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ABSTRACT: Cos;MosN is one of the most active catalysts for ammonia synthesis; however, little 550 °C

is known about the atomistic details of N, adsorption and activation. Here we examine whether N,
can adsorb and activate at nitrogen surface vacancies. We have identi ed the most favorable sites
for surface nitrogen vacancy formation and have calculated vacancy formation free energies (and
concentrations) taking into account vacancy con gurational entropy and the entropy of N, at
temperature and pressure conditions relevant to ammonia synthesis (380 550 °C, 100 atm) via a
semiempirical approach. We show that 3-fold hollow bound nitrogen-containing (111)-surfaces
have surprisingly high concentrations (1.6 x 106 to 3.7 x 10 cm ) of nitrogen vacancies in the
temperature range for ammonia synthesis. It is shown that these vacancy sites can adsorb and
activate N, demonstrating the potential of a Mars van Krevelen type mechanism on Co;MozN.
The catalytically active surface is one where 3f-hollow-nitrogens are bound to the molybdenum
framework with a hexagonal array of embedded Cog cobalt nanoclusters. We nd that the vacancy-
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formation energy (VFE) combined with the adsorption energy can be used as a descriptor in the
screening of materials that activate doubly and triply bonded molecules that are bound end-on at surface vacancies.

1. INTRODUCTION

According to IFA statistics there is a correlation between the
global food production and the consumption of fertilizers.*
Ammonia (NH3) is the main ingredient of fertilizers
industrially produced by the classical Haber-Bosch process
which is considered one of the milestones in catalysis.” In this
process, high-purity N, and H, are combined over a promoted
Fe-based catalyst operating at high temperatures (350 500 °C)
and pressures (150 350 atm).® The process is energy intensive
(28 166 GJ-ton * NH,)," and the production of H, requires
the consumption mainly of natural gas and coal with the
catalysts operating at elevated temperatures and pressure, which
leads to the generation of various greenhouse gases. The very
large worldwide production of ammonia, estimated to be more
than 162 million metric tons annually,’ suggests that any
improvement to the process or the catalyst potentially could
have a major environmental and economic impact.

Cobalt molybdenum nitride (CosMosN), which possesses
the structure illustrated in Figure 1a 1b, and related tertiary
nitrides (MM N, where M a group VIB and M a group VIII
metal) with synthesis patented by researchers from Haldor
Topsge A/S° are known to be active for ammonia synthesis at
400 °C and elevated pressures using a 3:1, H,:N, mixture.®’
CosMo;N when doped with cesium ions (Cs*) is one of the
most active catalysts for ammonia synthesis, with higher
turnover frequencies (TOF), larger than graphite-supported
Ru and Fe K,O Al,Os both currently used industrially for
ammonia synthesis. Kojima and Aika showed that Cs-promoted
CozMo;N had a 3-times higher rate for ammonia synthesis
(986 mol/h-g) than the commercial Fe K,O Al,O; (330
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mol/h-g) at 673 K under 0.1 MPa’® The TOF for the
production of 3.5% ammonia concentration at 400 °C and 50
bar was determined to be 19, 14, and 5 s ! for CosMo;N, Ru,
and Fe, respectively,® indicating the potential application of Cs-
promoted CosMo;N for ammonia synthesis. Among the other
ternary nitrides, Fe;Mo3;N has exhibited considerably better
activity than the binary molybdenum nitrides (e.g., -Mo,N, -
MoN),® but it is still less active than CosMozN. The
importance of nitrogen activation and the existence of the
Bronsted Evans Polanyi (BEP) relationship between the
dissociation energy and the adsorption energy of N, on
CozMo;N have been clearly shown.*®** The high activity has
been attributed to the intermediate adsorption energy of the
CoMo phase, as pure Mo adsorbs N, too strongly and pure Co
adsorbs N, too weakly, placing the alloy at the top of the
volcano curve close to Ru®*’ Elucidation of a Mars van
Krevelen mechanism on these materials has not yet been
considered (see Scheme 1), although the participation of N-
vacancies has been considered in a recent DFT study of the
electrochemical reduction of ammonia on the rocksalt structure
of VN and ZrN*? and solar-energy driven ammonia synthesis
on metal nitrides via a two-step oxidation reduction
process. >

Detailed computational DFT studies of the Ru catalytic
system have previously been undertaken. Hu et al. modeled
part of the Langmuir Hinshelwood (L H) mechanism of
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Figure 1. 2 x 2 x 2 bulk supercell of Co;Mo3N that has an -carbide structure belonging to the Fd3m (227) crystal system. Cobalt occupies the
Wycko sites, 16d and 32e, and the Molybdenum atoms occupy 48f sites. (a) Shows the 3D array of capped at hollow-positions tetrahedra, forming
octameric metal nanoclusters (e.g., Cog), of C,, point group symmetry, (b) the molybdenum nitride framework, and (c) the 4 x 4 slab model with a
primitive hexagonal unit cell belonging to the P3ml (164) crystal system. Defects were chosen to maximize the point group symmetry that was C,,
and C,, for the defect-free and defect-containing slabs. We note that the (111)-surface has the highest density of Cog clusters embedded in a MozN
framework than any other lower symmetry Miller indices. Mo: turquoise. N: blue. Co: purple.

Scheme 1. Hypothetical Mars van Krevelen Mechanism for
Ammonia Synthesis on CozMo;N
CosMosNy +H —  CosMosNH
CosMosN\H+H —  CosMo3NH,
CosMosNH, +H —  CosMosN.1)+ NH3 (g)
1/2 Ny + CosMo3N.1y —  CosMo3zNy
3/2Hy(g)+ 1/2N; — NH;(g)

ammonia synthesis on Ru [0001] surfaces and steps and
showed that the stepwise addition of hydrogen to coadsorbed
nitrogen has lower activation barriers, at steps.”> A compete L
H mechanism was published by Ngrskov et al. that showed that
the highest activation barrier is the dissociation of N, on Ru,
which is lower at steps.’® In particular, it was shown that the
mechanism is structure sensitive, because N;-activation/
dissociation happens more easily at B5 sites."” A detailed
computational study of the active sites of N, dissociation on Ru
has been performed by van Santen and co-workers.*® In the
case of CozMosN, evidence of a Mars van Krevelen
mechanism comes from experiments that show that it can be
regenerated from the reduced CogMogN phase by the reaction
of either N, alone or with a N,/H, reaction mixture.**°
Furthermore, isotopic exchange studies showed that the lattice-
N in CosMo;N is exchangeable at elevated temperatures.”
Here we aim to o er further support for a Mars van Krevelen
type mechanism on CozMosN (111)-nitrogen via accurate
periodic DFT calculations. Our aim is to examine if N-vacancies
are present in appreciable concentrations on these materials
and if molecular nitrogen can adsorb to them and become
activated. We therefore calculate the vacancy formation free
energy ( G ) and vacancy concentration (Cfy,) in a T/P
range relevant to ammonia synthesis.

In section 3.1, we establish the computational methodology
within periodic DFT calculations that should be adopted for
ammonia synthesis modeling by exploring various XC-func-
tionals, k-point mesh densities, and planewave cuto energies.

We then, in section 3.2 calculate the vacancy formation
energy (VFE), the vacancy formation free energy, and the
equilibrium concentrations of N-vacancies on all nitrogen-
containing (111)-surfaces of CosMo;N. Lastly, in section 3.3
we calculate the adsorption energy of N, to the various
nitrogen-vacancy sites and check whether the N N bond
becomes considerably activated and whether this is correlated
to the VFE.

2. COMPUTATIONAL METHODOLOGY AND
PARAMETERS

Spin-polarized periodic HF, GGA and hybrid-GGA calculations
have been performed with the use of the VASP 5.3.5°*? code.
Various XC-functionals (i.e, PBE~***® PW912*?" PBEsol*®
revPBE,° B3LYP*3! HSE06,°** PBE0***') and the HF
method commonly used for solids and molecular systems
have been tested. For the 2 x 2 x 2 bulk supercell of Co;Mo;N
and the 3 x 3 x 3 supercell of the metallic systems, Co-fcc and
Mo-bce, a Monkhorst  Pack™ k-point grid of 11 x 11 x 11 and
15 x 15 x 15 centered at the -point, respectively, was used
(see Supporting Information, Figure S1 and Table S1 for
convergence test results). This resulted in convergence of the
total energy to less than 0.001 eV (see Table S1). All
calculations were performed within the generalized gradient
approximation (GGA) with the projector augmented-wave
(PAW) method®**” being used to represent the core states. For
the optimization algorithm, we employed the residual
minimization method with direct inversion in the iterative
space (RMM-DIIS). For the metallic systems, we used the
following experimental lattice parameters: Co/fcc (10.864 A)*®
and Mo/bcc (9.408 A)*° that after minimization of the forces
on atoms and unit cell with revPBE became 10.648 and 9.521
A respectively. For the CoMosN (Fd3m) crystal, we used the
lattice parameter determined by powder neutron di raction
(PND) at 4.2 K™ of 10.981 A that after minimization of the
forces on atoms and unit cell with revPBE became 11.077 A,
which is an acceptable agreement. The cuto energy for the
plane-wave expansion was set to 650 eV, and the convergence
criteria for the ionic and electronic loops were set to 10 * eV
and 5 x 10 3 eV-A 1, respectively, which resulted in residual
forces on the atoms <0.015 eV-A . The initial charge density
was obtained by superposition of atomic charges, and the
projection operators were evaluated in reciprocal space.
Vibrational frequencies were calculated with the nite-di er-
ence (FD) method with a 5-point parabola obtained at 0.01 A
increments for the N N bond coordinate. To model the
surfaces of the material, a 2 x 2 slab was used with a vacuum
gap of about 22 A. The slabs were parallel to the (111) surface
which is the highest density of the mixed CoMo phase (see
Figure 1c) and has previously been associated with the
catalytically active surface of CosMo;N for ammonia synthesis,
due to the intermediate binding energy of N, to the surface.®
An illustration of a 4 x 4 surface slab similar to the ones used to
determine VFESs and adsorption energies is shown in Figure 1c.
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Table 1. Theoretical and Experimental Bond Dissociation Enthalpy ( H,°(N  N)), Zero-Point Vibrational Energy (ZPV), and
Vibrational Frequency ( y n) of Ny(g) in a 20 A Cube with a Planewave Cut-0 of 650 eV for Various XC Functionals (i.e.,
PBE, PW91, revPBE, PBEO, B3LYP, HSE06) and the HF Method

property PBE PW91 revPBE PBEO
BDE? 1003 1025 959 924
ZPVP 144 145 143 15.2
o«H(N  N)° 989 1010 944 909
NG 2415 2425 2390 2542
MAPE® 33 43 11 6.3

B3LYP HSE06 HF Exp. ref. units
941 920 453 kI-mol *
151 15.2 16.6 14.1 40 kI-mol *
926 904 436 941.69 41 kI-mol *
2521 2540 2782 2359 42 cm t
5.1 6.4 355 %

3BDE = Bond dissociation energy at 0 K calculated from 2-E(N) E(N,). °ZPV = Zero-point vibrational energy calculated from h- /2 where the
stretching frequency of the N N bond. °Bond dissociation enthalpy given by Ho(N N) =BDE ZPV. %From nite di erence method with a
displacement of 0.01 A and a 10 7 eV threshold for electronic convergence. ®Av. MAPE calculated based on eq 1.

3. RESULTS AND DISCUSSION

3.1. Computational Method for Ammonia Synthesis.
The use of DFT in modeling chemical reactions of catalysts has
become very popular during the past two decades. Certain
limitations, which are related mostly to the accuracy of the
various XC-functionals in DFT in estimating activation barriers
for elementary surface reactions, suggest that the careful testing
of XC-functional, k-point mesh density, and kinetic energy
cuto for the planewave expansion is necessary. We have
therefore undertaken a systematic assessment of the afore-
mentioned parameters for ammonia synthesis reactants and
surfaces of CosMosN. In particular, we have calculated for N,,
the bond dissociation energy (BDE), the zero-point vibrational
(ZPV) energy, and the bond dissociation enthalpy ( Hygg®) at
298 K (see Table 1) in order to nd the XC-functional that
yields accurate thermochemical values. N, is one of the main
reactants in ammonia synthesis, and accurate prediction of
BDEs dictates the accuracy of activation barriers when
modeling the reaction mechanism. Since the N N bond has
the highest activation energy barrier in the L H mechanism for
ammonia synthesis on Ru(0001)*° with our detailed testing of
various XC-functionals, we anticipate obtaining greater
accuracy in the future development of a kinetic model of
ammonia synthesis on Co;MosN. Therefore, we have tested the
HF method, various GGA (PBE, PW91, PBE,,) and hybrid-
GGA (i.e., PBEO, HSE06, B3LYP) XC-functionals for N, in a
20 A periodic box to avoid spurious interactions between
molecule/atoms in adjacent cells. This resulted in converged
total energies to less than 0.1 ki-mol ! A test of the
interactions of 2 N atoms revealed that their interaction is
less than 0.1 kJ-mol * when separated by more than 14 A. This
separation was used as the minimum vacuum gap in our period
slab calculations in the following sections, and reported
energies have a precision of 0.1 kl-mol 1. The calculated
physical properties have been compared to experimental values,
and the mean-absolute-percentage-error (MAPE) is reported
for each property (see Table 1). We have scored the various
XC-functionals using an alternative de nition of the statistical
MAPE that has an average in the denominator given by

(Xexpé Xca))c
(Xexp+ xca)c/2 ()

where N is the number of properties and MAPE is a
quantitative measure of agreement between experiment and
theory. This MAPE gives a more representative measure of the
percentage di erence between experiment and calculation
especially when there is a large di erence between the two
(e.g., MAPE for HF).

100% "
N

MAPE=

i=1

In Table 1 we present the calculated, the theoretical, and
experimental bond dissociation enthalpy (  H,°(N  N)), zero-
point vibrational energy (ZPV), and vibrational frequency
( n n) Oof Ny(g) for various XC-functionals (i.e., PBE, PW91,
revPBE, PBEO, B3LYP, HSE06) and the HF method. These
results clearly show that the two GGA functionals commonly
used to model surface reactions (i.e., PBE, PW91) overestimate
the He°(N N) of N, by 47 kImol ! (+5.0%) and 68 kJ-
mol ! (+7.2%), respectively. The Hartree Fock method (HF)
fails dramatically by more than 500 ki-mol * showing that the
inclusion of electron correlation is crucial for improving the
estimation of thermochemical properties. It is generally known
that errors in GGA atomization energies are most severe for
multiply bonded molecules such as N, due to errors in the
exchange limit*® We nd that the revised version of the PBE
functional (revPBE) vyields a calculated bond dissociation
enthalpy to within 2 kJ-mol ' of the spectroscopic value.
Additionally it estimates the vibrational stretching frequency of
the N N bond ( y n) to within 1.3%. These results are
exceptionally good, as in a recent extensive account of XC-
functionals that included meta-GGA, hybrid meta-GGA, and
range-separated hybrid GGA, it has been shown that even with
state-of-the-art XC-functionals the errors remain about 15 kJ-
mol * for BDEs and bond-dissociation activation barriers.”* We
anticipate that this careful consideration of various XC-
functionals should improve the computational accuracy of our
study.

We additionally investigated whether the use of atom-
centered functions (Gaussian type functions) rather than
planewaves would a ect the choice of XC-functional, due to
potential changes at the cusp and the long-range tails of the
wave functions being modeled via the two methods. Therefore,
we have compared the calculated BDES using planewaves with
results obtained in a code that uses atom centered-basis sets
(i.e., G09™), using the cc-pVTZ and cc-pVQZ (see Figure S2)
basis sets, and found that the BDE for the latter are 15 20 kJ-
mol ! higher. There the hybrid XC-functionals (PBE1PBE
PBEO, B3LYP, HSEh1PBE = HSEO06) generally performed
better than the GGA functionals (PBEPBE PBE,
PW91PW91  PW91), and especially the B3LYP functionals
gave the lowest average MAPE. This nding is in agreement
with an assessment study of the PBEO functional, where it was
shown to be as good as the B3LYP functional for predicting the
atomization energies of the G2 set, whereas the PBE functional
appears to have systematic errors.*® It is therefore evident that a
case-based screening of XC functionals is still necessary for the
computational modeling of surface reactions and that a
di erent test is necessary when switiching from a planewave
code to an atom-centered code and vice versa. Since for the
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Figure 2. 2 x 2 surface unit cells of the di erent surface nitrogen-containing (111)-surfaces of Co;Mo3N (Co:Mo  1:1) showing the stoichiometric
formula, the slab thickness before relaxation, and the molar fraction of vacancies. The defect-free nitrogen surface concentration of slab 1 2 is three
times greater than slab 3 4, and their corresponding nitrogen-vacancy surface molar fractions, X, ;.; and X, ,«,, are shown. The length of the 1 x 1
and 2 x 2 surface vector was 7.832 and 15.665 A, respectively. Two surface slabs that had no nitrogen exposed are presented in the Supporting

Information (see Figure S3). Mo: yellow. N: blue. Co: green.

remaining calculations we have used a planewave code, we have
adopted the revPBE XC-functional with a 650 eV cuto for the
planewave expansion.

3.2. Nitrogen Vacancy-Formation Energies and Con-
centrations. It is evident from the schematic of a Mars van
Krevelen mechanism shown in Scheme 1 and the very large
bond dissociation enthalpy of N, (941 kl-mol 1), for the
activation of dinitrogen, that nitrogen vacancies are necessary
which could potentially lower the barrier for nitrogen activation
(i.e., weakening and elongation of the N N bond), as with the
activation of other multiple bonded molecules at oxygen surface
vacancies (e.g., oxidation of CO over CeO,* methanol
synthesis over Cu/ZnO,*’ activation of CO, on ZnO%).
Therefore, we have calculated the N-VFEs and the correspond-
ing equilibrium vacancy concentrations for CosMosN particles,
which have not been reported so far in the literature. We have
tested two ways of calculating the VFE which are described
below. The nitrogen VFE is calculated as the di erence
between the energy of the slab before and after introduction of
a surface vacancy to which we have added half the energy of N,
optimized alone in a 20 A cubic cell. We calculate the single and
double (on opposing sites of the slab) nitrogen VFESs on every

nitrogen containing the (111)-surface of CosMo;N shown in
Figure 2.

In order to nd the various surface terminations of Co;Mo;N
we have used a scanning algorithm. The slab models of the
(111) surface of CozMo3N were generated by (a) scanning the
z value of an (11z)-plane in  z = 0.1 A increments between 0
and 1. This generated six di erent surface terminations of
which the four contained surface nitrogen (i.e., surface 1). Once
the composition unique surface was identi ed we then (b)
searched for the closest (11z)-plane with the same surface
composition (surface 2). We then (c) used the bulk geometry
that was enclosed between the two surfaces (surface 1 and
surface 2) and used it for the slab model. This resulted in slabs
that had a slab thickness (d;) in the range of 6.4 7.9 A. We
note that these nano Ims of Co;Mo;N would acquire a slightly
di erent thickness after relaxation, the change of which was
small enough that the slab model is a good representation of
the surface of a bulk material. This is evident from the <10%
percentage relaxation of the slab equilibrium lattice spacing that
we observed, which is similar to the surface relaxation
percentage known for Mo(001).*° The slab thickness prior to
and after relaxation as well as after the nitrogen vacancy
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Table 2. Nitrogen Vacancy-Formation Energy Per Nitrogen (VFE-N,), Vacancy Equilibrium Concentrations (Cj.(T)) at 25
and 379 °C, N, Adsorption Energy ( E,q), Surface Formation Energy (Ef), Mo N Bond Length (g, ny) @nd Slab Thickness
(dy,) for the Bulk (2 x 2 x 2) Unit Cell of CogMozN and Four Nitrogen Containing (111)-Surfaces of CosMozN®

property (2%x2x2) 5f-hollow-Nx 3 3f-hollow-Nx 3 3f-hollow-N 3f-hollow-N units
stoichiometry Co;Mo;N Co05,M07,N5g Co5,M045N,5 CoggMO,gN4, CogoM0o4gN5o
defect type 5f 5f 3f 3f 3f
VFE 2y INyag (149)° 152 141 eV
VFE 112Ny 234 163 151 138 eV
VFE (2x2)"2Nyac 2.35° 1.68 1.48 1.39 ev
Cé nax(25 °C) (1.7 x 10%) 8.8 x 10™ 26 x 101 17 x 10% 26 x 101 mol *
Cmx(379 °C) (15 x 10%) 8.1 x 10% 13 x 10 13 x 10% 16 x 10% mol !
= 48.7 19.6 62.0 65.7 kJ-mol *
EF 0.64 9.27 8.61 10.33 Jm 2
TMo N) 2120 1.930 1976 1971 A
yjab initial 7.37 6.39 7.89 6.40 A
dslab‘relaxed 6.67 6.42 7.63 6.11 A
dslab Nvac 6 65 6 48 7 81 6 11 A
@Properties calculated using the revPBE XC-functional and E; = 650 eV. We used a Monkhorst Pack k-point mesh centered at the -point, with 8

x 8 x 1and 4 x 4 x 1 k-points, for the (1 x 1) and (2 x 2) surface units cells, respectively. °Parentheses indicate that the reported values are
hypothetical as the nltrogen di usion pathway is sterically hindered. °VFE shown in bold were used to calculate the equilibrium vacancy
concentrations using eq 3. 9Concentration determined based on the maximum surface area of Co;MogN catalyst that ranges between 8 and 21 m%/g
6 ®The adsorption energy of nitrogen was based on the adsorption of two nitrogen molecules on opposing sites of the slab. ‘Determined based on
the distance of the center-of-mass of two Mo atoms on opposing surfaces of the relaxed slabs.

formation are given in Table 2. Lastly, (e) the surface slab
enclosed between the composition unique surfaces was then
translated along the c-vector (x, y, 15 A) until the slab was at
the center of the hexagonal unit cell, which maximized the
point group symmetry to C,, and enhanced the computational
e ciency of the calculations.

Our algorithm for obtaining slabs (ie., thin Ims) of
CosMo;N show that the various nitrogen-containing surfaces
of Co;Mo;N exhibit two types of surface-bound nitrogen (i.e.,
3f-hollow and 5f-hollow) simply denoted as 3f and 5f, based
on their coordination number. The 3f-hollow corresponds to
tetrahedrally bound nitrogen, and the 5f-hollow, to square-
pyramidally bound nitrogen where nitrogen occupies the
center-of-square. Although the surface slabs were allowed full
relaxation, there was a complete absence of surface
reconstruction; however there was a small contraction of the
slab thickness, ranging between 3.3% to 9.5% (see Table 2).
Although the introduction of vacancies and defects in general at
surfaces usually causes the surface to expand, we observe that in
nano Ims of cobalt molybdenum nitrides the introduction of
vacancies can cause both expansion (e.g.,, 3f-hollow-Nx 3, 3f-
hollow-N) and contraction (e.g., 5f-hollow-Nx 3) of the slab
thickness which is however very small (<2.3%).

For the calculation of VFE for nitrogen and the
corresponding vacancy concentrations, we have performed
calculations where the surface model has a neutral charge.
Therefore, spurious intra- and interlayer electrostatic inter-
actions of charged defect sites are not present in our
calculations and in the reported VFEs.*® In fact we show that
interactions between nitrogen vacancies on Co;Mo;N are
negligible by calculating both the interlayer and intralayer
interaction by considering surface unit cells of varying size (i.e.,
1 x 1and 2 x 2) and slabs with single and double vacancies on
opposing surfaces of the slab, so that two nitrogen vacancies
can directly interact through a vacuum. These systematic
calculations show that the interlayer interaction is less than 0.03
eV per vacancy pair and the intralayer interaction at low
nitrogen vacancy coverage (X, = 1/12) is less than 0.04 eV,

28372

energies below the thermal energy at the average temperature
used for ammonia synthesis (450 °C, 0.06 eV). Therefore, any
correction schemes for spurious interactions between periodic
images were not necessary and the computational accuracy of
the VFEs we present is of the order of 0.05 eV. The VFEs were
then used to estimate via a semiempirical treatment in order to
calculate the free energy of vacancy formation ( G ). This can
yield the nitrogen vacancy concentrations as a function of
temperature, a value very useful in order to quantify the
number of active sites on CosMosN catalysts that can
potentially activate N,.

In order to calculate surface vacancy concentrations, we have
calculated vacancy formation free energies by explicitly taking
into account vacancy con gurational entropy and entropic
contributions due to N, in the temperature and pressure range
for ammonia synthesis, taken from thermodynamic tables
according to the following formula (a detailed derivation is
given in the Supporting Information),

T S(7
@

ES
+ RT[( ) Irgg1 )] )

The temperature-dependent entropy change of molecular N,
at 98.7 atm, which is at the lower threshold for ammonia
synthesis, was calculated by linear tting of the following
thermodynamic values that were measured at 98.7 atm: Sz k =
151.7 J'mol Y, Sy = 161.0 Jmol , and Sgpox = 167.9 J.
mol 1.°>* The equilibrium vacancy molar fraction at temperature
T was calculated according to

S G

T) = gex
X{T) gexp ——

G

In +

(@)

where ¢ is a degeneracy factor accountlng for internal degrees
of freedom of the point defect>> The equilibrium vacancy
concentrations were calculated using

i Q)]

W-S ©)
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where S is the speci ¢ surface area per mass (8 21m?g °),
Na» Avogadro’s number, and MW, the molar mass of
CosMo;N.

The slab formation energy per unit area (EF) was calculated
according to the equation

ESF = (Eslab,CoxMoyl$ XEOS yE|\/§ zZBlg A 4)

where A is the area of the surface unit cell; Egaycomopn: Ecor
Emo and Ey are the total energies of the slab and the elements
calculated from bulk Co-fcc(2 x 2 x 2), Mo-bce(2 x 2 x 2),
and N, in a 20 A periodic cube, respectively; and x, y, z are the
stoichiometric coe cients of the slab’s elemental formula
shown in Table 2.

According to the slab formation energy calculations
presented in Table 2, we nd that the 3f surfaces (i.e., 3f-
hollow-N, 3f-hollow-Nx3, 3f-hollow-N ) have generally
higher slab surface energies (8.61 to 10.33 J-m 2) compared
to the 5f that has a slab formation energy of 0.64 J-m 2 The
relative stability of the various nitrogen-containing surfaces
based on these slab formation energies were found to have the
order 5f-hollow-Nx3 > 3f-hollow-N > 3f-hollow-Nx3 > 3f-
hollow-N , and we suggest that they can be used to rank the
relative abundance of the various surface terminations on the
CosMo;N nanoparticles. This suggests that, for the nitrogen
containing (111)-facets on CosMosN catalyst particles, most
will have a 5f nitrogen. The latter, however, has the most
strongly bound surface nitrogen, with VFEs of 227 ki:mol *
compared to 134 162 kJ-mol ! that the 3f-hollow surfaces
have. Therefore, although the 5f-hollow-Nx 3 is expected to be
more abundant on Co;Mo;N catalyst particles, it is not
expected to contribute substantially to ammonia synthesis via
the Mars van Krevelen type mechanism, due to the large
nitrogen-VFE energy that makes the formation of vacancies of
this kind highly unlikely in the ammonia synthesis temperature
range. In contrast the 3f-hollow surfaces that happen to have
higher surface energies appear to be the catalytically relevant
surfaces, as their vacancies form at considerably lower
temperatures (and at higher concentrations), even as low as
200 °C.

In Figure 3 we show the calculated equilibrium nitrogen
vacancy concentration in the temperature range of ammonia
synthesis (380 550 °C). We found that it ranges between 1.6
x 10% and 3.7 x 10% cm 2 which is high, if one considers that
these are active sites if dinitrogen is able not only to adsorb but
also be activated in order to undergo further catalytic reactions.
We compare the vacancy concentrations at 25 °C (7.1 x 10
1.9 x 10* cm 2) to a recent Transmission Electron Aberration-
Corrected Microscopy (TEAM) study of vacancy concen-
trations on MoS, Ims. Although the Mo S bond strength will
have a di erent strength than the Mo N bond, we nd
equilibrium vacancy concentrations were found to be of the
same order of magnitude (3.5 x 10 cm 2)*° as the ones we
report here for the rst time.

3.3. Nitrogen Adsorption and Activation at Vacancy
Sites. Here we examine whether N, can adsorb and become
activated at nitrogen vacancies formed on CozMosN (111)
surfaces. The adorption studies were done in the following
fashion: we have placed N, molecules perpendicularly to the
surface at the center of the square and the triangle of the
corresponding 5f and 3f vacancies. The nitrogen atom that was
closer to the surface was in the same plane as the surrounding
Mo atoms, and the whole surface/adsobate system was allowed

Figure 3. Nitrogen-vacancy concentration as a function of temperature
on all nitrogen-containing (111)-surfaces of CosMo;N. Dashed lines
correspond to the usual temperature range of ammonia synthesis.
Curves obtained using eq 3.

to relax without constraints. Thus, the nitrogen could either
desorb or adsorb by elongation of the N N bond. Although we
anticipated exothermic adsorption energies for N, at vacancies
(see Table 2, E,s), we found that most of the adsorpion
energies are endothermic apart from one surface, indicative of a
considerable electronic reconstruction of the surfaces when N-
vacancies were formed. The only surface that preserved the
number of unpaired electrons at the vacancy sites and gave
exothermic adsorption energies ( 19.6 kJ-mol ) for N, was
the 3f-hollow-Nx 3 surface which is in general agreement with
the values found from kinetic modeling of ammonia synthesis**
and earlier DFT calculations.® The other three surfaces (5f-
hollow-Nx 3, 3f-hollow-Nx 3, 3f-hollow-N ) gave signi cantly
high endothermic adsorption energies for N, that range
between 49 to 66 kJ-mol . Based on the DFT calculated
adsorption energies, the surface formation energies, and the
nitrogen vacancy concetrations, we have found that the most
probable surface where the Mars van Krevelen chemistry may
happen is the 3f-hollow-Nx3 surface of CozMosN nano-
particles. This surface will be used in future work to model the
Mars van Krevelen mechanism for ammonia synthesis on
CosMosN and compare it to the L H mechanism, the
dominant catalytic mechanistic pathway found for Ru[0001]
surfaces.

In these studies, the activation of nitrogen is considered to be
the most di cult mechanistic step for ammonia synthesis on
both Ru and Fe surfaces.'®*® The e ect of strain on the
activation barrier on iron surfaces showed that it can be lowered
by expanding the lattice parameter.>* In another study of the
activation of multiple-bonded molecules, van Santen and co-
workers showed that H-assisted dissociation lowers the barrier
for CO activation on Ru in the Fischer Tropsch mechanism.*®
Nonetheless a recent study by Iglesia and co-workers shows
that although H-assisted dissociation of multiply bonded
molecules (e.g, CO, NO, O,) lowers the activation barrier
this does not happen in the case of N, on Ru[0001].*°

In Figure 4 we present the calculated N, bond lengths for the
molecule adsorbed at the di erent vacancy sites which we
correlate with the VFE. We nd that both 3f-hollow and 5f-
hollow nitrogen vacancies can activate N, by weakening
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Figure 4. Nitrogen VFE as a function of the bond length in activated
molecular nitrogen adsorbed to nitrogen vacancies compared to N, in
vacuum.

considerably the N N bond evident from the large increase in
the N N bond length. The percentage increase of the N N
bond length due to adsorption/activation at vacancies was
found to be 18.8%, 7.2%, 11.2%, and 6.8% for 5f-hollow-Nx 3,
3f-hollow-N, 3f-hollow-Nx3, 3f-hollow-N , respectively.
Figure 4 shows that the bond length increase is roughly
proportional to the VFE, clearly suggesting that vacancy sites
that require more energy to be formed can activate nitrogen
more e ectively. The interpretation of this phenomenon can be
based on the Dewar Chatt Duncanson bonding model that
rationalizes the activation of an end-on bound N, in transition
metal complexes. In that, the lled N, nonbonding -orbital
forms a dative bond with empty metal d,2 or d,2 7 orbitals and
the lled d,,, d,,, or d,, orbital of the transition metal donates
electron density into the 2 * antibonding orbitals of N, via
backdonation. This backdonation weakens the N N bond,
e ectively activating the ligand, which requires less energy for
subsequent bond dissociation reactions. Since the energy
required to remove a single N atom from the surface of
CozMosN is proportional to the energy required to remove
molecular nitrogen that is bound end-on as shown in an earlier
study,> this means that the stronger N, is bound the more
backdonation occurs which weakens the N N bond (i.e,
adsorption-induced bond-elongation). Figure 4 clearly shows
that the VFE energy is therefore linearly proportional to the
N N bond length. It is therefore suggested that the VFE in
combination with the adsorption energies can be used as a
descriptor for the screening of materials that can adsorb and
activate double or triple bonded molecules (e.g., O, N,, CO,
NO) that are bound end-on at surface vacancies. This result is
intriguing, as it reduces the computational problem of screening
materials to a single-point energy calculation.

4. SUMMARY AND CONCLUSIONS

In summary, we present for the rst time nitrogen-vacancy
formation free energies and concentrations for conditions
relevant to ammonia synthesis (380 to 550 °C, 100 atm) over
CosMosN. We have explicitly considered the con gurational
entropy and the temperature-dependent entropic contributions
due to N, at 100 atm via a semiempirical approach. We observe
that two types of nitrogen vacancies exist, 3f and 5f vacancies,
with vacancy formation energies in the range of 1.39 to 2.35 eV.
We determine that the 3f-nitrogen containing surfaces that

form N-vacancies more easily have surprisingly high concen-
trations (1.6 x 10 to 3.7 x 10% cm 2) at conditions relevant
to ammonia synthesis. The catalytically active surface that we

nd is the 3f-hollow-Nx3 that resembles the structure of a
bifunctional catalyst, as the nitrogens bound to the
molybdenum framework coexist with a hexagonal array of
embedded Cog nanoclusters.

We report for the rst time that the VFE in combination with
the adsorption energy can be used as a descriptor in the
screening of materials that activate multiple-bound molecules
such as N,. This signi cantly reduces the computational cost
for the computational screening of materials, as only a single-
point energy calculation is required for each material once the
chemical potential of consisting elements is known.
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