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Abstract

Iron is the principal catalyst for the ammonia synthesis process and the Fischer-Tropsch process,
as well as many other heterogeneously catalyzed reactions. It is thus of fundamental importance
to understand the interactions between the iron surface and various reaction intermediates. Here
we present a systematic study of the atomic and molecular adsorption behaviors over Fe(110) using
periodic, self-consistent density functional theory (DFT-GGA) calculations. The preferred binding
sites, binding energies and the corresponding surface deformation energies of five atomic species
(H, C, N, O, and S), six molecular species (NHs, CHa, N2, CO, HCN, and NO), and eleven
molecular fragments (CH, CH2, CHs, NH, NH2, OH, CN, COH, HCO, NOH, and HNO) were
determined on the Fe(110) surface at a coverage of 0.25 monolayer. The binding strengths
calculated using the PW91 functional decreased in the following order: C>CH>N>0>S >
NH > COH > CN > CH2 > NOH > OH > HNO > HCO > NH2>H > NO > HCN > CH3 > CO >
N2 > NHs. No stable binding structures were observed for CH4. The estimated diffusion barriers
and pathways, as well as the adsorbate-surface and intramolecular vibrational modes of all the
adsorbates at their preferred binding sites, were identified. Using the calculated adsorption
energetics, we constructed the potential energy surfaces for a few surface reactions including the
decomposition of methane, ammonia, dinitrogen, carbon monoxide and nitric oxide. These
potential energy surfaces provide valuable insight into the ability of Fe(110) to catalyze common

elementary steps.
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1. Introduction

The application of metallic iron as a heterogeneous catalyst lies at the heart of two extremely
important industrial catalytic processes: the Haber—Bosch process for ammonia synthesis and the
Fischer-Tropsch process for conversion of syngas to hydrocarbon fuels. The process of ammonia
synthesis from nitrogen and hydrogen is one of the most studied heterogeneously catalyzed
reactions [1]. Among transition metals, Fe and Ru have been shown to be the best monometallic
catalysts for ammonia synthesis [2-4]. Numerous research studies have been conducted to
elucidate the reaction mechanism and the nature of active sites for the ammonia synthesis reaction
over iron catalysts [5-20]. The Fischer-Tropsch process allows the production of hydrocarbon
fuels from alternative resources other than petroleum crude oil. Since the strong C—O bond in
carbon monoxide needs to be activated in the Fischer-Tropsch process, a highly active catalytic
surface such as Fe or Co is often required for this chemistry [21,22]. The Fischer-Tropsch
mechanism over iron catalysts has been extensively studied in the literature both experimentally
[23-32] and theoretically [32-34]. A detailed review of the mechanisms of iron-catalyzed
reactions is beyond the scope of this paper. Interested readers are directed to the references herein.
Due to the significant relevance of iron catalysts in industrial applications, fundamental
understanding of the adsorption behavior of different atomic and molecular reactive intermediates

over the iron surface has been the topic of many surface science research studies.

Here we focus on the Fe(110) surface, the most stable facet of this body-centered cubic metal.
Atomic species such as H, C, N, O, and S are ubiquitously present in catalytic reactions.
Additionally, C, N, O, and S are common impurities that naturally exist in metallic iron [35]. The
adsorption of H on Fe(110) has been extensively characterized using experimental techniques such
as electron energy loss spectroscopy (EELS) [36], low electron energy diffraction (LEED) [37—
43], thermal desorption spectroscopy (TDS) [37,39,42,44], ultraviolet photoelectron spectroscopy
(UPS) [42], and thermal energy atom scattering (TEAS) [44], as well as theoretical methods such
as the tight-binding method (TB) [45] and density functional theory (DFT) [46,47]. N adsorption
on Fe(110) has been studied using LEED [48,49], UPS [48,49], temperature-programmed
desorption (TPD) [49,50], work function measurements [51], helium atom scattering (HAS) [52],
and DFT [53-55]. Numerous studies have been performed on the adsorption of O on Fe(110),
including LEED [48,56-63], UPS, X-ray photoelectron spectroscopy (XPS) [62,64], angle-



resolved photoelectron spectroscopy (ARPES) [60,65,66], EELS, scanning tunneling microscopy
(STM) [57,64], X-ray absorption spectroscopy (XAS) [63], and DFT [67-69]. Surface science
studies of C and S adsorption on Fe(110) are relatively scarce: adsorption of C has been studied
using LEED [35,48,70], UPS [48], and DFT [71-73]; S adsorption on Fe(110) has been studied
using LEED [35,48,74-76], UPS [48], STM [74], and DFT [77,78]. Besides the atomic species,
adsorption properties of molecules such as NH3z and CO are also common topics in surface science
studies on Fe(110). Adsorption of NH3 on Fe(110) has been studied using techniques such as
LEED [37,79,80], HAS [81], secondary ion mass spectroscopy (SIMS) [79], AES [82], TDS
[37,80], work function measurements [80], EELS [83,84], and DFT [85]. Numerous research work
has been conducted on the adsorption of CO on Fe(110); to list a few, studies have been performed
using LEED [37,48,86-89], HAS [81], TDS [37,90,91], UPS [48,87,92,93], XPS [87], EELS [88],
work function measurements [94], ARPAS [95], and DFT [96-99].

In this work, we seek to construct a comprehensive, self-consistent, first-principles based database
of adsorption properties, diffusion behavior and vibrational features of atomic and molecular
species over Fe(110). The experimental identification and measurement of molecular fragments
such as CHx and NHx can often be challenging tasks. Additionally, computational studies are often
conducted using different methods and parameterizations, which makes it difficult to compare and
generalize results from different sources. In the past, our group has conducted similar work on a
number of other close-packed transition metal surfaces, including Rh(111) [100], Ir(111) [101],
Pt(111) [102], Pd(111) [103], Ru(0001) [104], Re(0001) [105] and Au(11l) [106]. Here we
performed periodic, self-consistent DFT calculations to study the adsorption of a total of 22 atoms,
molecules and molecular fragments commonly involved in Fe-catalyzed reactions, and we
compare our results to experimental data as available. Using our calculated binding energy values,
we also constructed potential energy surfaces for the thermochemistry of several surface reactions,
which are relevant in the activation processes of NH3, CH4, N2, CO, and NO on Fe catalysts. These
DFT-derived results present a set of benchmarks that can be used for comparison with experiments,
including state-of-the-art single crystal adsorption microcalorimetry [107,108]. Our data can also

be added to other electronically accessible databases, which have started appearing recently [109].

2. Methods



DACAPO, a planewave, total energy code [110,111], was used for all the spin-polarized DFT
calculations in this work. The Kohn-Sham one-electron valence states were expanded in a plane
wave basis set with kinetic energies below 25 Ry [110], and the ionic cores were represented by
ultrasoft pseudopotentials [112]. The self-consistent GGA-PW91 functional [113] was used to
describe the exchange-correlation energy. Energies obtained using the RPBE functional [110], not
self-consistently, were also reported. Throughout the text, the RPBE energies are listed in square
brackets, next to PW91 values. The self-consistent electron densities were determined by iterative
diagonalization of the Kohn-Sham Hamiltonian, Fermi-population of the Kohn-Sham states (ksT
= 0.1 eV) and Pulay mixing of the resulting electron densities [114]. All total energies were
extrapolated to (ksT = 0 eV) [110]. The first Brillouin zone was sampled by a (6 x 6 x 1)
Monkhorst-Pack k-point mesh [115]. Convergence with respect to calculation parameters has been

ensured up to 0.05 eV.

The Fe(110) surface was modeled by a four-layer slab periodically repeated in a supercell
geometry consisting of a (2 x 2) unit cell, which corresponds to a surface coverage of 0.25
monolayer (ML) if a single adsorbate is present in the unit cell. The top two layers of the metal
atoms, as well as all the adsorbate atom(s), were fully relaxed, while the bottom two layers of the
slab were fixed at their bulk-truncated lattice positions. In the vertical direction along the surface
norm, a vacuum layer of at least five equivalent atomic layers (~11 A) in thickness was added
between any two successive slabs, so that the adsorbate-surface interactions were not influenced
by any surface atoms from the neighboring unit cells. Adsorption was allowed on only one side of
the two exposed surfaces of each slab, and the electrostatic potential was adjusted accordingly
[116,117]. The calculated lattice constant for Fe using the PW91 functional is 2.850 A, in close
agreement with the experimental value of 2.866 A [118]. The Fe(110) slab used in all the
calculations is illustrated in Figure 1. Four types of high-symmetry binding sites exist on the (110)
plane: top, long-bridge (Ib), short-bridge (sb) and 3-fold hollow (h). Such a naming convention is

used throughout the subsequent discussion.



Figure 1: Side (left) and top (right) views of a clean Fe(110) slab. The dashed lines denote the (2 x 2) unit cell. The
numbers indicate the locations of the four high-symmetry binding sites on Fe(110): 1 —top, 2 — long bridge (Ib), 3 —
short bridge (sb), and 4 — hollow (h).

The binding energy (Eb) of an adsorbate is defined using Equation (1):

E,=E

total Esubstrate - Egas-phase adsorbate (1)

where Ewtal is the total energy of the entire adsorbate-slab system, Esubstrate IS the total energy of the
clean Fe(110) slab by itself, and Egas-phase adsorbate IS the total energy of the isolated adsorbate in the
gas phase. By this definition, exothermic adsorption is indicated by a negative BE value; i.e., a
more negative Ep value is associated with enhanced binding strength. The deformation energy of

the surface upon the adsorption of a certain species (AE) is defined using Equation (2):

AE = E Esubstrate (2)

total, adsorbate removed

where Etotal, adsorbate removed 1S the total energy of the clean slab in which all the atoms are fixed at
their corresponding positions after adsorption. This quantity is generally positive, which indicates
the energy required for the surface deformation in order to accommodate the adsorption event. The
electronic contribution to the adsorbate-surface interaction can thus be estimated by subtracting
AE from Eb.

Vibrational analyses were performed by diagonalizing the mass-weighted Hessian Matrix, and the
second derivatives of the total energy were evaluated using a finite difference approach with a step
size of 0.010 A [119], so that the harmonic vibrational frequencies were obtained. The diffusion

barrier of an adsorbate was estimated by first constructing a probable diffusion path between two
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adjacent energy minima on the potential energy surface (PES) through a metastable state and then

calculating the energy difference between the most stable and the metastable states.
3. Results

In this section, we present and discuss the adsorption behavior for a total of 20 species including
atoms, molecules and molecular fragments on Fe(110). The binding energy and site preference of
each adsorbate are listed in Tables 1 and 2, with the detailed structural information at each
preferred binding site summarized in Figure 2 and Table 3. The diffusion behavior and surface
deformation energies are listed in Tables 4 and 5, respectively. The adsorption of strongly bound
species (e.g., C and CH) are generally associated with large deformation energies and estimated
diffusion barriers; however, we did not observe any explicit correlation between binding energy
and deformation energy/diffusion barrier. The vibrational features of the adsorbates are
summarized in Tables 6, 7 and 8. In the end, we present the thermochemical potential energy

surfaces of a few surface reactions relevant in industrial catalysis (Figures 4 and 5).

Table 1: Binding energies (PW91 [RPBE]) and site preferences of atomic species on Fe(110)

Adsorbate Preferred site Binding energy (eV)aP
Calc. EXxp. top long bridge  hollow EXp.

H hollow hollow® -2.25[-2.11] -3.02 [-2.86] -2.88 +
Ibd 0.05¢

C Ib -5.23[-4.83] -7.60 [-6.99]

N Ib -3.97[-3.61] -6.15[-5.57] -5.98f

0] Ib Ibe -4.46 [-3.99] -6.09 [-5.48] -6.09 [-5.46]

S Ib lb" -4.35[-3.98] -5.72[-5.22]

2 No stable binding structures were found on short bridge sites.

bThe binding energy of the most stable site (according to the PW91 binding energies) for each
species is boldfaced.

¢ LEED [38,40,41]

dLEED [42,43]

¢ Hz, TDS [44]

"Nz, TPD [50]

9 EELS [61], STM [57]

hSTM [74]
Table 2: Binding energies (PW91 [RPBE]) and site preferences of molecules and molecular fragments on Fe(110)
Adsorbate Preferred Site Binding Energy (eV)?
Calc. Exp. top long short hollow Exp.
bridge bridge
NHs top lb® -0.62 -0.74¢
[-0.30]




co Ib top¢ -1.91 -1.93 -1.88

[-1.58]  [-1.52] [-1.51]
HCN h-1b-h -0.63 -0.59 -2.49
[-0.19] [-0.10] [-1.79]
(h-lb-h)
-2.27
[-1.56]
(h-sb-h)
N2 top -0.63 -0.22
[-0.24] [0.24]
NO hollow -2.59 -2.84 -2.71 -2.86
[-208] [2.23] [-213] [-2.24]
CH Ib -5.24 -6.85
[-4.72] [-6.24]
CH2 hollow -3.18 -4.27 -4.32
[-2.74]  [-3.70] [-3.75]
CHs hollow -1.59 -2.09
[-1.27] [-1.60]
NH Ib -3.25 -5.22
[-2.76] [-4.60]
NH2 Ib -2.43 -3.03 -2.97
[(1.99] [2.46] [-2.42]
OH hollow -3.09 -3.81
[-2.46] [-3.21]
CN h-1b-h -3.62 -4.74 -5.04
[-3.29]  [-4.19] [-4.40]
(Ib-top) (h-lb-h)
-4.27
[-3.83]
COH Ib -3.62 -4.75 -4.40
[-3.10] [4.15] [-3.82]
HCO h-1b-h -2.75 -3.06
[-2.15] [-2.40]
(t-Ib-t) (h-lb-h)
NOH Ib -3.98
[-3.26]
HNO sb-Ib-sh -2.91 -3.61 -3.20
[-2.28]  [-2.81] [-2.49]
(t-1b-t) (sb-Ib- (h-1b-h)
sb)

2 The binding energy of the most stable site (according to the PW91 binding energies) for each
species is boldfaced.

b LEED [80]

¢TDS [80]

d LEED [88]
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Figure 2: Side (top) and top views (bottom) of the most stable binding structures of adsorbates on Fe(110). Color Code:
yellow — hydrogen, black — carbon, blue — nitrogen, red — oxygen, orange — sulfur, pink — iron.

Table 3: Geometry of the adsorbates at their preferred sites on Fe(110)

Adsorbate Zare (A)? AZee (A2 dre-re (A)2 P das (A)2
H (hollow) 0.948 0.004 2.856 (Ib)
2.478 (sh)
C (Ib) 0.617 -0.033 3.363 (Ib)
2525 (sh)
N (Ib) 0.664 0016 3.328 (Ib)
2508 (sh)
O (hollow) 1.058 20.014 3.074 (Ib)
2.488 (sh)
S (Ib) 1572 10.054 3.071 (Ib)
2.493 (sh)
NHs (top) 2.155 0.173 2.859 (Ib) 1.027 (N-H)
2.479 (sb)
CO (Ib) 1.312 -0.037 2.951 (Ib) 1.211 (C-O)
2.454 (sh)
HCN (h-lo-h) 1423 (C-Fe)  -0.015 2.910 (Ib) 1.328 (C-N)
1.300 (N—Fe) 2.499 (sh) 1.102 (C—H)
N2 (top) 1.842 0.020 2,852 (Ib) 1.142 (N-N)
2.468 (sh)




NO (hollow) 1.193 0.009 2.853 (Ib) 1.242 (N-0)

2.496 (sb)

CH (Ib) 1.081 -0.039 3.094 (Ib) 1.106 (C-H)
2.465 (sb)

CH: (hollow) 1.255 -0.009 2.981 (Ib) 1.176, 1.104

2.473 (sb) (C-H)

CH3 (hollow) 1.604 0.007 2.831 (Ib) 1.118 (C-H)
2.473 (sb)

NH (Ib) 1.059 -0.024 3.129 (Ib) 1.030 (N-H)
2.477 (sb)

NH: (Ib) 1.422 0.060 2.869 (Ib) 1.032 (N-H)
2.518 (sb)

OH (hollow) 1311 0.014 3.030 (Ib) 0.981 (O—H)
2.512 (sh)

CN (h-lo-h) 1.426 (N-Fe)  -0.007 2.947 (Ib) 1.260 (C-N)
1.295 (C-Fe) 2.510 (sb)

COH (Ib) 1.150 -0.038 3.048 (Ib) 1.362 (C-O)

2.462 (sb) 0.987 (O-H)

HCO (h-lb-h)  1.552 (O-Fe)  -0.013 2.994 (Ib) 1.345 (C-O)

1.398 (C-Fe) 2.492 (sb) 1.107 (C-H)

NOH (Ib) 1.028 -0.031 3.164 (Ib) 1.440 (N-O)

2.480 (sb) 0.990 (O—H)

HNO (sb-Ib-sb) ~ 1.519 (O-Fe)  -0.013 3.145 (Ib) 1.473 (N-O)

1.371 (N—Fe) 2.493 (sb) 1.030 (N-H)

2 The parameter definitions are provided in Figure 3.
b On the clean, relaxed Fe(110) surface, drere values are 2.850 A along the long-bridge direction
and 2.468 A along the short-bridge direction.



Figure 3: Definitions of the geometric parameters for surface adsorbates. Side (top) and top (bottom) views of an
adsorbate on the Fe(110) slab are shown. Za_re denotes the vertical distance between the adsorbate and the plane of
the Fe atoms in contact with it (the highlighted slab atoms). AZr. denotes the average difference in vertical distances
between the plane of the highlighted Fe atoms and that of a clean, relaxed Fe(110) surface. AZre is positive when the
highlighted atoms are pulled upwards, and vice versa. dre_re denotes the average distance between adjacent Fe atoms
in contact with the adsorbate. Two dee_re Values were evaluated: one along the long-bridge direction (denoted by Ib)
and the other along the short-bridge direction (denoted by sb). On a clean, relaxed Fe(110) surface, dee_re Values are

AZq, T

.
p
%,

2.850 A (Ib) and 2.468 A (sh), respectively. da g denotes the intramolecular bond length of the adsorbate.

Table 4: Estimated diffusion barriers and paths for adsorbates on Fe(110)

Adsorbate Diffusion barrier (eV) Diffusion path
PW91 RPBE

H 0.18 0.21 hollow—sb?—hollow

C 1.21 1.12 Ib—sbP—1b

N 0.86 0.78 Ib—sb’—1b

@) 0.40 0.38 Ib—sbP—1lb

S 0.61 0.59 Ib—sbP—1lb

NH3 0.28 0.31 top—sbP—top

CO 0.02 0.04 Ib—top—1b

HCN 0.22 0.22 h-Ib-h—h-sb-h—h-Ib-h

N2 0.24 0.28 top—hollow?—top

NO 0.02 0.01 hollow—1b—hollow

CH 0.68 0.68 Ib—sb®—1Ib

CH:2 0.05 0.04 hollow—Ib—hollow

CHs 0.17 0.17 hollow—1b?—hollow

NH 0.70 0.69 Ib—sb®—1Ib

NH2 0.35 0.37 Ib—hollow?—sb
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OH 0.11 0.12 hollow—IbP—hollow

CN 0.30 0.20 h-Ib-h—1b-top—h-Ib-h
COH 0.35 0.34 lb—sb—1b

HCO 0.31 0.24 h-Ib-h—t-Ib-t—h-Ib-h
NOH 0.63 0.61 Ib—sb’—1b

HNO 0.41 0.31 sb-lb-sb—h-Ib-h—sb-Ib-sb

2 The energy of the adsorbate at the metastable site was calculated by fixing the x and y coordinates
of the atom through which the adsorbate binds to the slab.

b The energy of the adsorbate at the metastable site was calculated by fixing the x and y coordinates
of the atom through which the adsorbate binds to the slab, as well as all the slab atoms.

Table 5: Deformation energies upon adsorption of the adsorbates at their preferred sites on Fe(110)

Adsorbate Site AE (eV)
PW91 RPBE

H hollow 0.00 0.00
C Ib 0.32 0.34
N Ib 0.28 0.28
0] hollow 0.05 0.06
S Ib 0.07 0.08
NHs top 0.08 0.07
CO Ib 0.04 0.04
HCN h-lb-h 0.03 0.04
N2 top 0.02 0.03
NO hollow 0.02 0.03
CH Ib 0.09 0.09
CH2 hollow 0.03 0.03
CHs hollow 0.02 0.03
NH Ib 0.10 0.10
NH2 Ib 0.08 0.10
OH hollow 0.05 0.06
CN h-lb-h 0.05 0.05
COH Ib 0.07 0.06
HCO h-lb-h 0.04 0.05
NOH Ib 0.12 0.12
HNO sh-Ib-sb 0.12 0.13

Table 6: Vibrational frequencies of atomic adsorbate species at their most stable binding sites on Fe(110)
Adsorbate Frequency (cm™)

Calc. Expr.

H 1056 10602
C 371
N 359
@) 488 500°
S 331

aEELS [36]

b EELS [61]
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Table 7: Vibrational frequencies of diatomic adsorbate species at their most stable binding sites on Fe(110)

Adsorbate Calculated (cm™) Experimental (cm™)
IM AS IM AS
CO 1752 314 189072 4562
N2 2158 329
NO 1464 340
CH 2984 524
NH 3424 495
OH 3794 380
CN 1590 342
IM stands for intramolecular; AS stands for adsorbate-surface.
aEELS [88]

Table 8: Vibrational frequencies of polyatomic adsorbate species at their most stable binding sites on Fe(110)

Adsorbate Calculated Frequency (cmt)

Symm. Asymm. AS Scissoring Rocking  Wagging  Twisting
IM IM
NHs3 3370 3525 277 1544 461 1027 50.2
3527 1552 463
HCN 13202 417.9 1041 450.8 735.4 246
3003°
CH: 2241 3002 464 1359 524 699 298
CHs 2763 2805 335 1292 525 1182 377
2892 1297 455
NH: 3355 3429 404 1485 503 606 432
COH 1100° 359 1188 290 235
36921 427
HCO 1127¢ 298 1182 463 717 138
2950°
NOH 798¢ 331 1253 303 171
3663¢ 493
HNO 667¢ 416 1205 471 583 341
3432

Symm. IM stands for symmetric intramolecular; asymm. IM stands for asymmetric intramolecular;
AS stands for adsorbate-surface.

ay(C-N)

by (C—H)

¢v(C-0)

dy(0O-H)

¢ v(N-O)

Fy(N-H)

3.1 Adsorption of Atomic Species
3.1.1 Hydrogen (H)
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H prefers to bind to the hollow site of Fe(110), with a binding energy of -3.02 [-2.86] eV (Figure
2 and Table 1). Our predicted optimal binding site for H agrees with the LEED studies by Hammer
et al. [41], Moritz et al. [40], and Nichtl-Pecher et al. [38], though earlier experimental studies
suggested H binding on the long bridge site [42,43]. The calculated binding energy is in good
agreement with the experimental value of -2.88 + 0.05 eV estimated from TDS [44]. H can also
bind on a top site, with a much lower binding energy of -2.25 [-2.11] eV. H is the least strongly
bound among all the atomic species studied in this work. At its preferred binding site, the H atom
sits 0.948 A above the surface. The adsorption of H barely causes any distortion to the Fe(110)
surface; we obtained a negligible deformation energy associated with the adsorption event (Table
5). The calculated H-Fe stretching mode is at 1056 cm™ (Table 6), in excellent agreement with the
experimental HREELS value of 1060 cm [36]. H prefers to diffuse on Fe(110) from a hollow site
to the adjacent hollow site through the short bridge site in between, and the estimated energy
barrier for this diffusion path is 0.18 [0.21] eV (Table 4).

3.1.2 Carbon (C)

The preferred binding site for C on Fe(110) is the long bridge site with a binding energy of -7.60
[-6.99] eV (Figure 2 and Table 1). Carbon is the most strongly bound adsorbate among all the
species evaluated. We also found a stable adsorption structure for C on the top site; however, the
binding strength is much weaker (-5.23 [-4.83] eV). Over its preferred long bridge site, the carbon
atom lies 0.617 A above the Fe(110) surface (Table 3). The adsorbate-surface stretching frequency
is 371 cm! (Table 6). The adsorption of C on the long bridge site creates a significant distortion
of the surface: it pushes the two adjacent Fe atoms away by 0.513 A and downwards by 0.033 A
(Table 3). Therefore, the adsorption is associated with a notable deformation energy of 0.32 [0.34]
eV (Table 5). The optimal diffusion path for C on Fe(110) is long bridge — short bridge — long
bridge, and the estimated diffusion barrier is 1.21 [1.12] eV (Table 4). Sahputra et al. calculated
the diffusion barrier for C on Fe(110) using DFT and the nudged elastic band (NEB) method [120].
Our estimated diffusion barrier is in excellent agreement with their reported value of 1.08 eV.

3.1.3 Nitrogen (N)

As shown in Table 1, N can bind on either the long bridge (Eb =-6.15 [-5.57] eV) or top (E» =-3.97
[-3.61] eV) site of the Fe(110) surface. The PW91 binding energy value at the long bridge site is
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in reasonable agreement with the experimentally estimated value of -5.98 eV (TPD [50]). Its
preferred long bridge binding structure is illustrated in Figure 2, where the N atom is adsorbed at
a vertical distance of 0.664 A from the surface (Table 3). The calculated N-surface stretching mode
in this binding structure is at 359 cm (Table 6). Similar to the adsorption of C, N adsorption leads
to large displacements of the surface Fe atoms; upon its adsorption, the two adjacent surface Fe
atoms are driven farther apart by 0.478 A (Table 3), which is associated with a notable deformation
energy of 0.28 [0.28] eV (Table 5). Along the preferred diffusion path for N on Fe(110), the atom
moves between two adjacent long bridge sites through a short bridge site, climbing over an
estimated barrier of 0.86 [0.78] eV (Table 4).

3.1.4 Oxygen (O)

O prefers to bind on the long bridge site of the Fe(110) surface with a binding energy of -6.09 [-
5.48] eV; the hollow site is almost isoenergetic (Ep = -6.09 [-5.46] eV). A less energetically
favorable binding structure exists over the top site with a binding energy of -4.46 [-3.99] eV
(Figure 2 and Table 1). Experimental observations suggest that O binds to the long bridge site at a
surface coverage of ~0.25 ML [57,61], consistent with our calculation results. At its preferred long
bridge site, the O atom lies at a vertical distance of 1.058 A from the surface (Table 3), and the
calculated O-Fe stretching frequency is 488 cm™ (Table 6). This frequency value is in good
agreement with the EELS result (500 cm™) obtained by Erley and Ibach [61]. The adsorption of
an O atom leads to moderate distortion of the Fe surface atoms: the adjacent surface atoms are
pushed downwards by 0.014 A, and the local lattice is slightly expanded by 0.224 A and 0.020 A,
in the long-bridge and short-bridge directions, respectively (Table 3). O adsorption is therefore
accompanied by a mild deformation energy value of 0.05 [0.06] eV (Table 5). The oxygen can
diffuse between two adjacent long bridge sites through a short bridge site; such a diffusion path is

associated with an estimated energy barrier of 0.40 [0.38] eV (Table 4).
3.1.5 Sulfur (S)

Atomic sulfur can bind on either the long bridge (Eb = -5.72 [-5.22] eV) or top (Eb = -4.35 [-3.98]
eV) site of the Fe(110) surface (Table 1). Our predicted preferred binding site of S (long bridge)
agrees well with the STM results by Weissenrieder et al. [74]. When S binds to its preferred
adsorption site (long bridge, Figure 2), the adsorbate atom sits at a vertical distance of 1.572 A
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from the surface (Table 3). The calculated adsorbate-surface vibrational mode is at 331 cm (Table
6). Upon the adsorption of a sulfur atom, the adsorbate pushes the adjacent surface Fe atoms down
by 0.054 A and farther apart by 0.221 A (Table 3); we obtained a deformation energy value of 0.07
[0.08] eV (Table 5). The optimal diffusion path of S on Fe(110) is long bridge — short bridge —
long bridge, and the diffusion barrier is estimated to be 0.61 [0.59] eV (Table 4).

3.2 Adsorption of Molecules or Molecular Fragments

Here we continue to discuss the adsorption of molecules and molecular fragments on Fe(110). We
did not observe any stable binding structure for methane (CHa4). The result is expected since CHa
is a closed-shell species which interacts with most surfaces only through weak physical
interactions, not accounted for in this study. We will present the detailed adsorption behavior of

the rest of molecular species and fragments in the following sections.
3.2.1 Ammonia (NH3)

We observed only one stable binding site on Fe(110) for ammonia: the top site, and the binding is
the weakest among all the adsorbates studied except CH4 (Eb = -0.62 [-0.30] eV) (Figure 2 and
Table 2). The calculated binding energy is in reasonable agreement with the TDS-estimated value
of -0.74 eV [80]; LEED results from the same work, however, suggest that NHs binds on the long
bridge site. The NHs molecule sits at a relatively large vertical distance of 2.155 A from the surface,
consistent with its weak adsorption strength. The intramolecular N-H bond length is 1.027 A
(Table 3). The calculated vibrational modes of adsorbed NHs are summarized in Table 8: we
obtained one symmetric N—H stretching mode at 3370 cm™ and two asymmetric N-H modes at
3525 cm™ and 3527 ¢cm. Upon adsorption of NH3 on Fe(110), the adsorbed molecule pulls the
adjacent surface atom upwards by 0.173 A (Table 3), which is associated with a deformation
energy of 0.08 [0.07] eV (Table 5). The NHs molecule prefers to diffuse between adjacent top sites
through the short bridge site in the middle; such a diffusion path has an estimated energy barrier
0f 0.28 [0.31] eV (Table 4).

3.2.2 Carbon Monoxide (CO)

As summarized in Table 2, CO can bind on three of the four high-symmetry sites on Fe(110) with

very similar binding energies; the PW91 binding strength decreases in the order of long bridge (Eb
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=-1.93[-1.52] eV) > top (Eb = -1.91 [-1.58] eV) > hollow (Eb = -1.88 [-1.51] eV). Using LEED
and EELS, Erley reported that CO binds on the top site of the Fe(110) surface at low coverage
[88], which contradicts our PW91 result but corroborates the RPBE functional prediction. It is a
known issue that the PW91 functional tends to favor binding of CO at higher-coordination sites at
different metal surfaces [121,122], and therefore it does not work well in predicting the preferred
binding site for CO. Over its preferred long bridge binding site (Figure 2), the CO molecule is
adsorbed 1.312 A above the surface and the C—O bond length is 1.211 A (Table 3). The calculated
C-0 and Fe—CO stretching frequencies of CO on the long bridge site are 1752 cm™ and 314 cm™,
respectively (Table 7). The calculated frequencies are underestimates compared with the
experimental EELS values of 1890 cm and 456 cm™ [88], likely due to the differences in CO
binding sites and CO coverage between experiment and theory. Similar results were reported by
Stibor et al. [97] in their DFT calculations, where the calculated frequency values are also
significantly lower than the experimental ones. The adsorption of CO leads to mild surface
deformation with an energy value of 0.04 [0.04] eV (Table 5). Along its preferred diffusion path
over Fe(110), the CO molecule moves from a long bridge site to the adjacent one through a top

site, which is associated with an estimated diffusion barrier of merely 0.02 [0.04] eV (Table 4).
3.2.3 Hydrogen Cyanide (HCN)

The HCN molecule prefers to bind through both the carbon and nitrogen atoms on the Fe(110)
surface. In its most stable binding structure, both the C and N atoms bind on a pair of adjacent
hollow sites across a long bridge site in an h-lIb-h geometry as illustrated in Figure 2 (Eb =-2.49 [-
1.79] eV, Table 2). The molecule binds in a less energetically favorable structure over two adjacent
hollow sites across a short bridge site (h-sb-h, Ex = -2.27 [-1.56] eV). The adsorption structure
through a single N atom in a vertical orientation over the top or short bridge site is much less stable,
as summarized in Table 2 (Eb (top) = -0.63 [-0.19] eV; Eb (sb) = -0.59 [-0.10] eV). In its most
stable h-Ib-h configuration, the C and N atoms are located at vertical distances of 1.423 A and
1.300 A, respectively, from the Fe(110) surface; the intramolecular C—N and C—H bond lengths
are 1.328 A and 1.102 A, respectively (Table 3). The adsorption of HCN is associated with mild
surface deformation (0.03 [0.04] eV in energy, Table 5). The optimal diffusion path of HCN on
Fe(110) is h-Ib-h — h-sb-h — h-Ib-h, and the estimated diffusion barrier associated with this path
is 0.22 [0.22] eV (Table 4).
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3.2.4 Dinitrogen (N2)

The most stable binding structure of the dinitrogen molecule is illustrated in Figure 2. The
molecule binds vertically over a top site through one of the two N atoms (Eb = -0.63 [-0.24] eV).
It binds weaker on the long bridge site with a binding energy of -0.22 [0.24] eV (Table 2). Over
the top site on Fe(110), the N2 molecule lies 1.842 A vertically away from the surface, and the
intramolecular N-N bond distance is 1.142 A (Table 3). The calculated intramolecular and
adsorbate-surface stretching modes of adsorbed N2 are at 2158 cm™ and 329 cm, respectively
(Table 7). The adsorption of N2 on Fe(110) causes a mild surface deformation of 0.02 [0.03] eV
in energy (Table 5). On its optimal diffusion path, the N2 molecule diffuses from one top site to
the adjacent top site through a hollow site, which is associated with an estimated energy barrier of
0.24 [0.28] eV (Table 4).

3.2.5 Nitric Oxide (NO)

Similar to CO, the nitric oxide molecule can bind stably on all the four high-symmetry sites on
Fe(110). The PW91 binding strength decreases in the order of hollow (Eb = -2.86 [-2.24] eV) >
long bridge (Eb = -2.84 [-2.23] eV) > short bridge (E» = -2.71 [-2.13] eV) > top (Eb = -2.59 [-2.08]
eV) (Table 2). The NO molecule is adsorbed at a vertical distance of 1.193 A above its preferred
hollow site, with the N atom closer to the surface, and the N-O bond length at 1.242 A (Table 3).
The calculated vibrational features of adsorbed NO are summarized in Table 7; the intramolecular
and adsorbate-surface stretching frequencies are 1464 cm™ and 340 cm, respectively. The
adsorption of NO is associated with rather an insignificant surface distortion with a deformation
energy of 0.02 [0.03] eV (Table 5). NO prefers to diffuse over Fe(110) between two adjacent
hollow sites through the long bridge site in between; the estimated diffusion barrier for this path
is merely 0.02 [0.01] eV (Table 4).

3.2.6 Methylidyne (CH), Methylene (CH2) and Methyl (CHz)

The CH species prefers to bind on the long bridge site on Fe(110), while both CH2 and CHs prefer
to bind on the hollow sites (Figure 2). The binding strength at the preferred site of each decreases
with increasing number of hydrogen atoms: CH (Eb = -6.85 [-6.24] eV) > CH2 (Eb = -4.32 [-3.75]
eV) > CHs (Eb =-2.09 [-1.60] eV) (Table 2). The detailed adsorption geometries of CH, CHz, and

CHs at their preferred adsorption sites are summarized in Table 3. CH is adsorbed at a vertical
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distance of 1.081 A from the surface, and the intramolecular C—H bond distance is 1.106 A. CH>
lies 1.255 A above the surface in a bent structure, in which one H atom is closer to the surface than
the other; the two C—H bond distances are 1.176 A and 1.104 A. CHs is adsorbed in an upright
orientation 1.604 A above the surface; all three C—H bonds have approximately the same length of
1.118 A. We calculated the surface vibrational modes for each CHx species at its preferred site.
The C-H and Fe-CH stretching frequencies of surface CH are 2984 cm™ and 524 cm?,
respectively (Table 7). The calculated surface vibrational modes of CH2 and CH3s are summarized
in Table 8: the symmetric C—H stretching modes in CH2 and CHs are at 2241 cm™ and 2763 cm™,
respectively; CHz2 has one asymmetric C-H stretching mode at 3002 cm™ and CHs has two
asymmetric C—H stretching modes at 2805 cm! and 2892 cm1. CH causes the strongest degree of
surface deformation (0.09 [0.09] eV in energy) upon adsorption on Fe(110) among the three CHx
species, which is mostly due to the horizontal expansion of the neighboring surface Fe atoms by
0.244 A. The surface deformations associated with CH2 and CHz adsorption are rather insignificant
(0.03 [0.03] eV and 0.02 [0.03] eV in energy, respectively) (Table 5). We estimated the surface
diffusion paths and barriers of the CHx species as summarized in Table 4. CH diffuses between
two adjacent long bridge sites through a short bridge site with an energy barrier 0.68 [0.68] eV.
Both CH2 and CHs diffuse between two adjacent hollow sites through the long bridge site in the
middle; the estimated diffusion barriers of CH2 and CHs are 0.05 [0.04] eV and 0.17 [0.17] eV,

respectively.
3.2.7 Imide (NH) and Amide (NH-2)

Both NH and NH2 prefer to bind on the long bridge sites on Fe(110), with binding energies of -5.22
[-4.60] eV and -3.03 [-2.46] eV, respectively (Figure 2 and Table 2). Table 3 summarizes the
detailed adsorption geometries of NH and NH: at their preferred binding sites. NH is adsorbed at
a vertical distance of 1.059 A from the surface, and the calculated intramolecular N-H bond length
is 1.030 A. NH sits 1.422 A above the surface, and the calculated N—H bond length is 1.032 A.
The calculated N-H and Fe-NH vibrational modes of NH are at 3424 cm™ and 495 cm,
respectively (Table 7); the calculated symmetric and asymmetric N—H stretching frequencies of
NH2 are 3355 cm™ and 3429 cm, respectively (Table 8). The adsorption of NH and NH: is
associated with similar deformation energies (0.10 [0.10] eV and 0.08 [0.10] eV, respectively,
Table 5). The exact causes for these energy changes, however, are quite different. Upon adsorption,
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NH pushes the adjacent surface Fe atoms farther apart by 0.279 A. NH2, however, does not create
much distortion in the in-plane direction; rather, it pulls the two adjacent surface atoms upwards
by 0.060 A (Table 3). NH prefers to diffuse from one long bridge site to the adjacent one through
a short bridge site. NH2 diffuses through the following path: long bridge — hollow — short bridge.
The estimated diffusion barriers for NH and NH2 are 0.70 [0.69] eV and 0.35 [0.37] eV,
respectively (Table 4).

3.2.8 Hydroxyl (OH)

The hydroxyl species can bind on either the top or hollow site of Fe(110), with the hollow site
significantly more favorable (Eb = -3.81 [-3.21] eV) than the top site (Eb = -3.09 [-2.46] eV) (Table
2). In its preferred binding structure, illustrated in Figure 2, the OH species sits upright at a vertical
distance of 1.311 A above the surface, and the calculated O—H bond length is 0.981 A (Table 3).
The calculated O—H and Fe—OH stretching frequencies are 3794 cm™ and 380 cm™, respectively
(Table 7). The adsorption of OH results in expansion of the local Fe lattice by 0.180 A and 0.044
A along the long-bridge and short-bridge directions, respectively (Table 3), leading to a surface
deformation energy of 0.05 [0.06] eV (Table 5). The lowest-barrier diffusion path of OH on Fe(110)
is hollow — long bridge — hollow, and the estimated diffusion barrier is 0.11 [0.12] eV (Table 4).

3.2.9 Cyanide (CN)

The most stable binding structure of CN on Fe(110) is similar to that of its hydrogenated
counterpart HCN: it binds through both the C and N atoms over two adjacent hollow sites across
a long bridge site in the h-1b-h configuration (Eb = -5.04 [-4.40] eV) (Figure 2 and Table 2). Other
less stable binding structures are also summarized in Table 2. In this h-Ib-h binding geometry, the
C and N atoms are located at vertical distances of 1.295 A and 1.426 A, respectively, above the
surface; the calculated intramolecular C-N bond length is 1.260 A (Table 3). The adsorbate-
surface and intramolecular vibrational frequencies are 342 cm™ and 1590 cm?, respectively (Table
7). The adsorption of CN is associated with a mild surface deformation energy of 0.05 [0.05] eV
(Table 5). The diffusion behavior of CN over Fe(110) is summarized in Table 4: the estimated
diffusion barrier is 0.30 [0.20] eV; along the diffusion path, the species passes through a less stable
adsorption site where the C atom binds on a long bridge site, and the N atom binds on an adjacent

top site.
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3.2.10 COH and Formyl (HCO)

Both COH and HCO prefer to bind through the carbon atom on Fe(110). The binding energies and
optimal binding structures of the two isomers are shown in Figure 2 and Table 2. COH prefers to
bind on the long bridge site with a binding energy of -4.75 [-4.15] eV; it can also bind, less stably,
on either the short bridge (E» = -4.40 [-3.82] eV) or top (Eb = -3.62 [-3.10] eV) site. HCO binds
the strongest with both the C and O atoms over two adjacent hollow sites across a long bridge site
(the h-lb-h configuration) with a binding energy of -3.06 [-2.40] eV; a less stable t-1b-t structure
also exists with a binding energy of -2.75 [-2.15] eV. When both COH and HCO are at their
preferred binding sites, HCO is slightly more stable by 0.08 [0.01] eV. The detailed adsorption
geometries at the preferred binding sites are summarized in Table 3. COH is adsorbed at a vertical
distance of 1.150 A above the surface; the O atom sits right above the C atom while the H atom is
tilted towards the surface at an angle of 109.7°; the C—O and O—H bond lengths are 1.362 A and
0.987 A, respectively. When HCO is adsorbed in its preferred h-lb-h configuration, the O and C
atoms are at vertical distances of 1.552 A and 1.398 A, above the surface; the C—O and C—H bond
lengths are 1.345 A and 1.107 A, respectively. The calculated intramolecular stretching
frequencies for COH are 1100 cm™ (C-O) and 3692 cm™ (O-H); those for HCO are 1127 cm*
(C-0) and 2950 cm™ (C-H) (Table 8). The adsorption of COH and HCO is associated with mild
surface deformation energies of 0.07 [0.06] eV and 0.04 [0.05] eV, respectively (Table 5). The
diffusion behavior of COH and HCO is summarized in Table 4. COH diffuses between two
adjacent long bridge sites through a short bridge site with an estimated diffusion barrier of 0.35

[0.34] eV. HCO diffuses along the path h-Ib-h — t-lb-t — h-Ib-h with an estimated diffusion barrier
0f 0.31 [0.24] eV.

3.2.11 Nitrosyl Hydrides (NOH and HNO)

We calculated distinct adsorption properties for the two nitrosyl hydride species, NOH and HNO,
and the results are summarized in Figure 2 and Table 2. NOH binds to Fe(110) through its nitrogen
atom; the O atom sits vertically above the N atom, and the H atom is tilted towards the surface at
an angle of 104.5°. We observed stable binding of NOH only on the long bridge site with a binding
energy of -3.98 [-3.26] eV. On the other hand, HNO always binds through both the O and N atoms.
The most stable binding structure is the one over two adjacent short bridge sites across a long
bridge site, which we term as the sb-Ib-sb site (E» = -3.61 [-2.81] eV). HNO can also bind through
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the h-1b-h configuration similar to the CN, HCN, and HCO species or over two adjacent top sites
in the t-Ib-t configuration; both binding structures are energetically less favorable by 0.41 [0.32]
eV and 0.70 [0.53] eV, respectively. When both of the two isomers are adsorbed at their preferred
binding sites, HNO is slightly more stable than NOH by 0.10 [0.01] eV. The detailed structural
information of surface NOH and HNO at their preferred binding sites are summarized in Table 3.
NOH is adsorbed at a vertical distance of 1.028 A from the surface; the N-O and O—H bond lengths
are 1.440 A and 0.990 A, respectively. When HNO is adsorbed at its preferred sb-Ib-sb site, the O
and N atoms are at vertical distances of 1.519 A and 1.371 A, respectively, above the surface; the
intramolecular bond lengths are 1.473 A (N-O) and 1.030 A (N-H). The calculated intramolecular
stretching frequencies of NOH are 798 cm™ (N-O) and 3663 cm™ (O-H); those of HNO are 667
cm™ (N-O) and 3432 cm™ (N-H) (Table 8). The adsorption of NOH and HNO is associated with
similar deformation energy values (0.12 [0.12] eV for NOH and 0.12 [0.13] eV for HNO, Table
5); both can be attributed to the horizontal expansion of the local Fe lattice induced upon adsorption
(Table 3). Table 4 shows the diffusion behavior of NOH and HNO on Fe(110): NOH diffuses
along the path Ib — sb — Ib with an estimated energy barrier of 0.63 [0.61] eV; HNO diffuses
along the path sb-Ib-sb — h-lb-h — sb-Ib-sb with an estimated energy barrier of 0.41 [0.31] eV.

3.3 Thermochemistry of Surface Reactions

In this section, we present the thermochemical potential energy surfaces of the decomposition
reactions of NHs3, CHas, N2, CO, and NO over Fe(110), using the PW91 binding energy values
obtained from our DFT calculations. The evaluation of the activation energy barrier for each
elementary step is beyond the scope of this study. As a result, all the potential energy surfaces
presented here are addressing reaction thermochemistry only. The results are summarized in
Figures 4 and 5. Due to the strong binding between most adsorbates and the Fe(110) surface, all
the decomposition steps are energetically downhill, and the thermochemistry always favors the

completely decomposed state. Detailed results are discussed below.

We start with the decomposition of ammonia (Figure 4, black line). The decomposition process
starts with the adsorption of gas-phase NHs, which is exothermic by 0.62 eV. All of the three
subsequent hydrogen-removal steps from the adsorbed NHs* are thermodynamically favorable.
The reaction energies of these three steps are -0.64 eV, -0.99 eV and -0.21 eV, in the order from

the first to the third H removal, respectively. The second hydrogen removal step (NH2* — NH* +
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H*) is the most thermodynamically driven while the last one (NH* — N* + H*) is the least
exothermic. The overall reaction energy for the decomposition of NH3(g) to N* + 3H* is -2.46 eV.
The decomposition process of CH4 (Figure 4, red line) involves four exothermic hydrogen-removal
steps, which leads to an overall reaction energy (CHa(g) — C* + 4H*) of -1.60 eV. The third
hydrogen-removal step (CH2* — CH* + H*) is the most exothermic (reaction energy = -0.72 eV)
while the last one is the least exothermic (reaction energy = -0.11 eV). The decomposition of N2(g)
(Figure 4, blue line) is initiated by its adsorption step, which is exothermic by -0.63 eV. The
subsequent dissociation step of the adsorbed N2* species is highly thermodynamically favorable
(exothermic by -2.04 eV). The overall reaction energy of the decomposition of gas-phase N2 to
2N* is -2.67 eV.

We now discuss the direct decomposition of CO and NO on Fe(110) (Figure 5, black and red lines).
Both decomposition processes involve the adsorption of the gas-phase species and the subsequent
dissociation of the adsorbed surface intermediate. The CO adsorption and CO* dissociation steps
are both exothermic (by 1.91 eV and 0.76 eV, respectively), and the overall reaction energy is -
2.67 eV. The NO decomposition process is even more thermodynamically driven. The NO
adsorption and NO* dissociation steps are exothermic by 2.86 and 2.64 eV, which leads to an
overall reaction energy of -5.50 eV. Although predictions of the reaction kinetics would require
explicit calculations of the activation energy barriers, we can conclude that the complete

decomposition of NH3, CHa, N2, CO, and NO involves no thermochemical barriers.

The theoretical study by Ojeda et al. proposed a hydrogen-assisted pathway for the activation of
CO in Fischer-Tropsch synthesis on Fe catalysts [33]. DFT calculations by Farberow et al. also
suggested that the NO decomposition proceeds through a hydrogen-assisted path on Pt(111) [123].
Here we also examined the thermochemistry of the hydrogen-assisted CO (NO) decomposition
paths through either COH* (NOH*) or HCO (HNO*) on Fe(110) (Figure 5, purple and blue lines).
The CO decomposition process is initiated with the adsorption of CO(g) (exothermic by 1.91 eV)
and the dissociative adsorption of 1/2H2(g) (exothermic by 0.74 eV). After CO* + H* is formed
on the surface, the formation of COH* and HCO* are similarly endothermic (by 0.62 eV and 0.70
eV, respectively). Both the subsequent dissociation steps of HCO* (to CH* + O*) and COH™* (to
C* + OH*) are exothermic. Compared to the direct dissociation of CO* to C* + O* (exothermic
by -0.76 eV), the dissociation of COH* is of the same exothermicity, and that of HCO is 0.50 eV
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more exothermic. Similar trends were observed for the hydrogen-assisted NO decomposition.
Once NO* + H* is formed on the surface, the formation steps of both NOH* and HNO* are
endothermic (by 0.44 eV and 0.34 eV, respectively). Subsequent dissociation steps of the
hydrogenated intermediates are exothermic (by 2.39 and 2.77 eV for NOH* and HNO¥*,
respectively), and the exothermicities are comparable with the direct dissociation of NO* (2.64
eV). Therefore, we conclude that, at least from the thermochemistry point of view, both H-assisted
paths for CO and NO decomposition could be competitive with the direct decomposition paths on

Fe(110).

NH,(g) CH,(g) N.(9)
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2
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=
e
w .0.99 01 Gan 204
NH*+2H*
-0.21 —— NH, decomposition
251 N*+3H* —— CH, decomposition
1 —— N, decomposition 2N*

Figure 4: Thermochemistry for the direct decomposition of NHs (black line), CH4 (red line) and N2 (blue line). The
reference zero corresponds to the energy of the isolated species in the gas phase and the energy of the clean Fe(110)
slab at infinite separation. Energies are calculated using the PW91 functional, and each number indicates the reaction
energy of the respective elementary step. Gas-phase species are indicated with (g), and adsorbed species are indicated
with *. No stable binding structures were observed for CHs, and therefore a dissociative adsorption as methyl and
hydrogen is considered. The energies of states with multiple adsorbed species are calculated by assuming all the
adsorbates are at infinite separation from each other.
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Figure 5: Thermochemistry for the direct decomposition of CO (black line) and NO (red line), as well as the hydrogen-
assisted decomposition of CO (purple lines) and NO (blue lines). The reference zero corresponds to the energy of the
isolated species in the gas phase and the energy of the clean Fe(110) slab at infinite separation. Energies are calculated
using the PW91 functional, and each number indicates the reaction energy of the respective elementary step. Gas-
phase species are indicated with (g), and adsorbed species are indicated with *. The energies of states with multiple
adsorbed species are calculated by assuming all the adsorbates are at infinite separation from each other.

4. Conclusions

Using periodic, self-consistent DFT calculations, the preferred binding sites, binding energies, and
the corresponding surface deformation energies of five atomic species (H, C, N, O, and S), six
molecular species (NHs, CH4, N2, CO, HCN, and NO), and eleven molecular fragments (CH, CHz,
CHs, NH, NH2, OH, CN, COH, HCO, NOH, and HNO) were determined on the Fe(110) surface
at a coverage of 0.25 monolayer. No stable molecularly adsorbed structures were observed for CHg;
the binding strengths of the rest of the species calculated using the PW91 functional decreased in
the following order: C>CH >N >0 >S > NH > COH > CN > CH2 > NOH > OH > HNO >
HCO > NH2 > H > NO > HCN > CH3 > CO > N2 > NHzs. The estimated diffusion barrier and
diffusion pathway, as well as the adsorbate-surface and intramolecular vibrational modes, of all
the adsorbates at their preferred binding sites were identified. Using the calculated PW91 binding
energies, we studied the reaction thermochemistry of the direct decomposition of NHs, CH4, N2,

CO, and NO over the Fe(110) surface. All the decomposition processes are thermodynamically
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downbhill, and the complete decomposed states are always favored. The hydrogen-assisted paths of
CO and NO decomposition were also studied; such processes give similar the reaction
thermochemistry to that of the direct path. Overall, this work provides a theoretical database of the
adsorption properties on Fe(110), which can be potentially valuable for future experimental and

theoretical studies.
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