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Abstract

Electrochemical ammonia synthesis is being actively studied as a low temperature, low pressure alternative to the Haber-Bosch
process. This work studied iridium as the electrochemical catalyst, following a previous study of adsorption characteristics on
platinum. The characteristics studied include bond energies, bond lengths, spin densities, and free and adsorbed vibrational
frequencies for the molecules N2, N, NH, NH2, and NH3. Overall, these descriptive characteristics explore the use of dispersion-
corrected Density Functional Theory methods that can model N2 adsorption — the key reactant for electrochemical ammonia
synthesis via transition metal catalysis. Specifically, three methods were tested: hybrid B3LYP, a dispersion-corrected form
B3LYP-D3, and semi-empirical B97-D3. The latter semi-empirical method was explored to increase the accuracy obtained in
vibrational analysis as well as reduce computational time. Two lattice surfaces, (111) and (100), were compared. The adsorption
energies are stronger on (100) and follow the trend EB3LYP > EB3LYP-D3 > EB97-D3 on both surfaces.

Comparing B3LYP and B97 dispersion-corrected functionals for studying adsorption and vi-
brational spectra in nitrogen reduction

Esther F. Grossman, 11FEsther F. GrossmanDepartment of Physics and Astronomy, Center for Electro-
chemical Engineering Research, Ohio University, Athens, Ohio 45701, United StatesPresent Address: Jacobs
School of Engineering, UC San Diego, La Jolla, California 92093, United States Damilola A. Daramola,
22Damilola A. DaramolaDepartment of Chemical and Biomolecular Engineering, Center for Electrochemi-
cal Engineering Research, Ohio University, Athens, Ohio 45701, United States and Gerardine G. Botte
33Gerardine G. BottePresent Address: Department of Chemical Engineering, Texas Tech University, Lub-
bock, Texas 79409, United States

Correspondence to: Gerardine G. Botte (E-mail:gerri.botte@Qttu.edu )
Introduction

In 1954, about 2,900,000 metric tons of ammonia were produced in the United States, 70% of which was
utilized by the agricultural sector.! More than 60 years later, in 2018, U.S. ammonia production reached
an estimated 12,500,000 metric tons, with the world total coming in at 140,000,000 tons.? This essential
industrial process currently uses over 1% of the

world’s power.®> Ammonia is used in the synthesis of a variety of products, most notably, fertilizers. The
Haber-Bosch process, the process by which ammonia is produced, is a large source of carbon emissions pri-
marily because the synthesis reaction is performed at very high temperatures and pressures (350-5500C and
150-350 atm).* Researchers are looking for alternative mechanistic pathways to bypass the energy require-
ments of Haber-Bosch. Such processes include biological nitrogen fixation,’ultraviolet promotion of Ng,6
and electrochemical nitrogen reduction.” ™ For the industrial Haber-Bosch process, iron and ruthenium



are commonly studied'? ' because transition metals readily adsorb and release oxygen.'® Catalysts stud-
ied for the electrochemical process include ruthenium, iron oxides, and nitride compounds.”?1%:16 Osmium
and platinum have also been identified as good catalysts.!”'® Experimentally, Allagui et al. found that a
bimetallic PtIr nanoparticle catalyst decomposed ammonia at a 33% higher rate than platinum alone.'® Le
Vot et al. found that iridium lowers the overpotential of ammonia oxidation.?Y Boggs and Botte came to the
same conclusion in their study of PtIr anodes deposited on carbon substrates in alkaline solution.?! Lastly,
Estejab and Botte used small cluster calculations to show Irs is more active than Pt3 in nitrogen oxidation.'8
These studies suggest a basis for exploring mechanistic behavior on larger clusters of iridium for nitrogen
reduction. By better understanding the thermodynamics of the reaction, new steps can be taken in the lab
to increase ammonia yield.

When using clusters to represent catalysts, the computational scheme is very important. The popular BSLYP
Density Functional Theory (DFT) method does not describe dispersion between molecules well and thus
cannot appropriately describe Ny adsorption on a catalyst surface. Hopmann et al. computationally studied
bond formation and ligand exchange reactions mediated by iridium in solution. They found that the free
energies of B3LYP systems with dispersion provide moderate overall accuracy and significant improvement
over B3LYP alone.?? Therefore, this study tests B3LYP against its dispersion-corrected form, as well as
against a less computationally expensive dispersion-corrected functional, B97-D3.

This paper has two primary objectives. The first is to calculate adsorption energies, binding sites, and vibra-
tional spectra for the intermediates involved in the ammonia synthesis reaction on pure iridium. This data
can be used to shed light on the reaction mechanism of ammonia synthesis on the (111) and (100) surfaces.
The activation energies, which correlate to the speeds of the possible reactions, can also be calculated, but
they are beyond the scope of this study. Calculations on pure iridium will serve as a direct comparison to
previous calculations performed on pure platinum clusters.?? Key differences will be analyzed with respect
to adsorption energetics and bonding sites. These calculations can also serve as a benchmark for future
bimetallic calculations. Additionally, significant energy savings would result from an electrochemical process
that takes place at ambient temperatures and pressures. 2425 Thus, all calculations in this study are run at
standard temperature and pressure (STP). The second objective is to compare the accuracy of three Density
Functional Theory methods — BSLYP, B3LYP-D3 and B97-D3 — in predicting bonding sites, bonding lengths,
bonding energies and vibrational frequencies on the catalyst surface. These characteristics are well-modeled
by cluster calculations.!8:23,26

Methods

All calculations were implemented in Gaussian 09 using default convergence limits.?” The computational
schemes compared in this study are BSLYP, B3LYP-D3, and B97-D3. B3LYP is the Becke-style 3-Parameter
functional.?®2? The dispersion corrected version, BSLYP-D3, uses Grimme’s dispersion and the Beck-Johnson
damping parameter.?® B97-D3 is Grimme’s functional with Becke-Johnson damped dispersion as well.2? 3!
While B3LYP is a hybrid functional, often used to achieve bond lengths and vibrational frequencies close
to experimental values,3? B97 is a semi-empirical pure functional which delivers speedier results on larger
clusters of atoms.

For consistency between methods and with previous calculations on platinum,?? we will use the LANL2DZ
basis set for the iridium atoms and 6-311+-+g** basis sets for nitrogen and hydrogen.?

The (111) and (100) surfaces of the face-centered cubic iridium catalyst are both modeled in this study. As
a default in Gaussian 09, the most abundant isotope (Ir-193) is used for calculations.33The clusters built
for these calculations are kept at frozen coordinates during optimization, with an atomic Ir-Ir spacing of
0.3839 nm.?* All adsorbates are unfrozen. Frequency calculations are conducted at the minimum energy
geometries obtained from optimization. Bending modes with an IR intensity less than 20x1074° esu?cm?or
Raman activity less than 20 A*/AMU are considered difficult to observe against the cluster vibrations and
are therefore not all recorded in this paper. For general comparisons, this paper classifies vibrations as weak

(activity [?] 40), moderate (activity= 40-100), strong (activity = 100-200), and very strong (activity= 200+).



Cluster Geometry

A cluster size of 15 Ir atoms was chosen by analyzing the cohesive energy and spin density of Ir, clusters
(n=10, 15, 20, 25, 30) shown in Figure 1. Each Ir atom has nine valence electrons spread amongst its
5d and 6s orbitals. An initial estimate for the number of unpaired electrons in our modeled catalyst was
determined using Kua and Goddard’s Interstitial Electron Model.?* Their model estimates the unpaired
electrons for the (111) surface and hypothesizes that the surface has s'd® configuration. This methodology
was used to describe the (100) surface as well, as an initial guess. The number of unpaired electrons in
the ground state and the energies of each cluster are calculated and presented in Table 1. Cluster energies
were calculated for two multiplicities above and below the ground state multiplicity to evaluate convergence
to a minimum. Clusters larger than 20 atoms did not converge using B3LYP or B3LYP-D3. Only the
(100) surface of B97-D3 converged for clusters larger than 25. As shown in Table 1, the larger the cluster,
the closer the cohesive energy comes to approaching the experimental bulk cohesive energy of iridium, 670
kJ/mol.3537 (111) surfaces are more tightly packed and thus approach the bulk cohesive energy quicker than
(100) surfaces. A cluster size of 15 atoms is ultimately chosen over a size of 20 atoms because the spin
densities across the 15-atom cluster are closer to the number of unpaired electrons per atom in the ground
state d-orbital i.e. two (see Figure 2).

The 15-atom cluster is chosen for both the (111) and (100) surfaces; they are pictured in Figure 1lc and 1d
respectively. They are both two-layer clusters with enough surface area that all principal adsorption sites
on the surface are distanced from the catalyst’s edge, reducing “edge effects.”

Simulation Procedure

First, the molecules Ny, N, NH, NH,, and NHj3 are optimized in the gas-phase using each of the three DFT
functionals. The optimized molecules are then placed on the (100) and (111) catalyst clusters at one of the
preferential sites in Figure 3. Each molecule is optimized separately at every possible preferential site in
order to determine the lowest energy position on the catalyst. For Ng optimizations, that includes testing
end-on and side-on N-N configurations at each site. After optimization, frequency calculations are run on
the lowest energy adsorption sites. This data is then compared between functionals and to other theoretical
and experimental benchmarks.

Results
Binding energy is calculated from equation 1:
Erinding = Err4nu, — B — Enn, (1)

where binding energies are based on electronic energies for calculated preferential adsorption sites, and on
zero-point and thermal-corrected energies elsewhere.

Preferential Adsorption Sites

The molecules successfully adsorb to the surface of each catalyst at the sites show in Figure 4. About one
hundred structures were successfully optimized, with nine failures that were due to an inability to converge
or bond to the catalyst surface. When two different starting geometries converged to the same final site, the
lower energy optimization was used in calculations for Figure 4.

Irys (111) Cluster

N and NH adsorb at top, hexagonal close-packed, and face-centered cubic positions using all methods —
B3LYP, B3LYP-D3, and B97-D3. The HCP position is most favored, closely followed by FCC. This is
very similar to the theoretical findings of Krekelberg et al., whose study used periodic DF'T methods PW91
and RPBE.?® They found that HCP and FCC were equally favorable. NH, adsorbs at the bridge position
for all methods and the top position for B3LYP-D3 and B97-D3, with the bridge position being slightly
more favorable. NHj3 also adsorbs at top and bridge positions for all methods, and the top position is most
favorable. This agrees with Krekelberg’s theoretical findings, but is in conflict with an experiment that



found adsorption of NH3 at FCC/HCP.?® Although for most of the molecules in this study, more than one
adsorption site is found possible, none of the methods could find a minimum at the HCP or FCC position
for NHj.

Iry5 (100) Cluster

N adsorbs at the top and bridge positions for all methods and for B97-D3, the hollow position as well;
however, the bridge position is the most favorable across all methods. For NH, B3LYP-D3 does not converge
to a bridge site, but BSLYP and B97-D3 do. B97-D3 shows an additional, less favorable adsorption at the
top position. Both BSLYP and B3LYP-D3 converged to hollow sites located only at the edges of the surface.
Due to edge effects on this hollow site, it is likely that bridge is the most favorable site for NH. This is in
agreement with adsorption of monatomic O on Ir(100), which also has two unpaired electrons and adsorbs
at the bridge position.?? NHyand NHs have only one favorable site — bridge and top respectively.

Overall, all methods yield the same preferential adsorption sites on both the (100) and (111) surfaces, with the
exception of NH on (100). B3LYP always gives the smallest binding energies, while its dispersion-corrected
form gives larger binding energies and B97-D3 gives the largest binding energies.

Ny

Ny comparisons are limited to BSLYP-D3 and B97-D3. B3LYP simulations do not have the dispersion cal-
culations necessary to adsorb N-N to the catalyst, as DFT cannot accurately describe the types of dispersion
forces that would exist between Ny and the metal surfaces.?! Therefore, no Nosimulations converged with
B3LYP. The binding energies calculated for the other methods are shown in Figure 5 with respect to the
angle of adsorption on the catalyst surface (N-N bond with Ir surface). B97-D3 suggests that the end-on
configuration is favorable for both (111) and (100) surfaces. This position hovers at the top site, in agree-
ment with Krekelberg.?® B3LYP-D3 suggests that there are multiple orientations of Ny within 0.05eV that
successfully adsorb, with the lowest energy configurations being mostly parallel to the surface (side-on) for
both (111) and (100).

Frequency Calculations and Bonding Characteristics

The most favored adsorption site for each of the molecules in Figure 4 — also illustrated in Figure 6 — is used
for a frequency calculation.

Adsorption of Ny

Diatomic nitrogen adsorbed on the two surfaces is pictured in Figure 6e and 6j. This end-on, top position
corresponds to the lowest energy optimization achieved with B97-D3. The N-N bond makes an angle of
890 with the (111) and (100) surfaces. The B3LYP-D3 N-N bonds make angles of 300 and 70 with the
(111) and (100) surfaces respectively. The spin density per atom before and after adsorption of Ny can be
found in Supplementary Data Figure S1. With B3LYP-D3, the spin density profile is consistent before and
after adsorption, with a slight reduction in spin on atom 5 for the (111) surface because the N-N bond is
angled 300 towards that atom, providing context for slight charge transfer between the N and Ir atom. With
B97-D3, the (111) surface sees a similar effect. Notably, there is a greater variance in B97-D3 ground state
spin density before and after bonding than with B3LYP-D3. On the (100) surface, the spin density drop is
particularly steep (N2 oriented 890). This suggests bonding of the inner N atom to Ir atom number 5. This
bond results from an interaction between the Ir 5d-states and m-bonds polarized in the direction of Ir, thus
weakening the N-N bond and laying ground for N-Ir electron pairing. Adsorbate energy is still relatively
small due to o-bond repulsion along the axis of the bond.*? Covalent bond formation is also evidenced by the
bond lengths in Table 2a, where Nomolecules that adsorbed preferentially at the top position, perpendicular
to the catalyst (B97-D3), adsorbed greater than 1 nm closer than those adsorbed at an angled or horizontal
position (B3LYP-D3). Bond energies are all far from the experimentally determined 9.8 eV, but similar to
theoretical predictions of -0.54 and -0.21 eV.38

Vibrational analysis of Ny as a free molecule is broken down by method in Table 2b.38:4041 B97-D3 pre-



dicts the stretching mode of Ny to within 10cm™, while both B3LYP methods largely overestimate it. After
adsorption, B3LYP-D3 predicts a 10cm™'decrease in the frequency of the stretching mode, while B97-D3 pre-
dicts an "170 cm™* decrease in the frequency. Experiment gives the adsorbed frequency to be 2185/2210/2223
cm™t, which is right on par with B97-D3 predictions.?®4! From this we can conclude B97-D3 correctly pre-
dicts the lowest energy position on the surface is at the top position, with the N5 molecule perpendicular to
the surface.

Adsorption of N

Monatomic nitrogen is pictured in Figure 6a and 6f at its preferential positions — HCP (111) and bridge (100).
Average spin density before and after adsorption of N on the cluster surface can be found in Supplementary
Data Figure S2. All methods show a consistent spin distribution on non-bonding atoms before and after
binding on the (111) surface. Atoms 2, 5, and 6 are the clear sites of bonding for the three unpaired electrons
of nitrogen because the spin density drops by approximately one at each location. On the (100) surface,
bonding is evident on only atoms 1 and 5. The third unpaired electron on N is not clearly bound to any
particular Ir atom.

Bond length as described in Table 3a is the shortest distance between the N atom and the catalyst surface.
Bond length for B3LYP and its dispersion-corrected form are 1.17/1.16 A and 1.26 A on the (111) and
(100) surfaces respectively; B97-D3 length is slightly longer — 1.22/1.29 A. These are close to that computed
by Krekelberg — 1.16 A and 1.11 A.3® Moving from B3LYP to B3LYP-D3 to B97-D3, bond energy gets
progressively stronger.

Table 3b gives the IR and Raman frequencies for various vibrational modes.?® The asymmetric stretch on
the (100) surface is very strongly Raman active, while the symmetric stretch is moderately Raman and IR
active. All vibrations on the (111) surface are weak.

Adsorption of NH

Figure 6b and 6g shows NH adsorbed at its most preferential site — HCP (111) and bridge (100). Supple-
mentary Data Figure S3 shows the average spin density before and after adsorption of NH on the cluster
surface. On the (111) surface, the nitrogen atom is adsorbed between atoms 2, 5, and 6, just as lone N is.
The spin density per atom takes on an almost identical shape with B3LYP, B3LYP-D3, and B97-D3 (at a
lower average spin density for the latter). For the (100) surface, B3LYP-D3 converges to only an erroneous
edge-effect hollow position. For the other two methods, the two unpaired e of NH form bonds with bridging
Ir atoms 5 and 8. The spin structure of B97-D3 is noticeably more similar to B3LYP after adsorption than
before adsorption.

Bond length in Table 4a is consistent between the three methods for (111) - 1.23/1.24 A. On the (100) surface,
B97-D3 is 0.07 A shorter. As with each of the other molecules, bond energy follows the trend Egsryp >
EBsryp-p3> EB97-D3.

Table 4b shows NH frequencies for gas phase and Ir-adsorbed states and how these frequencies compare to
benchmark experimental work.*445 The N-H stretch perpendicular to the catalyst surface is strongly Raman
active on both surfaces. On the (100) surface, the wagging mode is strongly Raman active as well, according
B97-D3 calculations. This same mode under the B3LYP method is only moderately Raman active with a
stronger IR activity. All other modes are weak.

Adsorption of NHy

Figure 6¢c and 6h shows NHs adsorbed at its preferential site — bridge. Supplementary Data Figure S4
shows the average spin density before and after adsorption of NHy to the surface. On the (111) surface, the
adsorption takes place on Ir atoms 5 and 6 as evidenced by the drop in spin density on those atoms. On
the (100) surface, bonding takes place on atoms 1 and 5 (B3LYP and B97-D3), and 5 and 8 (B3LYP-D3).
Again, the spin distribution per atom for each method looks nearly identical after bonding.



Bond lengths in Table 5a are similar between methods, varying by at most 0.04 A. Egsiyp > EssvLyp.p3>
Eggr.p3 for both surfaces.

Table 5b lists the vibrational modes of gas-phase and adsorbed NHy.*446:47 B3LYP and its dispersion-
corrected form match experiment for the symmetric mode slightly better than B97-D3, while B97-D3 matches
the asymmetric mode best. On both the (111) and (100) surface, the scissoring mode is IR active, while the
symmetric stretch is strong and the antisymmetric stretch is weak in Raman activity. The stretching mode
between N and the catalyst surface itself is very weak on both surfaces.

Adsorption of NHg

Figure 6d and 6i show NHg adsorbed at its most preferential site — top. Supplementary Data Figure S5 gives
the spin density of the catalyst before and after bonding. On the (111) and (100) surfaces, ammonia adsorbs
on Ir atom 5 (a top position atom). The spin density drops by ~0.6-1 unpaired electron at that site (the
same magnitude as the drop in density for NHs), indicating NH3 may be covalently bonding with the top Ir
atom. However, the adsorption energy is still much lower than for NHs.

Table 6a gives bond lengths and energies of ammonia’s adsorption. Bond lengths are similar on the (111)
surface. On the (100) surface, the bond length with B3LYP is 0.12 A longer than with B3LYP-D3, whose
bond length is 0.12 A longer than with B97-D3. The trend in binding energy is Epsiyp > Epsiyp-p3>
Epo7.ps.

Table 6b lists the principal vibrational modes of NHz in gas-phase and Ir-adsorbed phase.*® 59 For all gas-
phase vibrations, all three methods overestimate the experimental benchmarks. B97-D3 comes closest to
experiment for both of the stretching modes and the bending mode, significantly reducing the error involved
in ignoring anharmonic frequencies during calculations.?3 After adsorption the stretch vibrations are red-
shifted "30 cm™, and the wag is blue-shifted ~160-200 cm™. Other theoretical work comes closest to B97-D3
predictions for all except the weak linear stretch between NHj3 and the surface, for which BSLYP comes
closest.®® The wag is a strong IR mode. The symmetric modes are strongly Raman active (very strong on
the B3LYP (100) cluster) and all other modes are weakly Raman active.

Conclusions

This study had two objectives. The first was to calculate local adsorption characteristics — binding sites,
bond distances, adsorption energies, and vibrational spectra for select intermediates involved in the ammonia
synthesis reaction on pure iridium. These intermediates are Ny, N, NH, NH,, and NHs. Secondly, three DFT
methods — B3LYP, B3LYP-D3, and B97-D3 — were compared to determine the effect dispersion has on the
popular B3LYP method and contrast it with a faster semi-empirical GGA, B97-D3.

B3LYP vs. B3LYP-D3 (effect of dispersion)

The dispersive function’s primary effect is to account for long-range forces in molecular adsorption on catalyst
surfaces by the inclusion of van der Waals forces, as evidenced in Figure 4. Using Grimme’s dispersion with
B3LYP amounts to an increase in binding energy of about 0.5 eV for several of the intermediates. This
not only brings the energy closer to experimental benchmarks but is necessary for the primary reactant in
ammonia synthesis, N3, to be adsorbed on the modeled catalyst. Without it, DFT optimizations do not
converge and thus cannot be included in a mechanistic study involving Nsas a reactant.

Aside from energetic differences and very small decreases in bond length, the dispersion-corrected B3LYP
has a very similar electronic structure as B3LYP. Both methods predict the same ground state spin multi-
plicity and very similar spin density profiles on the (111) and (100) surfaces before and after adsorption of
intermediates. This is consistent with Grimme’s claim that the dispersive term does not rely on nor affect
electronic structure.®® Select vibrational modes of adsorbed molecules are affected by dispersion, but most
are not. Unadsorbed molecular vibrational modes are not affected at all.

B3LYP-D3 vs. B97-D3 (effect of hybrid and semi-local GGAs)



B97-D3 serves to increase the binding strength of the system and of adsorbates more than B3LYP-D3 because
GGA bonded interactions tend to be stronger than their hybrid counterparts that include exact exchange.??
This paper shows a decrease in adsorption energy from B3LYP-D3 to B97-D3 of 70.2 eV. Bond lengths with
B97-D3 are slightly smaller for Ny, NH, NHs, and NHj, and larger for N. Gas-phase vibrational frequencies
with B97-D3 are closer to experimental benchmarks as well as theoretical benchmarks of non-empirical
GGAs. B3LYP-D3 overestimates the frequency of most modes, sometimes by as much as 100-200 cm™, as
in the case of the Ny stretch. Adsorbed to the catalyst, B97-D3 is the only method that correctly predicts
the lowest energy bonding pattern and orientation of Ny.43:53 Despite both functionals including dispersion
corrections, both continue to underbind dispersion-bound Ns.

A notable difference in the ground state multiplicity and spin density profile of the catalyst surface exists
between B97-D3 and the hybrid methods (figures in Supplementary Data). Despite this fact, after adsorption
of an intermediate to the catalyst surface, the resulting spin density profiles follow an almost identical trend
as the hybrid methods. This may imply B97-D3 has more difficulty predicting the correct ground state
structure before adsorption since the surface is a charge-transfer complex with unpaired electrons, two
characteristics often modeled better by methods with exact exchange (although dispersion helps).?? Since
the density profiles are a match after adsorption, all three methods result in the same site preferences across
all adsorbates (with the exception of Ny and NH(100) using B3LYP-D3). This fact, combined with more
accurate thermodynamic data and reduced computation time, make B97-D3 a viable option for continued
study of this system and related metal cluster systems. B97-D3 includes minimal empiricism, sitting in the
top 10 least-parameterized semi-empirical methods, according to one study of seventy functionals.®?

(111) vs. (100) (effect of lattice plane)

Adsorbates on the (100) surface are more strongly bonded than on the (111) surface, except for NHs, where
the bonding energies are comparable. The hollow site on (100) is not a preferred binding site for any of
the intermediates. The spacing between Ir atoms is too great in this region for a minimum energy to be
found in the overlap between the orbitals from N and those from the four Ir nearest neighbors in the hollow
position. As a result, N and NH adsorb at the bridge position on the (100) surface (forming two bonds each),
whereas they adsorb at an FCC site on (111) (forming three bonds and two bonds respectively). Despite the
increased binding energy, Ir-adsorbate bond lengths are greater on the (100) surface, except for NHy, where
they are slightly shorter. Frequency calculations result in a ~“5-150 cm™difference between vibrations of the
same mode on different lattice planes.

Platinum vs. Iridium (effect of catalyst)

Previous calculations using B3LYP on a 15-atom (111) cluster of platinum are directly comparable to the
B3LYP results in this study.?3

In the ground state of the platinum cluster, there are 12 unpaired electrons. In this study, there are 27, in
addition to there being a higher cohesive energy of Ir. Preferential catalyst positions are a close match, the
only difference being this study shows a small preference for adsorption of N and NH at the HCP site over
the FCC site.

Binding strength increases with the same trend NHz <NHo<NH<N as on iridium. By removing the thermal
corrections from this study’s binding energies, they directly compare to the electronic binding energies
calculated in the platinum study. The results are as follows: N adsorption is 33 kJ/mol stronger, NH is 40
kJ/mol stronger, NHs is 26 kJ/mol stronger, and NHj is 4 kJ/mol weaker on iridium than on platinum.
The weaker Ir-NHj3 bond is interesting because platinum shows a reduction in spin density of only ~0.2,
suggesting a non-covalent dipole interaction, while on iridium the spin density decreases by ~1.2, suggesting
a stronger, covalent interaction. Additionally, the shorter bond length of adsorbed NHj3 (2.23 A on platinum
and 2.17 A on iridium) would seemingly indicate a stronger Ir-NHj3 bond. For comparison, bond lengths for
NH, are “0.01 A longer, for NH are ~0.03 A longer, and for N are ~0.04 A longer on Ir than on Pt.

Future Work



In future work, it would be beneficial to move forward with a single DF'T method and perform calculations for
N>H, NoHs, NoHg, and NoHy, to evaluate the dissociative and associative pathways for the electrochemical
ammonia synthesis process, applying a voltage and taking coverage effects into account. Experimental follow-
up could be performed with vibrational analysis.
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Table & Figure Captions

Table 1. Cohesive energy of iridium clusters with n atoms, where n=10, 15, 20, 25, and 30. The ground state
spin multiplicity was predicted using the Interstitial Electron model and verified by testing two multiplicities
above and below the ground state. The lowest energy state is presented here for each cluster size.

Table 2a. Bond energies and bond lengths are given for the most favorable orientation of No on the (111)
and (100) surfaces.

Table 2b. Vibrational modes and their corresponding frequencies (in cm™) for free and adsorbed Ny
on both the (111) and (100) surface. Values are compared to existing experimental and theoretical
observation.*experimental; Ptheoretical;°IR; 4EELS; *index plane not specified

Table 3a. Bond energies and bond lengths are given for N at its lowest energy position — HCP for the (111)
surface and bridge for the (100) surface.

Table 3b. Vibrational modes and their corresponding frequencies (in cm™) for adsorbed N at its lowest
energy position — HCP for the (111) surface and bridge for the (100) surface. The displacement of N for each
stretching mode is labeled as either perpendicular or parallel to the cluster surface. Values are compared to
existing experimental and theoretical observation.

atheoretical — RPBE

Table 4a. Bond energies and bond lengths are given for NH at its lowest energy position — HCP for the (111)
surface and bridge for the (100) surface.

Table 4b. Vibrational modes and their corresponding frequencies (in cm™) for free and adsorbed NH at its
lowest energy position — HCP for the (111) surface and bridge for the (100) surface. The displacement of N
in Ir-N the stretches is labeled as either perpendicular or parallel to the cluster surface. Values are compared
to existing experimental and theoretical observation.

aexperimental;"IR; F-failed to converge

Table 5a. Bond energies and bond lengths are given for NHy at its lowest energy position — bridge for both
the (111) surface and (100) surface.

Table 5b. Vibrational modes and their corresponding frequencies (in cm™) for free and adsorbed NHy at its
lowest energy position — bridge for the (111) and (100) surface. Values are compared to existing experimental
and theoretical observation. Asymmetric and symmetric stretches are abbreviated as a. stretch and s. stretch.

aexperimental; IR ;°Difference Frequency Laser Spectroscopy

Table 6a. Bond energies and bond lengths are given for NH3 at its lowest energy position — top for both the
(111) and (100) surface.

Table 6b. Vibrational modes and their corresponding frequencies (in cm™) for free and adsorbed NHjz at its
lowest energy position — top for the (111) and (100) surface. Values are compared to existing experimental
and theoretical observation. Asymmetric and symmetric stretches are abbreviated as a. stretch and s. stretch.

2experimental; Ptheoretical:°IR; *index plane not specified
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Figure 1. Ir, clusters modelled, where n=10,15, 20, 25, and 30. The left column depicts the (111) surfaces
and the right column depicts the (100) surfaces. Atoms are numbered so they can be matched with their
respective spin densities in Figure 2.

Figure 2. Spin density of Ir,, clusters (n=10, 15, 20, 25). Columus 1, 2, and 3 show the cluster spin densities
using B3LYP, B3LYP-D3, and B97-D3 respectively. The 30-atom cluster only converged for the (100) surface
at the B97-D3 level of theory, so it was not included in this comparison.

Figure 3. Preferential sites for adsorption on the (111) (above) and (100) (below) Irys surfaces. B=Bridge,
T=Top, HCP=Hexagonal Close-Packed, FCC=Face-Centered Cubic, and H=Hollow.

Figure 4. Binding energy (based on electronic energies) of molecules adsorbed on the (111)[a-d] and (100)[e-h]
surfaces using the three different functionals. B=Bridge, T=Top, HCP=Hexagonal Close-Packed, FCC=Face-
Centered Cubic, and H=Hollow.

Figure 5. Binding energy (based on electronic energies) of Ny adsorbed on the (111) and (100) surfaces at
various angles. © is the angle the N-N bond makes with the catalyst surface.

Figure 6. Top view of preferred adsorption sites for adsorbed N, NH, NHy, and NH3 on the (111)[a~d] and
(100)[f-i] surface. A side view is given for No [e and j]. Images shown are from the B97-D3 optimizations,

but site preferences are consistent across all methods. However, the orientation of N is different using
B3LYP-D3.
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