as described in Ref: [36].
The gas phase values are taken from standard molecular tables |40].

3. The effect of an applied bias, U, is included for all electrode reactions involving
an electron by shifting the free energy by —nelU, where n is the number of electrons
involved in the reaction

4. The effect of the electric field at the surface is taken into account. The simplest
estimate involves introducing an external sawtooth potential with a potential drop in
the vacuum, hence creating an electric field at the surface [30, 41, 42, 43|. This field
interacts with the dipole moment of the adsorbed species. Earlier estimates of the effect
on the free energy has found the effect to be small. For example, the adsorption energy
of O* and HO™* has been estimated to change by less than 0.015 eV at +1 V bias where
the Helmholtz layer was assumed to be 3 A thick [30]. The field effect on the adsorption
energy of the Ny, N, NHy and NNH species adsorbed on steps and on flat surfaces is from
-0.02 to +0.05 eV when changing the bias by -0.9 V (+0.3 V/A field) and from -0.06
to 4+0.13 eV when applying a -2.7 V bias (+0.9 V/A). The field effect on the ZPE are
even smaller than on the potential energy, or <0.01 ¢V and 0.01 eV when applying +0.3
V/A and +0.9 V/A electric field, respectively. These effects are neglected since they
are much smaller than typical error estimates associated with DFT/GGA calculations,
and are not likely to changes the trends studied here.

5. It is known, that the presence of water may help stabilize some species more
than others via hydrogen bonding. For example *NH is expected to be stabilized by
hydrogen bonding, while the effect of the water layer on adsorbed nitrogen will be neg-
ligible. The effect of hydrogen-bonded stabilization of the adsorbates has been included
in the following approximative way. We include hydrogen bonds using information for
hydrogen bonds of *O-H (0.5 eV) [30, 44, 45] and *O-O-H (0.25 eV) [46] adsorbed on a
surface. This is 0.25 eV per H-bond of the OH—:O type. We then divide these numbers
by 3, according to the difference in strength of the H-bonds of the OH—:O type vs.
NH—:O type in gas phase [47]. Similar assumptions have been made previously for the
intermediates in the COq reduction [39].

Explicit inclusion of water in the simulations would increase the computational effort
tremendously and has not been included in this study, since here we are trying to get
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a qualitative picture of where to search for catalyst for the Ny reduction into ammonia.
The preferred adsorption geometry can change dramatically by the explicit inclusion of
water, in particular in methanol adsorption on Pt(111) [48]|. There, the effect was large
because the OH group binds to the surface in the absence of water, but gets pointed
away from the surface to form hydrogen bonds in the presence of water. In the cases
presented here, the protons that can form hydrogen bonds with water molecules are
already pointing away from the surface so a significant change in the geometry is not
expected.

In the present reaction, *OH and *O species could poison the surface sites; especially
the stepped surfaces and all surface sites of the early transition metals. However, at a
sufficiently negative bias needed for the Ny reduction, the *OH and *O species are
reduced to water.

At a pH-values different from 0, the free energy of H™-ions should be corrected for
the concentration dependence of the entropy, G(pH) = - kT-In[H "] = kT-pH:In 10. All
calculations presented here are for pH = 0.

2.3 Estimating trends in reactivity

The adsorption energy of all intermediate states in (5) - (21) were calculated for the
flat and stepped surfaces for a range of transition metals. The results were used to
estimate the free energy change in the elementary reactions (5) - (12) and (13) - (21).
The negative of the free energy difference of an elementary step, -AG, is used as a simple
measure of the onset potential (theoretical overpotential) needed for these reactions to
have a reasonable rate.

Trends in catalytic activity of the transition metals can be summarized and inter-
polated using approximate linear relations for the adsorption energy [49]. It has been
shown that the adsorption energy of simple hydrogen containing species AH,, (for exam-
ple, CH,, (x =1, 2, 3), NH,, (x = 1, 2), OH,, (x = 1) and SH,, (x = 1)) depend nearly
linearly on the adsorption energy of the atom A. Larger carbon containing molecules
have been shown to scale with adsorption of C as well [50]. In this paper we establish
linear relations for NoH, (x = 0, 1, 2) molecules using the chemisorption energy of the
N-adatom as the descriptor. Within this approximate scheme, we construct so-called
volcano plots where the onset potential and the most catalytically active metal surface
can be identified.

3 Results

3.1 Ammonia formation on a flat and stepped Ru(0001) surface

We first present results of calculations of the reduction of nitrogen via the associative
and dissociative mechanisms on the Ru(0001) surface. All intermediates are included
and the free energy is referenced to Ny and Hy in the gas phase. Similar results have



previously been published for the dissociative mechanism on flat and stepped Ru(0001)
and the associative mechanism on flat Ru(0001) [13, 51, 52|, but the results on the
associative mechanism at a step are new. In the discussion section, we use these results
to predict the electrochemical analogs of each step of these different mechanisms.

Hydrogen atoms are added one by one to the adsorbed species and DFT calculations
are used to find the minimum energy configuration, binding energy and vibrational
frequencies. Several structures and adsorption sites were investigated in each case. In
the discussion section below, we add the influence of an applied electric potential. The
DFT calculations show that an intact Ny molecule binds on the flat Ru(0001) surface
with an adsorption energy of -0.4 eV. The free energy change at ambient conditions
is estimated to be +0.08 eV because of the large loss in entropy in going from the gas
phase to a surface bound molecule, see Fig. 1. The most exergonic step, or the potential
determining step, in the reduction to form ammonia is the addition of the first hydrogen
atom to form NyH. This first hydrogenation step is 0.75 eV uphill in energy and 1.08 eV
in free energy (after including ZPE and entropy). A large entropy loss is also associated
with the binding of hydrogen from the gas phase.
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Figure 1: Free energy for the associative mechanism on a flat Ru(0001) surface obtained
from DFT calculations of the binding energy and vibrational frequencies, as well as
entropy of the gas molecules. For an electrolyte with pH = 0 at 300 K, this also gives
the free energy for the electrochemical reaction when there is no applied bias, U = 0 V.
The most difficult step is the addition of the first proton to the adsorbed No molecule.
With an applied potential of U = -1.08 V, all the elementary steps involve either no
change or a decrease in free energy.

The intact Ny binds more strongly at a step on the Ru(0001) surface, with an
adsorption energy of -0.71 eV. This drop in energy is sufficiently large to make the free
energy of adsorption -0.23 eV despite the significant loss in entropy from the gas phase,



see Fig. 2. The addition of a hydrogen atom is again uphill in free energy and the
addition of the second hydrogen atom even slightly more uphill in Fig. 2a whereas the
first hydrogen step is most uphill in free energy in Fig. 2b.
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Figure 2: Free energy for the associative mechanism at a step on the Ru(0001) surface,
analogous to Fig. 1. The most difficult step is the addition of a) the second proton or
b) the first proton to the Ny molecule adsorbed at the step. With an applied potential of
a) U=-043Vorb) U=-0.94V, all the elementary steps involve either no change
or a decrease in free energy. c¢) Minimum energy configurations of NoH and NNH,.
Configuration a shows NoH adsorbed at the step and also bound to the terrace on the
Ru(0001) surface. One N-atom is bound to the step at a bridge site with N-Ru bond
lengths of 2.188 A while the other N atom is bound to the terrace at a 3-fold hollow site
with bond lengths of 2.09 A on average. In configuration b the NoH is adsorbed only at
the step at a bridge position with N-Ru bond lengths of 2.058 A. Configuration ¢ shows
NNH, adsorbed at a bridge position of a step with N-Ru bond lengths of 2.027 A. A side
view and top view of the various admolecules on the stepped Ru surface are shown in
Fig. S1 in the Supporting Information. Color code: Ru, grey; N, blue; H, yellow.

The minimum energy configurations of the NyH, admolecules at the step are shown
in Fig. 2c. A particularly stable configuration of the adsorbed NoH molecule was found
where the molecule bends down towards the surface so that both N atoms become
bonded to metal atoms (configuration a). This significantly reduces the free energy
barrier for the reduction as compared to the flat surface and makes the addition of
the second hydrogen atom most uphill in free energy at the step. In Fig. 2b we have
also included the possibility of reacting through the configuration labeled b since it
does not involve a terrace site under the step. Under realistic conditions, the surface is



expected to be covered with hydrogen. Trends in both reaction mechanisms throughout
the periodic table are discussed below.

It is well-established that dissociation of Ny can only take place at steps on the Ru
catalyst surface, because there is a prohibitively high energy barrier for dissociation on
the flat terrace [51], on the order of 1.9 eV. Fig. 3 shows the free energy diagram for the
formation of ammonia at the stepped Ru(0001) surface via such a dissociative pathway
at room temperature. In this case, the step most uphill in free energy would be the
reduction of *NH, to NHg(,. Similar results were presented in [52], but are included
here for completeness.

Free Energy [eV]

2

Reaction coordinate

Figure 3: Free energy for dissociative mechanism at a step on the Ru(0001) surface,
analogous to Fig. 1 and Fig. 2. A predicted free enerqy profile for an applied potential
of -0.16 V is also shown. This is the bias needed to prevent an increase in free energy at
the potential determining step. The adsorbed ammonia molecules would then get further
protonated to NH; and enter the solution (not shown).

3.2 Adsorption of N and NyH, on other transition metals

To estimate the trends in catalytic activity of the transition metals in the associative
reduction of nitrogen, a calculation of the binding of NH, and NoH, (x = 0, 1, 2)
molecules has been carried out on a range of metal surfaces, both the flat and the
stepped surfaces. The metals span a wide range in binding energies. The binding
energy of NoH, was found to scale quite well with the binding energy of N, analogous to
what has been found for AH, (A = C, N, O, and S) and CyH, type molecules previously
[49, 50]. Fig. 4a presents the same DFT calculations as in Ref: [49] (of NH, species)
whereas here we have added more of the early transition metals; Y, Ti, Zr, Ta, V, Nb, Cr
W, Os, and Fe. The results for NoH,. species on flat surfaces are shown in Fig. 4b, where
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the NoH, energy is plotted against the adsorption energy of N. The linear relations of
the NoH,. binding energy at a step are shown in Fig. 4c. The results are similar to those
obtained for the flat surfaces. The slopes are similar, whereas the intercepts are slightly
more negative for the steps since the steps tend to bind intermediates to the surface
relatively stronger than the flat surfaces.

The closed shell molecule Ny binds only weakly and with similar strength to all these
transition metals, so its binding energy is largely independent of the binding energy of
N. The adsorption energy of the NoH, radicals, however, scales in a different way for
the early transition metals than for the late transition metals. In the former case, the
slope is higher than one since both nitrogen atoms in the NoH, species form bonds to
the surfaces and the bond between the N-N atoms has increased to 1.43 A on average
(c¢f. Tables I-IV in the Supporting Information). In the latter case, the NoH, species
bind only with one of the N to the surface (except for the NoH® configuration on the
steps) and the average bond length is shorter (1.30 A). The slopes are all around 2/3 for
both NoH and NyH, on both flat and stepped surfaces. The binding energy of the NNHy
species on Y, Ti, Sc and Zr do not fall on the line because of large surface relaxation
effects. This does not affect any of the remaining results since on those surfaces Ny will
dissociate immediately.

In Fig. 4d, the adsorption energy of H adatoms is plotted as a function of the
chemisorption energy of N adatoms on selected, close packed metal surfaces. The relation
is linear between these adsorption energies. In the discussion section, we use this linear
relation to relate the H adsorption energy to the adsorption energy of N adatoms.

4 Discussion

The calculated results presented in the previous section can now be used to estimate
two possible variations in the system: (1) the effect of applying an electric potential,
and (2) the effect of replacing Ru with some other transition metal. Plotting these two
variables constructs so-called volcano plots.

4.1 Applied potential on a Ru electrode

We now use the approach described in section 2.2 to estimate the effect of an applied
bias on the elementary steps in the reduction of nitrogen at a Ru electrode. Assuming
an electrolyte solution with pH = 0, room temperature and 1 bar pressure of Hy gas, the
results for the gas phase reduction at steps can be directly related to the electrochemical
reduction steps [30]. The only difference is the change in the free energy of the electrons
in the electrode when the electric potential is applied, as given in eqn. 23. By applying
an electric potential which raises the free energy of the electrons in the metal electrode
and hence drives protons from the electrolyte towards the metal surface, the uphill
reaction steps can be eliminated. We will assume that the onset of a significant reaction
rate occurs at a potential where the initial and final states of an elementary step have
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Figure 4: Adsorption energy of a) NH, admolecules on both flat and stepped transition
metals and in b) and c) the adsorption energy of NoH, admolecules as a function of the
chemisorption energy of N on selected transition metals, both for b) flat surfaces and c)
steps. d) Adsorption energy of H adatoms as a function of the chemisorption energy of
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the same free energy, AG = 0. This approach has been successfully applied to other
electrochemical reactions [30, 38, 39, 53].

First, we focus on the associative mechanism, which is analogous to the mechanism
in the enzyme. The free energy variation in the presence of an applied bias is shown
in Fig. 1 for the flat Ru(0001) surface. When hydrogen is added in the form of H,
molecules, the reaction has significant thermochemical free energy barriers, as has been
noted previously [13]. In the enzyme, however, hydrogen is not entering as Hy but
as protons and electrons, H" and e~. The free energy variation changes significantly
when the chemical potential of the protons and the electrons is increased by applying a
negative electric potential. With a potential of U = -1.08 V vs. SHE, the free energy
rise upon adding the first proton to Ny is eliminated and all steps become downhill in
free energy (exergonic). It is noted here that at this stage we have not yet considered the
competing reaction, Hy formation. For this negative potential and on a Ru electrode,
hydrogen gas will be formed in much higher quantities than ammonia.

A much smaller potential is needed if the Ny is bound to a step site. There, a
potential of U = - 0.43 V or U = -0.94 V suffices to make the reaction downhill in
free energy at each step, as shown in Fig. 2a and Fig. 2b, for mechanisms a and b,
respectively.

In the dissociative mechanism, see Fig. 3, it is enough to apply a potential of -0.16
V to eliminate the reaction free energy of the most difficult step. After the dissociation
of the Ny molecule, all steps in the formation of adsorbed ammonia molecules are then
downhill in free energy. The next step would be to further protonate the adsorbed NHj
to form NH; solvated in the electrolyte. The last step is not shown in the figure since
that requires more detailed modeling of the solvated NH} ion in the liquid and will be
the subject of future work.

4.2 Volcano plots for ammonia formation

The question now arises whether other transition metal surfaces than Ru can be better
catalysts for the electrochemical reaction. By using the linear relations for NH, and
NoH, adsorption as a function of the binding energy of N adatoms presented in Fig.
4, one can create volcano plots to see which value of the binding energy of N adatoms
would provide the lowest onset potential for electrochemical ammonia synthesis. This
method was introduced in Ref. [38] where it was applied to the electrolysis of water on
oxide surfaces.

In this analysis, the reaction free energy can be used directly as a simple measure
of electro-catalytic activity. The reaction free energy for each elementary step can be
expressed as a function of the applied bias U and the binding energy of the nitrogen
adatom, denoted as N*, in the following way. First, we consider a Heyrovsky-type
reaction with an associative mechanism, where solvated protons from the solution can
directly react with an electron and NoH, or NH, species on the surface:
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Noggy +6(H" +e7) — «NoH + 5(H" 4 ¢7),
AGl,YfFe = AG.nym — AGN2(g>
= AF.n,g +0.80 eV —0 eV + eU
=1.61AE.y +222 eV +eU

Nogy+6(H" +e7) = «NoH +5(H* +e7),
AGh peag = MGy, — MGy,
= AF.n,g +0.80 eV —0 eV +elU
=0.59AFE,.ny +1.31 eV +eU
*NoH +5(H" +e”) - *NNHy +4(H' +¢7),
AGQ,Y—OS - AG*NNHQ - AG*NQH
=AFE.nNm, +1.11 eV — AE nyg — 0.8 eV +eU
= —0.56AE,y —0.50 eV + eU
*NoH +5(H" +e”) - *NNHy +4(H' +¢7),
AGy0s-1g = AGunNE, — AGinyn
=AFE.nNm, +1.11 eV — AEn,g — 0.8 eV 4+ eU
= 40.00AE,y —0.01 eV +eU
sNNHy +4(H" +e7) — N+ NHs +3(H" +¢7),
AGsy-0s = AGuN + AGNH, ) — AGnNH,

(24)

(27)

=AFE,n+026eV —0.31 eV — AE.nng, — 1.11 eV 4 eU

= —0.05AFE.,ny — 177 eV +eU

*NNHy+4(H" + e ) — *N + NH3z +3(H" +¢e7),
AG30s-4g = AGN + AGNH3<9) — AG.NNH,

(28)

= AE*N + 0.26 eV —0.31 eV — AE*NNHg —1.11 eV + elU

= 0.36AE,ny —1.35 eV +eU

*N +3(H" +e ) = «NH+2(H" +¢7),
AGy = AG.ny — AG.n
=AFE.ng+057eV —AFE,ny —0.26 eV + eU
= —0.24AFE,ny —0.41 eV + eU
*xNH+2(H" +e”) - «xNHy+ (H" +¢7),
AGs = AGuym, — AGunn
= AF.ng, + 088 eV — AE,ny —0.57 eV 4+ eU
= —0.33AEny +0.15 eV + eU

14

(29)

(30)

(31)



*NHy + (H" +e7) — NHs),
AGs = AGNm,,, — AGinm,
= 031 eV — AByg, — 0.88 eV + eU
= —043AE,y — 031 eV +eU

The free energy is expressed here as a sum of an energy contribution that scales as the

(32)

adatom binding energy, a constant coming from zero point energy and entropy, and the
energy shift due to the applied potential. The energy of all the different NoH, and NH,
species is now expressed in terms of the N adatom binding energy by using the linear
scaling relations from Fig. 4. The energy relations and the constants in Eqs. 24 - 32 are
shown for flat surfaces, whereas similar equations may be written for stepped surfaces.

The negative of the change of the free energy, —AG, which within our approxima-
tions gives the onset potential, is shown in Fig. 5a and b for the six charge transfer
reaction steps of the Heyrovsky-type reaction, Eq. 24 - 32. A volcano plot is obtained in
both cases, where the right side of the volcano is limited by the first proton transfer step
(and adsorbing Ny, ), Eqgs. 24, (green lines) both for the flat and the stepped surface.
The left side of the volcano is limited by the fifth proton transfer step, Eqgs. 31 (yellow
line) for the flat surfaces whereas the last proton transfer step, Eqs. 32, (magenta line)
is the limiting step for the stepped surfaces.

-AG [eV]
-AG [eV]

4 - 0 1 2 - - 0 1
a) AE, [eV] b) AE,, [eV]

Figure 5: Negative of the change of the free energy, -AG, which within our approzima-
tions is proportional to the onset potential, for all the charge transfer steps of ammonia
synthesis as a function of the nitrogen binding energy at U = 0 V vs. SHE. AG is
calculated from linear relations (lines) as explained in the text. The data points are the
DFT values of -AG for the reaction step determining the onset potential. The resulting
volcanos are indicated with the shaded areas. The best possible material would fall on the
horizontal dashed line representing the theoretical equilibrium potential +0.1 V. a) is for
flat surfaces and b) for stepped surfaces via the Heyrovsky-type associative mechanism.

The predicted onset potential for ammonia formation is slightly smaller for the flat
surfaces than the stepped surfaces for the left side of the volcano. The stepped surfaces
are, however, more catalytically active than the flat surfaces for the right side of the
volcano. The top of the volcano is shifted to the right, from approximately -1 eV for
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the flat surfaces to -0.5 €V for the stepped surfaces. Mo is closest to the top for the
flat surfaces, and is, therefore, the best catalyst among the metals considered here.
The estimated electrical potential needed to form ammonia is about -0.5 V for the flat
Mo surface. It should be noted here that by turning Fig. 5 upside down the same
analysis may be applied to the reverse reaction: ammonia decomposition (oxidation)
into nitrogen gas, protons and electrons.

The main reason why the steps are more active than the flat surfaces on the right
side of the volcano is because of the stable configuration possible for NoH at a step, as
shown in configuration a in Fig. 2c, which is not possible on a flat surface. This makes
the first hydrogenation at a step less endothermic than on the flat surface.

At a negative applied bias most surfaces will be fully covered with H adatoms [36]
which will make the NyH configuration less likely to form. A H adatom needs to
be turned into a solvated proton and an electron (Volmer oxidation reaction: «H —
H* + e + %) to free up a site on the lower terrace. We have, therefore, also considered
configuration b in Fig. 2¢ which does not need two empty sites. The trends and linear
relations for configuration b are quite similar as for configuration a, ¢f. Fig. 4c.

Next, we consider the dissociative mechanism:

Ny(gy — *2N,

AGy = 2AG.x — AGn,,, (33)
=2(AE.N +026 V) —0eV
=2AFE.n +0.52 eV

and the remaining equations are the same as Eqs. 30 - 32. In both cases the Ny splitting
is the most difficult step at the right leg of the volcanos in Fig. 6. For the more active
volcano, Fig. 6a, the left leg is limited by the protonation of the NH species on the flat
surface. This is the same step as for the associative mechanism on the flat surfaces. The
estimated electric potential needed to form ammonia is about -0.35 V for the optimal
flat surface via the dissociative mechanism.

0 1
AE,, [eV]

Figure 6: Similar to Fig. 5, but here for the dissociative mechanisms.
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Ny dissociation is very slow on flat surfaces of Fe and Ru and it has been shown that
defects are necessary to split the strong triple bond of Ny [51]. To get a reasonable rate
the temperature is increased to approximately 700 K [6, 8]. Hence, these metals (and
more noble metals) will not be able to split the Ny bond with a reasonable rate at room
temperature. However, since the early transition metals bind atomic nitrogen strongly
the reaction will be very exothermic with a small or no activation barrier, even on the
flat terraces. The dissociative mechanism is thus possible on the early transition metals
at room temperature, whereas it is impossible on the late transition metals. From Fig.
6 we see for the early transition metals that the flat surfaces have lower overpotential
than their stepped counterparts.

Fig. 7 shows a combined volcano diagram from the four volcanoes displayed in Fig.
5 and 6; the dissociative (solid lines) and associative (dashed lines) mechanisms on both
flat (black) and stepped (red) surfaces. The H-bonds effect has been included (dotted
lines) as described above in section 2.2. Considering the metals on the right legs of the
volcanoes to start with, for both of the surface structures the adsorption of molecular
nitrogen and the first proton transfer step (Noig) + HT + e~ — *NyH) is determining the
onset potential for the associative mechanism, whereas the N, splitting is determining
the rate for the dissociative mechanism. The metals on the left legs have the same
reaction steps determining the onset potential for the dissociative and the associative
mechanism; the *NH + H* + e~ — xNH, reaction on the flat surfaces and the *NH,
+ H* + e — NH;(, reaction on the stepped surfaces.

The main problem is that the formation of hydrogen gas can end up being very fast
unless the surface is covered with N-adatoms rather than H-adatoms. A calculated phase
diagram showing whether the surface is covered with adsorbed N-atoms or H-atoms is
also shown in Fig. 7. The reference state is Ny and H, in the gas phase at 1 bar. The
free energy of N- and H-adatoms is taken to be a function of the same descriptor as
used in the volcanos, the nitrogen binding energy, by using the linear relation of *H vs.
*N adsorption energy from Fig. 4d. From this analysis, only the flat metal surfaces of
Sc, Y, Ti and Zr are expected to be covered with N instead of H, at the negative bias
needed for the ammonia synthesis to be downhill at these particular metals. Combining
this result with the free energy difference of *NH vs. «H (vertical line a in Fig. 7) and
of *NH, vs. Hy (line b), we predict flat metal surfaces of Sc, Y, Ti and Zr to form
ammonia with the dissociative mechanism rather than Hy molecules.

The free energy difference of *NoH vs. *H (line ¢) and of *NyHy vs. Hy (line
d) indicates on which metal surfaces the species needed for the associative mechanism
for ammonia formation are lower in free energy than the species needed to form H,
molecules. According to this analysis, the *NyH, species are more stable than *H
or Hy 4 on Cr and more reactive metals. However, N, dissociation will occur quite
readily on these surfaces anyway and the dissociative mechanism will thus be more
likely than the associative mechanism for the early transition metals but the analysis
has not taken lateral interactions into account nor possible activation energy barriers of
these elementary steps.
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Figure 7: Combined volcano diagrams (lines) for the flat (black) and stepped (red) tran-
sition metal surfaces for reduction of nitrogen with a Heyrovsky type reaction, without
(solid lines) and with (dotted lines) H-bonds effect. The data points are the DFT values
of -AG for a given reaction step. The volcano is constructed by combining together the
four volcano diagrams in Figs. 5 and 6 for the dissociative (solid lines) and associative
(dashed lines) mechanisms on both flat and stepped surfaces. For both surface structures
the adsorption of molecular nitrogen and the first proton transfer step (Noy + H' + e~
— xNyH) is determining the activity of the metals on the right legs of the volcanoes for
the associative mechanism whereas the Ny splitting is rate determining for the dissocia-
tive mechanism. The metals on the left legs have the same rate-determining steps for the
dissociative and the associative mechanisms; the xNH + H™ + e — xNH, reaction on
the flat surfaces and the *xNHy + H* + e — NHy) reaction on the stepped surfaces.
The horizontal axis gives the binding energy of N-adatoms, which is used as a descrip-
tor. The grey shaded area indicates the conditions under which the surface will likely be
covered with H-adatoms. The white area indicates for which metals and at which bias
values the surfaces will be covered with N-adatoms instead of H-adatoms. This is done
by comparing the free energy change of No — *2N and Hy — 2(HY + ¢~ ) — *2H. The
vertical lines (a, b, ¢, and d) indicate which species are most strongly bound to the
surface when comparing reactions involving the same number of protons/electrons. To
the left of the line labeled a, *NH is lower in free energy than *H adsorbed on the surface
and Ny in the gas phase. To the left of line b, *NH, is lower in free energy than Ny and
H, in the gas phase. To the left of line ¢ is where *NyoH species have lower free energy
on the surface than *H species on the surface and Ny in the gas phase. To the left of
line d is where *NoHy species have lower free energy than Ny in the gas phase and if the
two protons and electrons are used to form Hs instead of reducing Ns.

This overall picture shows that the flat transition metal surfaces of Sc, Y, Ti, and Zr
should be able to reduce Ny to NH3 (without making too much Hy at the same time) via
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the dissociative mechanisms if a bias of ca. -1 V to-1.5 V vs. NHE is used. The analysis
presented above and shown in Fig. 7 can explain why the kinetics of Ny reduction in
the experimental studies carried out so far |21, 22, 23, 24, 25, 26, 27, 28| have been too
slow in comparison to Hy production. The Ru and Pt electrodes which were usually
used would have been covered with hydrogen at negative bias and nitrogen would not
have been able to adsorb and get reduced to ammonia. By using some of the early
transition metals such as Sc, Y, Ti, or Zr, N-adatoms would bind more strongly on the
electrode surface than H-adatoms and should get reduced to form NHj,) more readily
than forming Hy (), even at quite negative potentials.

5 Conclusions

Our theoretical analysis of the possibility of forming ammonia electrochemically on
pure transition metal electrodes indicates that a dissociative mechanism, analogous to
the Haber-Bosch industrial process, could yield ammonia, especially on flat surfaces of
the early transition metals Sc, Y, Ti, and Zr and negative potential bias at around -1.0
V to -1.5 V with respect to SHE. Hydrogen gas formation will be a competing reaction
for all other transition metal surfaces as it is for nitrogenase. But, since protons in the
electrolyte most likely add directly to an adsorbed nitrogen (Heyrovsky type reaction)
and some of the promising metal surfaces, such as Sc, Y, Ti, and Zr bind N-adatoms more
strongly than H-adatoms, a significant amount of ammonia compared with hydrogen gas
can be expected.

The effect of an applied bias and the trends over a range of transition metal elec-
trodes have been established using DFT calculations and harmonic approximation to
estimate free energy of adsorbed species. Several other significant approximations are
also invoked: (1) lateral interactions in the adsorbates are neglected and (2) the possi-
bility of potential-dependent/independent activation barriers that are larger than those
dictated by the thermodynamics have not been included. (3) We have not included a
water phase explicitly in the DFT calculations, but we estimate the effect of H-bonds
with water in an approximated way. A more detailed study should include these calcu-
lations and this will be the subject of future work. Despite the approximations we have
made, we believe the qualitative conclusions drawn are valid and the results presented
here will hopefully encourage experimentalists to study the Ny reduction into ammonia
on some of the early transition metals.
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